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ABSTRACT 

Sources o f carbon f o r t h e developing f r u i t s Of 
V i c i a faba L. v a r i e t y t r i p l e white were i n v e s t i g a t e d . 

Attached l e a v e s and pods were allowed to photosynthesise 
i n 4 C ] - l a b e l l e d carbon d i o x i d e . Leaves, pods and seeds 
were e x t r a c t e d s e p a r a t e l y with t r i c h l o r o a c e t i c a c i d . 
Amino a c i d and r a d i o a c t i v e a n a l y s e s were c a r r i e d out on 
both the t r i c h l o r o a c e t i c a c i d s o l u b l e (non-protein) and 
i n s o l u b l e ( p r o t e i n ) f r a c t i o n s . 

Q u a n t i t a t i v e a n a l y s i s o f 90 min l e a f photosynthesis 
i n d i c a t e d t h a t a proportion of new photosynthate i s r a b i d l y 
exported from t h e l e a f . Retention i n the l e a f of some 
l a b e l l e d carbon was demonstrated during a 16 hour chase 
p e r i o d . Evidence f o r p r o t e i n s y n t h e s i s from newly formed 
photosynthate i s presented, together with evidence f o r the 
r a p i d turnover of such p r o t e i n . L a b e l l e d amino a c i d s and 
sugars were shown to be present i n the p e t i o l e o f a l e a f 

r l 4 
photosynthesising i n [ CJ - C0 2. Leaves near the p l a n t 
base c o n t r i b u t e d carbon to xylem sap amino a c i d s . The 
bloom node l e a f was shown to export preformed sugars and 
amino a c i d s to the developing (20-35 day o l d ) pod and seeds. 
Some t r a n s l o c a t e from the l e a f entered the seed d i r e c t l y , 
but more than h a l f was metabolised i n the pod before being 
re-exported to the seeds. 

Pod photosynthesis was shown to involve l a b e l l i n g 
p a t t e r n s l i k e those of l e a f photosynthesis, but to provide 
t h e seed with a d i f f e r e n t , and p a r t l y complementary, s e t 
of amino a c i d s . Seeds were shown to have a carbon source 
during the night when t r a n s p i r a t i o n and photosynthesis are 
n e g l i g i b l e . The l i k e l i h o o d of stem t i s s u e f u n c t i o n i n g as 
t h i s carbon source i s d i s c u s s e d . 

Bleeding sap from decapitated p l a n t s was analysed, 
and i t s r e l a t i o n s h i p to xylem sap d i s c u s s e d . Sap 
c o n t r i b u t i o n t o the developing seeds i s considered. 
Q u a n t i t a t i v e estimates are made of the carbon c o n t r i b u t i o n 
from l e a v e s and pods to seeds, and these a r e compared with 
the r e s u l t s of other workers. 

Seeds are shown to be capable of amino a c i d s y n t h e s i s 
and i n t e r c o n v e r s i o n , p a r t i c u l a r l y of compounds r e a d i l y 
s y n t h e s i s e d from r e s p i r a t o r y i n t e r m e d i a t e s . P r o t e i n s y n t h e s i s 
i n l e a v e s , pods and seeds i s demonstrated, and the nature 
o f the seed p r o t e i n i s d i s c u s s e d . 
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INTRODUCTION 

As l i t t l e as t w e n t y years ago i t was b e l i e v e d 

t h a t b i o s y n t h e s i s o f n i t r o g e n compounds i n p l a n t s t o o k 

p l a c e l a r g e l y i n t h e l e a v e s . Roots were t h o u g h t t o 

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

n i t r a t e and n i t r i t e f rom t h e s o i l and i t s s e c r e t i o n 

i n t o t h e t r a n s l o c a t i o n c h a n n e l s . The l e a v e s were 

p i c t u r e d as r e d u c i n g t h e incoming n i t r a t e t o ammonia 

which was t h e n combined w i t h carbon t a k e n up i n 

p h o t o s y n t h e s i s t o form amino a c i d s and o t h e r n i t r o g e n o u s 

compounds. E x p o r t o f preformed amino a c i d s v i a t h e 

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

l a s t two decades t h i s p i c t u r e has been m o d i f i e d 

c o n s i d e r a b l y . 

I n 1960 B o l l a r d was a b l e t o w r i t e : 

"No l o n g e r i s i t p o s s i b l e t o p i c t u r e t r a n s l o c a t i o n i n 

p l a n t s as c o n s i s t i n g s i m p l y o f an upward movement o f 

absorbed m i n e r a l elements i n t h e xylem and a downward 

movement o f e l a b o r a t e d n u t r i e n t s i n t h e phloem ....... 

I t i s c l e a r now t h a t t h e i d e a o f n i t r a t e b e i n g t h e main 

form i n which n i t r o g e n i s t r a n s p o r t e d t h r o u g h t h e p l a n t 

w i l l have t o be abandoned. Even i n t h e few speci e s 

where a p p r e c i a b l e n i t r a t e o c curs i n t h e xylem sap, 

c o n s i d e r a b l e amounts o f o r g a n i c n i t r o g e n o u s compounds 

a r e a l s o f o u n d " . 

I n f a c t , as e a r l y as 1927 i t had been r e p o r t e d t h a t 

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

r o o t s (Thomas, 1927), and i n t h i s s p e c i e s r e d u c t i o n o f 



n i t r a t e was assumed t o occur i m m e d i a t e l y a f t e r a b s o r p t i o n 

I t has s i n c e been shown t h a t , i n apple and many o t h e r 

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

l a r g e l y as amino a c i d s and amides. B o l l a r d (1953, 1957a) 

showed t h a t t r a c h e a l sap o f apple c o n t a i n e d most o f i t s 

n i t r o g e n as g l u t a m i n e , a s p a r a g i n e and a s p a r t i c a c i d . 

These substances were a l s o shown t o be p r e s e n t i n h i g h 

c o n c e n t r a t i o n i n t h e b l e e d i n g sap o f pea ( W i e r i n g a and 

Bakhuis, 1957; Pate, 1962), l u p i n (Pate and G r e i g , 1964), 

tomato and cucumber (Van Die 1958, 1959a) and numerous 

o t h e r u n r e l a t e d p l a n t s ( B o l l a r d 1957b, 1957c). Amino 

a c i d s and amides were n o t t h e o n l y n i t r o g e n o u s substances 

found i n sap, and i n some species t h e y were n o t even 

t h e major ones. C i t r u l l i n e was a major component i n 

some sp e c i e s such as Alnus sp. and Nothofagus sp, 

( B o l l a r d , 19 5 9 ) , and a l l a n t o i n and a l l a n t o i c a c i d were 

shown t o be i m p o r t a n t i n spec i e s o f Acer and o t h e r s . 

(Mothes and E n g l e b r e c h t , 1952). Other n i t r o g e n o u s 

compounds r e p o r t e d i n sap i n c l u d e N - a c e t y l o r n i t h i n e , 

y a m i n o b u t y r i c a c i d , a z e t i d i n e - 2 - c a r b o x y l i c a c i d , and 

numerous amino a c i d s (McKee, 1962). Homoserine has 

been i d e n t i f i e d i n pea sap. ( B a k h u i s , 1957; Pate, 1962). 

Many o f t h e s e compounds are r e a d i l y broken down and 

t h e i r n i t r o g e n re-used by t h e p l a n t t o p s , b u t t h i s need 

n o t always be t h e case. Dawson (1942) demonstrated t h a t 

n i c o t i n e i s s y n t h e s i s e d i n t h e r o o t s o f t h e tobacco 

p l a n t and t h e n e x p o r t e d t o t h e shoot where i t i s n o t , 

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

I t had been demonstrated e a r l i e r ( S t o u t and Hoagland 
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1939) t h a t upward movement o f s a l t s from r o o t s t o o k 

p l a c e i n the xylem, and t h e concept o f r o o t s as 

organs f o r t h e a b s o r p t i o n o f m i n e r a l i o n s was w e l l 

a c cepted. The r e a l i s a t i o n t h a t complex o r g a n i c compounds 

were e x p o r t e d from t h e r o o t s i n t r o d u c e d a new concept 

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

work was done t o i n v e s t i g a t e t h e f a t e o f t h e n i t r a t e 

absorbed by r o o t s . 

N i t r a t e i s reduced i n p l a n t t i s s u e by an NADH-

dependent enzyme, n i t r a t e r e d u c t a s e . T h i s enzyme 

has been r e p o r t e d p r e s e n t i n many p l a n t t i s s u e s , 

i n c l u d i n g broad bean l e a v e s ( O j i and Izawa, 1969). 

The r e l e v a n t l i t e r a t u r e has been r e v i e w e d by K e s s l e r 

(1964) and Beevers and Hageman ( 1 9 6 9 ) . Evidence f o r 

t h e r e d u c t i o n o f n i t r i t e t o ammonia has been p r o v i d e d 

by Sanderson and Cocking ( 1 9 6 4 b ) , and t h e s y n t h e s i s o f 

g l u t a m i c a c i d from a - k e t o g l u t a r i c a c i d and ammonia 

i s w e l l documented. (Van D i e , 1959b; Bergersen, 1963; 

Kennedy, 1956) . 

N i t r a t e r e d u c t i o n has been shown t o be a f f e c t e d 

by a wide range o f e n v i r o n m e n t a l c o n d i t i o n s , and these 

a r e assumed t o have t h e i r e f f e c t on t h e enzyme n i t r a t e 

r e d u c t a s e . T h i s i s support e d by c o n s i d e r a b l e 

e x p e r i m e n t a l e vidence. N i t r a t e r e d u c t a s e i s s u b s t r a t e 

i n d u c i b l e and r e q u i r e s l i g h t , molybdenum and carbon 

d i o x i d e as w e l l as n i t r a t e f o r i t s i n d u c t i o n i n some 

spe c i e s (Kannangara and Woolhouse, 1967; A f r i d i and 

H e w i t t , 1964; Hageman and F l e s h e r , 1960; F e r r a r i and 

Varner, 1969). I n o t h e r p l a n t s , l i g h t enhanced enzyme 

i n d u c t i o n , b u t absence o f l i g h t d i d n o t c o m p l e t e l y 
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pr e v e n t i t , (Candela, F i s h e r and H e w i t t , 1957; 
Beevers, e t a l , 1965. These l a s t a u t h o r s suggested 
t h a t l i g h t has i t s e f f e c t on n i t r a t e r e d u c t a s e by 
enhancing uptake o f n i t r a t e . 

I n a number o f s p e c i e s , n i t r a t e r e d u c t a s e a c t i v i t y 

has been shown t o be h i g h e r i n shoots t h a n i n r o o t s , 

i n t h e presence o f adequate s u p p l i e s o f n i t r a t e . 

Hageman and F l e s h e r (1960) r e p o r t e d t h a t n i t r a t e 

r e d u c t a s e a c t i v i t y was 80% low e r i n r o o t e x t r a c t s 

o f c o r n s e e d l i n g s t h a n i n e x t r a c t s o f t h e s h o o t s . 

Other a u t h o r s were unable t o d e t e c t n i t r a t e r e d u c t a s e 

a t a l l i n r o o t s (Beevers and Hageman, 1969). Candela, 

F i s h e r and H e w i t t (1957) demonstrated t h a t i n 

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

e x t r e m e l y low i n r o o t s under t h e same c o n d i t i o n s 

w h i c h produced h i g h a c t i v i t i e s i n s h o o t s . These r e s u l t s 

were u n c o r r e c t e d f o r t h e e f f e c t s o f n i t r i t e r e d u c t a s e 

a c t i v i t y w hich was shown t o be low i n a e r i a l p a r t s 

and h i g h i n r o o t s . Could t h i s have accounted f o r t h e 

a p p a r e n t l y low n i t r a t e r e d u c t a s e a c t i v i t i e s ? 

V aidyanthan and S t r e e t (1959) demonstrated t h a t , i n 

e x t r a c t s o f tomato r o o t s , n i t r a t e r e d u c t a s e a c t i v i t y 

c o u l d n o t be demonstrated due t o t h e presence o f an 

NADH o x i d a s e . A d d i t i o n o f a s u b s t r a t e f o r t h i s enzyme 

a l l o w e d d e m o n s t r a t i o n o f n i t r a t e r e d u c t a s e . These r o o t 

e x t r a c t s were shown t o c o n t a i n a second system which 

a f f e c t e d n i t r a t e r e d u c t i o n i n v i t r o . Other workers 

a l s o have demonstrated h i g h n i t r a t e r e d u c t a s e 

a c t i v i t i e s i n r o o t s ( W allace and Pat e , 1965; M i f l i n , 

1957; Sanderson and Cocking, 1964a). 
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N i t r a t e r e d u c t a s e i s , t h e n , a t l e a s t p o t e n t i a l l y 
p r e s e n t i n t h e r o o t and shoot t i s s u e s o f many p l a n t s . 
I t s a c t i v i t y i s c l o s e l y r e l a t e d t o n i t r o g e n m e t a b o l i s m , 
and p o s i t i v e c o r r e l a t i o n s between l e a f n i t r a t e 
r e d u c t a s e , p r o t e i n c o n t e n t and c r o p y i e l d have been 
demonstrated f o r maize, ( Z i e s e r l e t a l , 1963). 
The enzyme has a v e r y s h o r t h a l f - l i f e ( a b out ^h) and 
i t s i n d u c t i o n i s r e a d i l y p r e v e n t e d by t h e u s u a l 
i n h i b i t o r s o f p r o t e i n s y n t h e s i s . (Beevers e t a l , 1965; 
S t e w a r t , 1968). These f e a t u r e s and t h e r a p i d 
f l u c t u a t i o n s w h i c h can be d e t e c t e d i n n i t r a t e r e d u c t a s e 
a c t i v i t y r e f l e c t t h e e x i s t e n c e o f an e f f e c t i v e i n v i v o 
r e g u l a t o r y mechanism. 

Klep p e r and Hageman (1969) have shown t h a t n i t r a t e 

r e d u c t a s e can be e x t r a c t e d from a p p l e l e a v e s , stems, 

p e t i o l e s and r o o t s , and i t appears t h a t , g i v e n adequate 

n i t r a t e l e v e l s , a l l p a r t s o f t h e a pple p l a n t have t h e 

c a p a c i t y t o u t i l i s e n i t r a t e . T h i s appears t o be a 

d i r e c t c o n t r a d i c t i o n o f t h e e a r l i e r work o f Thomas (1927) 

and B o l l a r d (1953, 1957, 1960) who demonstrated t h a t 

n e i t h e r a pple f o l i a g e o r a p p l e sap c o n t a i n e d n i t r a t e . 

Pate (1965) has e x p l a i n e d t h e f i r s t anomaly i n p o i n t i n g 

o u t t h a t t h e appearance o f n i t r a t e i n f o l i a g e i s an 

u n usual e v e n t . N i t r a t e r e d u c t a s e l e v e l s are g e n e r a l l y 

h i g h enough t o keep n i t r a t e l e v e l s v e r y low. 

B o l l a r d (19 57c) has demonstrated t h a t p l a n t s may c o n t a i n 

n i t r a t e i n t h e f o l i a g e when i t i s n o t d e t e c t a b l e i n t h e 

sap. Thus v e r y low sap n i t r a t e c o n c e n t r a t i o n s may be 

s u f f i c i e n t t o account f o r t h e n i t r a t e r e d u c t a s e l e v e l s 

measured by Klepper and Hageman. 



The p r o p o r t i o n o f n i t r a t e which i s reduced i n t h e 

r o o t s o r i n t h e l e a v e s must v a r y w i t h t h e c o n d i t i o n s o f 

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

f r e q u e n t l y c o e x i s t , and hence t h e a e r i a l p a r t s o f t h e 

p l a n t w i l l be r e q u i r e d t o m e t a b o l i s e n i t r a t e ( w i t h 

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

n i t r o g e n compounds s y n t h e s i s e d i n t h e r o o t s . The 

p r o p o r t i o n o f t h e two sources w i l l v a r y w i t h t h e 

p a r t i c u l a r p l a n t and w i t h t h e e x p e r i m e n t a l c o n d i t i o n s 

used. (Wallace and Pate, 1967). 

I n n o d u l a t e d leguminous p l a n t s t h e l a r g e r p a r t o f 

t h e p l a n t n i t r o g e n i s t a k e n up by f i x a t i o n f rom t h e 

atmosphere, except under c o n d i t i o n s o f e x c e s s i v e 

n i t r o g e n f e r t i l i s a t i o n . Pate (1965) has shown t h a t t h e 

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

are comparable w i t h t h e p r o d u c t s o f n i t r a t e r e d u c t i o n 

i n t h e r o o t s . A t low n i t r a t e c o n c e n t r a t i o n s i n t h e 

c u l t u r e medium, n i t r a t e never e n t e r s t h e sap and n i t r a t e 

r e d u c t a s e i s h o t found i n t h e shoot. A t h i g h e r l e v e l s 

o f n i t r a t e t h e o r g a n i c n i t r o g e n compounds and f r e e n i t r a t e 

a re p r e s e n t t o g e t h e r i n t h e sap. N i t r o g e n so s u p p l i e d 

t o t h e shoot i s t h e n f u r t h e r m e t a b o l i s e d , w i t h t h e 

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

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

I t appears t o be g e n e r a l l y agreed t h a t t h e f i r s t 

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

r e d u c t i o n a r e g l u t a m i c a c i d and g l u t a m i n e . T h i s was 

c o n v i n c i n g l y demonstrated u s i n g ["^N] - n i t r a t e and 

ammonium s a l t s by Yemm and W i l l i s ( 1 9 5 6 ) . They a l l o w e d 



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

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

o f g l u t a m i n e . Whole b a r l e y s e e d l i n g s were shown t o 

i n c o r p o r a t e ["^N] - ammonia i n t o g l u t a m i c a c i d and 

g l u t a m i n e . (Cocking and Yemm, 1961). The c o m b i n a t i o n 

o f ammonia w i t h a k e t o g l u t a r a t e t o produce g l u t a m i c a c i d 

i s m ediated by t h e enzyme g l u t a m i c dehydrogenase. 

T h i s enzyme has been r e p o r t e d from numerous p l a n t 

t i s s u e s i n c l u d i n g legume s e e d l i n g s (Damodaran and 

N a i r , 1 9 38), o a t c o l e o p t i l e s ( B e r ger and Avery, 1944), 

c o r n l e a v e s ( B u l e n , 1956) and from V i c i a faba 

c h l o r o p l a s t s (Givan e t a l , 1970). The enzyme fr o m c o r n 

l e a v e s was e x t r a c t e d , r i g o r o u s l y c h a r a c t e r i s e d , and shown 

t o be s u b s t r a t e s p e c i f i c . Other a m i n a t i o n r e a c t i o n s 

have a l s o been r e p o r t e d , such as t h e f o r m a t i o n o f 

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

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

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

has n o t been r u l e d o u t . No u n e q u i v o c a l d e m o n s t r a t i o n 

o f t h e necessary enzymes has been r e p e a t e d s i n c e 

e a r l i e r s u g g e s t i o n s o f t h e i r o c c u r r e n c e . (McKee, 

1962). Bergersen (1971) has r e v i e w e d t h e 

b i o c h e m i s t r y o f s y m b i o t i c n i t r o g e n f i x a t i o n i n legumes, 

and demonstrates t h a t , here t o o , g l u t a m a t e i s t h e 

p r i m a r y o r g a n i c p r o d u c t . 

The o t h e r amino a c i d s , besides g l u t a m i c a c i d , 

w h i c h are found i n xylem sap a r e presumed t o a r i s e 

f rom g l u t a m a t e by t r a n s a m i n a t i o n . (Kennedy 1966a, 1966b). 

Metab o l i s m o f some o f t h e more complex n i t r o g e n o u s sap 
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c o n s t i t u e n t s has been r e v i f ^ e d by B o l l a r d ( 1 9 5 9 ) . 
Roots and shoots have, t h e n a a common s t a r t i n g p o i n t 
f o r t h e i r m a jor n i t r o g e n metabolism. B i o s y n t h e t i c 
pathways f o r o t h e r amino a c i d s from g l u t a m a t e have 
been r e v i e w e d by a number o f a u t h o r s ( M e i s t e r , 196 5; 
Steward and P o l l a r d , 1957; Fowden, 1967; Davies, 1968) 
and w i l l be d i s c u s s e d i n d e t a i l l a t e r . 

The d i s c o v e r y , t h a t an e x t r a c t from a p l a n t organ 

i s a b l e i n v i t r o t o s y n t h e s i s e a g i v e n compound o r , 

i n d e e d , t h a t t h e i n t a c t organ w i l l make use o f an 

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

compound, i s n o t n e c e s s a r i l y evidence t h a t t h e b i o c h e m i c a l 

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

p l a n t * I t does, however, p r o v i d e s t r o n g evidence o f 

t h e s y n t h e t i c p o t e n t i a l o f t h e p l a n t o r g a n . S i m i l a r l y , 

t h e presence i n an organ o f a g i v e n compound i s n o t 

evidence t h a t i t was s y n t h e s i s e d t h e r e . Substances, 

t r a n s l o c a t e d i n t o an organ from elsewhere may e f f e c t i v e l y 

suppress t h e i r own s y n t h e s i s i n t h a t organ. Such 

r e p r e s s i o n , by feedback o r end p r o d u c t enzyme 

i n h i b i t i o n , i s a f a m i l i a r phenomenon i n b a c t e r i a l 

systems (Monod, 1963; P i e r a r d , 1966; A d e l b e r g and 

Umbarger, 1953). I t has a l s o been demonstrated i n p l a n t s 

(Oaks, 1963, 1965a, 1966; Oaks and Beevers, 1964* 

Bonner and Huang, 1962; Bonner, Huang and G i l d e n , 1963). 

Oaks has a l s o shown t h a t some amino a c i d s a r e n o t 

e x t e n s i v e l y m e t a b o l i s e d i n p l a n t s , and t h a t due t o amino 

a c i d c o n s e r v a t i o n and enzyme r e p r e s s i o n , t h e e x t e n s i v e 

i n t e r c o n v e r s i o n s o f amino a c i d s assumed t o be p r e v a l e n t 



i n p l a n t - t i s s u e s may be o f m inor i m p o r t a n c e . (Oaks, 

1965b, 1965c). T h i s work was done w i t h t h e d e v e l o p i n g 

r o o t o f a maize s e e d l i n g , which i s e x t e n s i v e l y s u p p o r t e d 

by t h e m e t a b o l i s m o f t h e endosperm. S i m i l a r dependence 

on seed r e s e r v e s has been demonstrated f o r b a r l e y 

embryos (Kent and B r i n k , 19M-7) and Datura embryos 

(Sanders and B i e r k h o l d e r , 1948). Such c o n d i t i o n s o f 

m i n i m a l m e t a b o l i s m o f amino a c i d s may e q u a l l y w e l l e x i s t 

i n any p a r t o f t h e p l a n t w h i c h r e c e i v e s a l a r g e 

p r o p o r t i o n o f i t s n u t r i e n t from elsewhere. 

The c o n s i d e r a b l e i n c r e a s e i n n i t r o g e n c o n t e n t d u r i n g 

development o f t h e seeds o f legumes and c e r e a l s has been 

w e l l documented, and i t has l o n g been r e c o g n i s e d 

t h a t t h e d e v e l o p i n g f r u i t s and seeds draw on o t h e r p a r t s 

o f t h e p l a n t f o r t h e s u p p l i e s o f n i t r o g e n used i n t h e i r 

g r o w t h . McKee (1962) summarises a l o t o f t h e e a r l y 

q u a n t i t a t i v e work. I t was shown b e f o r e t h e t u r n o f t h e 

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

seeds r i s e s a t t h e expense o f n i t r o g e n i n t h e l e a v e s , 

stems and seed pods. I n g e n e r a l , t h e t o t a l amount o f 

n i t r o g e n l o s t by t h e r e s t o f t h e p l a n t i s much l e s s 

t h a n t h a t g a i n e d by t h e seeds, and t h e d i f f e r e n c e must 

be s u p p l i e d by t h e r o o t s o r r o o t nodules a f t e r t h e 

onset o f f r u i t i n g . ( M a s k e l l and Mason, 1930; 
H a y e " t a l , 1953). The m etabolism o f t h e d e v e l o p i n g 

f r u i t must, t h e n , be a f f e c t e d , i f n o t c o n t r o l l e d , by 

t h e substances s u p p l i e d t o i t by t h e r e s t o f t h e p l a n t . 

I n leguminous p l a n t s i n p a r t i c u l a r , t h e f r u i t s a r e 

green and capable o f p h o t o s y n t h e s i s ( F l i n n and Pate, 1970), 
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and t h i s t o o must c o n t r i b u t e t o t h e i r m e t a bolism. 

Changes i n t o t a l n i t r o g e n and i n n i t r o g e n o u s 

and o t h e r components o f seeds d u r i n g development 

have been s t u d i e d by a number o f workers ( B i s s o n 

and Jones, 1932; Bourdon and Q u i l l e t , 1958; Hyde, 1952; 

Raacke, 1957; G r z e s i u k e t a l , 1962; D a v i s , 1966; 

F l i n n and Pate, 1968; B r i a r t y , C o u l t and B o u l t e r , 1969). 

An i n c r e a s e i n p r o t e i n n i t r o g e n and a decrease i n 

s o l u b l e n i t r o g e n was seen t o accompany seed m a t u r a t i o n . 

The d e v e l o p m e n t a l process was r e a d i l y d i v i s i b l e i n t o 

s t a g e s , and t h o s e o f B r i a r t y , C o u l t and B o u l t e r (1969) 

a r e t y p i c a l f o r legumes. These workers c h a r a c t e r i s e d 

t h e i r d e v e l o p m e n t a l stages by e l e c t r o n m i c r oscopy o f 

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

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

o b t a i n e d by a n a l y s i s o f t h e seed. I n Phase I , t h e 

d e v e l o p i n g zygote undergoes m i t o s i s up t o t h e p o i n t 

a t w h i c h m i t o t i c f r e q u e n c y f a l l s o f f r a p i d l y (25 d a y s ) . 

A t t h e end o f Phase I t h e c o t y l e d o n s a r e about 0.8mm 

di a m e t e r and t h e o v u l e i s m o s t l y comprised o f i t s 

i n t e g u m e n t s . I n Phase I I (25-35 days) t h e c o t y l e d o n s 

become e x t e n s i v e l y v a c u o l a t e d and i n c r e a s e i n water 

c o n t e n t up t o 87%. The integuments, now r e c o g n i s a b l e 

as a t e s t a , s t i l l f o rm a l a r g e p a r t o f t h e seed. I n 

Phase I I I , p r o t e i n masses d e p o s i t i n t h e v a c u o l e s and 

p r o t e i n b o d i e s , c o n t a i n i n g v i c i l i n and legumin a r e 

formed. The t e s t a hardens and t h e c o t y l e d o n s b e g i n 

t o d r y o u t . Phase IV i s t h e f i n a l w ater l o s s , h a r d e n i n g 

and r i p e n i n g o f t h e seed. G r z e s i u k e t a l (1962) suggests 

t h a t Phase I I i s a s s o c i a t e d w i t h embryo p r o t e i n 
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formation -and they r e c o r d low s o l u b l e nitrogen l e v e l s 
concommitant with i n c r e a s e i n albumin p r o t e i n . 
Phase I I I i s a s s o c i a t e d with s y n t h e s i s of RNA (Wheeler 
and B o u l t e r , 1967), s y n t h e s i s of new ribosomes 
( B r i a r t y , Coult and B o u l t e r , 1969) and i n c r e a s e i n 
v i c i l i n and legumin p r o t e i n ( D a v i s , 1966; Raacke, 1957; 
Grzesiuk et a l , 1962) - the time of major accumulation 
o f i n s o l u b l e r e s e r v e s . 

The b i o s y n t h e t i c pathways i n the developing seed 

have been r a t h e r l e s s thoroughly i n v e s t i g a t e d , and w i l l 

be given i n d e t a i l i n the D i s c u s s i o n S e c t i o n . Numerous 

enzymes have been l o c a t e d i n f r u i t and seed e x t r a c t s 

and some i n t e r c o n v e r s i o n s of l a b e l l e d m a t e r i a l s have 

been demonstrated. 

Sources of carbon f o r the developing pod and seed 

have been i n v e s t i g a t e d by a number of workers using 

l a b e l l e d substances a p p l i e d to 'source' l e a v e s . The 

concept of a growing f r u i t as a ' s i n k ' f o r t r a n s l o c a t e d 

substances i s a f a m i l i a r one. (Maskell and Mason, 1930 

Linck and Seedia, 1962; Carr and Wardlaw, 1965; 

Hansen, 1970; F l i n n and Pate, 1970). The bloom node 

l e a f has been shown by these workers to be p a r t i c u l a r l y 

important i n the n u t r i t i o n of i t s subtended f r u i t , 

although other l e a v e s doubtless c o n t r i b u t e as w e l l . 

F l i n n and Pate (1970) have shown t h a t the l e a f a t the 

lowest reproductive node of f i e l d pea p l a n t s and the 

pod at t h a t node donate to the seeds about two t h i r d s 

o f the carbon r e q u i r e d f o r r i p e n i n g . The root system 

a l s o must provide nitrogen and some carbon to the 



growing f r u i t . I n broad bean t h e development o f 

t h e l o w e s t f r u i t s c o i n c i d e s w i t h t h e senescence o f t h e 

l o w e s t l e a v e s o f t h e p l a n t . Feeding t h e p l a n t s w i t h 

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

senescence. E x p o r t from such ageing leaves p r o b a b l y 

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

seeds. The s i g n i f i c a n c e o f senescence o f p l a n t organs 

has been r e v i e w e d by Yemm ( 1 9 5 6 ) . 

The p r e s e n t work aims t o i n v e s t i g a t e t h e forms 

o f carbon t r a n s l o c a t e d i n t o d e v e l o p i n g seeds and pods 

°f V i c i a f a b a L. and t h e i r s h o r t t e r m p r o d u c t s i n 

t h e f r u i t . Amino a c i d s a r e C - l a b e l l e d v i a 

p h o t o s y n t h e s i s i n [ 1 4 C ] - CO2 i n an a t t e m p t t o cause 

minimum d i s t u r b a n c e t o t h e i n t a c t p l a n t system. The 

c o n t r i b u t i o n s t o t h e f r u i t o f l e a f and pod p h o t o s y n t h e s i s 

are i n v e s t i g a t e d , and t h e xylem sap c o m p o s i t i o n 

d e t e r m i n e d . The b i o s y n t h e s i s o f amino a c i d s i n these 

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

carbon f r o m senescent organs i s not i n v e s t i g a t e d . 
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1. Plant m a t e r i a l 

V i c i a faba L. v a r i e t y t r i p l e white was used i n 
a l l experiments. Seeds were obtained from W i l l i a m 
S t r i k e L t d . , Durham. 

2. Chemicals 

Except f o r those l i s t e d below, chemicals were 
obtained from B r i t i s h Drug Houses (BDH) Ltd., and were 
o f a n a l y t i c a l grade. 

Amino acid standard mixture (Technicon) 
Amino acid standard mixture (Eel) 
Acetone (Fisons, l a b o r a t o r y reagent) 
B r i j 35 s o l u t i o n (Technicon) 
Ce l l u l o s e p u l v e r MN 300 (Machery Nagel & Co.) 
L-B 3,4-dihydroxyphenylalanine (Sigma, A.R.) 
Indanetrionehydrate ( n i n h y d r i n ) ( F i s o n s , A.R.) 
K i e s e l g e l H nach Stahl (Merck) 
2-methoxyethanol (Hopkins and Williams L t d , 

l a b o r a t o r y reagent) 
Norleucine standard s o l u t i o n (Technicon) 

BDH, l a b o r a t o r y reagents 

diphenylamine a n i l i n e 
chloroform ether 
formic a c i d methanol 

methyl e t h y l ketone p h l o r o g l u c i n o l 
n-propanol n-propyl acetate 
p y r i d i n e t h i o d i g l y c o l 
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Radioactive chemicals 

[^C] - Sodium carbonate was obtained i n two batches 
from the Radiochemical Centre, Amersham. 
Batch 1 s p e c i f i c a c t i v i t y 55.0mCi/mMole 

3 

r a d i o a c t i v e cone. 2.0mCi/em 
Batch 2 s p e c i f i c a c t i v i t y 58.6mCi/mMole 

o 
r a d i o a c t i v e cone. l.OmCi/cm 

[U-^Cj sucrose was also obtained from Amersham 
s p e c i f i c a c t i v i t y 600mCi/mMole 
r a d i o a c t i v e cone. O.lmCi/cm 

Planchets, 21mm i n t e r n a l diameter, were obtained from 
Gallenkamp. 

3. Solutions 

A l l water used had been d i s t i l l e d i n glass. 

a. Solutions used f o r p l a n t e x t r a c t i o n 

( i ) 5% (w/v) t r i c h l o r o a c e t i c a c i d (TCA) 
( i i ) chloroform: methanol ( 2 : 1 ; v/v) 
( i i i ) phenol: a c e t i c a c i d : water (1:1:1; w/v/v) 

b. Solutions used i n ["^Cj - C0 2 feeding experiments 

( i ) 0.1% (v/v) l a c t i c a c i d 
( i i ) IN sodium hydroxide ( p e l l e t s ) 
( i i i ) p l a s t i c i n e - v a s e l i n e mixture - This was prepared 

by s t i r r i n g small q u a n t i t i e s o f white p a r a f f i n 
wax i n t o a lump o f p l a s t i c i n e , u n t i l the 
mixture was e a s i l y spreadable w i t h a glass r o d . 



c. Tests f o r n i t r i t e and n i t r a t e 

( i ) 0.5% (w/v) aminosulphonic a c i d 
( i i ) s u l p h a n i l i c acid 
( lOg s u l p h a n i l i c a c i d was dissolved by warming 

i n 100 cm 3 30% (v/v) a c e t i c acid 
( i i i ) ct-naphthylamine-acetic a c i d 

q 

0.03g a-naphthylamine was b o i l e d i n 70 cm water. 
The c o l o u r l e s s s o l u t i o n was decanted from the 
b l u e - v i o l e t residue and mixed w i t h 30 cm 
g l a c i a l a c e t i c a c i d . 

d. Thionin marker 
A saturated s o l u t i o n , 1% (w/v) o f t h i o n i n ( E h r l i c h , 

Michrome Number 215) i n 95% (v/v) ethanol was prepared. 

e* Electrophoresis b u f f e r f o r TLE/TLC method 
a c e t i c a c i d , g l a c i a l 57 cm 
formic a c i d , 90% (v/v) 17 cm 3 

d i s t i l l e d water t o 1000 cm 3 pH 2.0 

f» Chromatography solvents f o r TLE/TLC method 

( i ) methyl e t h y l ketone 
p y r i d i n e 
water 
a c e t i c a c i d 

( i i ) n-propanol 
water 
n-propyl acetate 
a c e t i c a c i d 
p y r i d i n e 

350 cm 
75 cm 3 

7 5 cm 3 

3 
10 cm 

360 cm 3 

180 cm 3 

60 cm3 

12 cm 3 

3 cm3 
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These amounts were used i n the la r g e (10 x 25 x 25cm) 
Shandon Chromatank. 13 pl a t e s i n a s t a i n l e s s s t e e l 
rack could then be chromatographed at one time. 

g. Ninhydrin reagent f o r amino acids 
cadmium acetate l.Og 

3 
water 100 cm 
a c e t i c a c i d , g l a c i a l 20 cm 3 

3 
acetone 1000 cm 

3 

l g n i n h y d r i n was dissolved i n 112 cm o f the above 
stock s o l u t i o n , and the mixture used when f r e s h . 
The reagent i s t h a t o f Blackburn (1965). 
ft« Reagents f o r sugar and acid d e t e c t i o n 
( i ) a n i l i n e hydrogen pht h a l a t e reagent 

3 

a n i l i n e 9.15 cm 
p h t h a l i c a c i d 16g 
n-butanol 490 cm 

•a 
d i e t h y l ether 490 cm 

3 
water 20 cm 

The mixed reagent i s s t a b l e f o r some months. 

( i i ) p h l o r o g l u c i n o l reagent 
p h l o r o g l u c i n o l 0.7% (w/v) i n acetone 9 v o l , 
t r i c h l o r o a c e t i c a c i d , 40% (w/v) 1 v o l , 

The reagent i s f r e s h l y mixed immediately before use. 

( i i i ) aniline-diphenylamine reagent 
a n i l i n e , 1% ( v / v ) plus 
diphenylamine, 1% (w/v) i n acetone 10 v o l . 
phosphoric a c i d , 85% (v/v) 1 v o l , 

The reagent i s f r e s h l y mixed, and any amine phosphate 
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p r e c i p i t a t e r e d i s s o l v e d by the a d d i t i o n o f a few 
drops o f water. 

( i v ) bromocresol b l u e , 1% (w/v), adjusted t o pH 6.0 

i . K j e l d a h l n i t r o g e n determinations 
( i ) mixed i n d i c a t o r s o l u t i o n 

methyl red 33 mg 
bromocresol green 66 mg 
et h a n o l , 98% (v/v) 

The i n d i c a t o r s were dissolved i n a small volume o f 
3 

the e t h a n o l , and the s o l u t i o n made up t o 100 cm . 

( i i ) b o r i c acid/mixed i n d i c a t o r s o l u t i o n 
3 

lOg b o r i c a c i d was dissolved i n 2 00 cm 98% (v/v) 
3 3 ethanol and 700 cm d i s t x l l e d water added. 10 cm 

mixed i n d i c a t o r was added and then 0.1N sodium hydroxide 
s o l u t i o n u n t i l the i n d i c a t o r colour was grey-blue. 
The whole was made up t o 1 l i t r e w i t h d i s t i l l e d water. 

( i i i ) potassium hydroxide/sodium t h i o s u l p h a t e reagent. 
potassium hydroxide 300g 
sodium t h i o s u l p h a t e 

(Na 2S 20 3.5H 20) 50g 

3 
The potassium hydroxide was dissolved i n 600 cm 
d i s t i l l e d water and the s o l u t i o n b o i l e d g e n t l y f o r 
20 min t o remove ammonia. When c o o l , the t h i o s u l p h a t e 
was added and the mixture made up t o 1 l i t r e w i t h water, 
( i v ) Water-soluble f i x a t i v e (Conway, 1957) 
To 10 p a r t s by weight o f powdered gum acacia were 
added 15 volumes o f water, 5 volumes o f g l y c e r o l and 
5 volumes o f saturated potassium carbonate s o l u t i o n . 
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The water was added slowly t o the gum acacia, 
the mixture being ground i n a large mortar t o hasten 
the s o l u t i o n of the gum. The g l y c e r o l and potassium 
carbonate were then s t i r r e d i n . The mixture was 
allowed t o stand overnight when the dark viscous 
f l u i d was separated from the f r o t h and stored i n a 
stoppered vessel, 

(v ) thymol-blue, c r e s o l - r e d mixed i n d i c a t o r f o r 
t i t r a t i o n o f carbonate t o the bicarbonate stage 
(Vogel, 1962). 
thymol blue 0.1% (w/v) s o l u t i o n o f the 

sodium s a l t 3 v o l . 
c r e s o l red 0.1% (w/v) s o l u t i o n o f the 

sodium s a l t 1 v o l . 

This i n d i c a t o r changes from yellow t o v i o l e t a t pH 8.3, 

j . Solvents f o r polyamide chromatography 
( i ) f i r s t dimension 

formic a c i d , 1.5% (w/v) 
( i i ) second dimension 

3 
a c e t i c a c i d 30 cm 

3 
benzene 270 cm 

( i i i ) t h i r d dimension 
3 

n-butylacetate 280 cm 
3 

methanol 14 cm 
3 

a c e t i c a c i d 14 cm 
( i v ) cleaning solvent 

3 
ammonia (cone.) 90 cm 

3 

acetone 1500 cm 
water 1400 cm 3 
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kw Solutions f o r planchet preparation 
( i ) cetyltrinaethylammonium bromide, (X2% (w/v), 
dis s o l v e d i n water by s t i r r i n g f o r some hours over 
ge n t l e heat. 

( i v ) p o l y v i n y l a l c o h o l , 1.0% (w/v), dissolved i n 
water by s t i r r i n g over heat. 

1. Autoanalyser reagents 
( i ) UN sodium acetate b u f f e r , pH 5.5. 

sodium a c e t a t e , anhydrous 1640g 
a c e t i c a c i d , g l a c i a l 500 cm 
d i s t i l l e d water t o 5 l i t r e s . 

The sodium acetate was slowly dissolved i n about 
3 l i t r e s o f the water. The cooled s o l u t i o n was 
t r a n s f e r r e d t o a 5 l i t r e volumetric f l a s k , the 
a c e t i c a c i d added, and the mixture d i l u t e d t o volume. 
The reagent was f i l t e r e d and stored i n a dark b o t t l e . 

( i i ) 0.6% buf f e r e d n i n h y d r i n reagent 
n i n h y d r i n 20g 

a 

m e t h y l c e l l o s o l v e 1500 cm 
4N sodium acetate b u f f e r 300 cm 3 

d i s t i l l e d water t o 3 l i t r e s . 
The reagents were dissolved i n the order given. 

( i i i ) 0.002M hydrazine sulphate s o l u t i o n 
hydrazinium sulphate 0.780g 
d i s t i l l e d water t o 3 l i t r e s , 
s u l p h u r i c a c i d , a t r a c e t o a c i d i f y . 



( i v ) b u f f e r stock s o l u t i o n 
c i t r i c a c i d , monohydrate 420g 
sodium hydroxide ( p e l l e t s ) I65g 
d i s t i l l e d water t o 2 l i t r e s . 

The reagents were dissolved i n the order given, 
and the s o l u t i o n stored i n a r e f r i g e r a t o r . 

(v) e q u i l i b r a t i o n b u f f e r , pH 3.15, 0.1M c i t r a t e , 0.2N Na 
3 

b u f f e r stock s o l u t i o n 400 cm 
. . . 3 

B r i j 35 s o l u t i o n 40 cm 
d i s t i l l e d water t o 4 l i t r e s . 

The b u f f e r was t i t r a t e d t o pH 3*15 w i t h 6N h y d r o c h l o r i c 
a c i d , before being made up t o volume. Octanol was 
added as p r e s e r v a t i v e . 

( v i ) b u f f e r 1 , pH 3.255 0.1M c i t r a t e , 02N Na +, 4% MCS 
3 

b u f f e r stock s o l u t i o n 400 cm 
methyl c e l l o s o l v e (MCS) 160 cm3 

B r i j 3 5 s o l u t i o n 40 cm 
d i s t i l l e d water t o 4 l i t r e s . 

The pH was adjusted as above. 

( v i i ) b u f f e r 2, pH 4.25, 0.1M c i t r a t e , 0.2N Na + 

3 
b u f f e r stock s o l u t i o n 400 cm 

3 
B r i j 35 s o l u t i o n 40 cm 
d i s t i l l e d water t o 4 l i t r e s . 

The pH was adjusted as above. 

( v i i i ) b u f f e r 3, pH 7.5, 0.1K c i t r a t e , 1.2N Na + 

b u f f e r stock s o l u t i o n 400 cm 
sodium c h l o r i d e 2 36s: 

+ 
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( v i i . i > oorj-C f d * . , . . 

B r i j 35 s o l u t i o n 40 cm 3 

d i s t i l l e d water t o 4 l i t r e s . 

The pH was adjusted w i t h 2N sodium hydroxide s o l u t i o n . 
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ABBREVIATIONS 

The f o l l o w i n g abbreviations are used i n the t e x t , 
and where appropriate are explained when f i r s t 
encountered. 

C¥S c y s t i n e ; ASP a s p a r t i c a c i d ; ASN asparagine; 
GLN glutamine; GLU glutamic a c i d ; SER ser i n e ; 
THR thr e o n i n e ; PRO p r o l i n e ; ALA ala n i n e ; 
DOPA dihydroxyphenylalanine; VAL v a l i n e ; 
MET methionine; TYR t y r o s i n e ; TRP tryphophan; 
ILE i s o l e u c i n e ; LEU l e u c i n e ; PHE phenylalanine; 
GLY g l y c i n e ; ARG a r g i n i n e ; HIS h i s t i d i n e ; 
LYS l y s i n e ; yAB y a m i n o b u t y r i c a c i d ; aAB aamino-
b u t y r i c a c i d ; BALA Balanine; OH-PRQ hydroxyproline; 
GLUC NHg glucosamine. 

TLE/TLC t h i n l a y e r e l e c t r o p h o r e s i s followed by t h i n 

l a y e r chromatography - method described i n t e x t . 

PAW phenol: a c e t i c a c i d : water, 1:1:1 (w/v/v) 

MCS methyl c e l l o s o l v e 

DNS-CL dimethylaminonaphthalene-5-suipV.onyl c h l o r i d e 
(dansyl c h l o r i d e ) 
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METHODS 

1. Growth o f p l a n t m a t e r i a l 
2. C o l l e c t i o n o f bleeding sap 
3. Plant e x t r a c t i o n 
4« [ l l + c J " c 0 2 f e e i n g 
5. Tests f o r n i t r i t e and n i t r a t e 
6. Removal of amino acids w i t h amberlite r e s i n 
7. Dansylation o f amino acids and the separation 

o f the products by polyamide t h i n l a y e r chromatography 
8. Thin l a y e r e l e c t r o p h o r e s i s and chromatography 
9. K j e l d a h l n i t r o g e n determination 

10o Autoanalysis o f amino aci d mixtures 
11, Radioactive counting 
12. Autoradiography 
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1. Growth o f p l a n t m a t e r i a l 

Bean seeds f o r experiments under glass were 
sown d i r e c t l y i n t o pots o f untreated garden s o i l and 
watered only w i t h tap water u n t i l the onset o f 
flowering« A l l p l a n t s were grown under l i g h t s (mercury 
vapour l i g h t s i n Durham and f l u o r e s c e n t tubes i n 
Reading) f o r a 14h day. A f t e r the onset o f f l o w e r i n g , 
p l a n t s which were t o be grown t o m a t u r i t y i n pots were 
fed a t weekly i n t e r v a l s w i t h the recommended d i l u t i o n 
of Boots red l i q u i d f e r t i l i s e r . 

Plants t o be grown outdoors i n Reading were sown 
outside i n March without the use o f seed boxes. 

Flowers on a s i n g l e peduncle were l a b e l l e d when 
the f i r s t f lower opened, and t h i s was c a l l e d day 1 i n 
the l i f e o f the pod. I t took up t o f i v e days f o r a 
whole bunch t o open, and, as any o f the flowers i n the 
bunch could give r i s e t o the pod a t t h a t node, pod 
ages were known t o w i t h i n f i v e days. A l l flowers 
on glasshouse-grown p l a n t s were p o l l i n a t e d w i t h a p a i n t 
brush as they opened. 

2. C o l l e c t i o n o~ bleeding sap 

Bleeding was i n i t i a t e d by d e c a p i t a t i o n o f the p l a n t 
j u s t below the f i r s t node, using a sharp razor blade. 
I n e a r l y experiments the sap was c o l l e c t e d as i t formed 
on the cut surface, using a c a p i l l a r y Pasteur p i p e t t e . 
L a t e r , the sap was allowed t o c o l l e c t i n tubes made 
from 'Parafilm' t o f i t the stump, and sealed t o the 
stump w i t h white p a r a f f i n wax. Bleeding was allowed 
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t o continue f o r l h periods and the sap was then 
removed from the tube using a graduated lOOul 

Terumo microsyringe. Longer c o l l e c t i o n periods 
were never used, i n order t o minimise any chance 
o f abnormal r o o t catabolism c o n t r i b u t i n g t o the sap 
composition. Sap was stored at -20° p r i o r t o a n a l y s i s . 

3• Plant e x t r a c t i o n 

The p l a n t t i s s u e was frozen by immersion i n 
l i q u i d n i t r o g e n and then weighed„ A f t e r thawing, 
leaves and pods were chopped roughly w i t h scissors 
and ground w i t h the minimum volume of i c e c o l d 5% 
(w/v) t r i c h l o r o a c e t i c a c i d (TCA). I n p r e l i m i n a r y 
experiments the g r i n d i n g was done by hand i n a small 
glass mortar, but i n l a t e r work a Gallenkamp g l a s s - i n -
glass homogenizer was used. Seeds were always crushed 
and ground by hand i n the mortar owing t o the 
d i f f i c u l t y i n r i n s i n g the suspension from the g r i n d i n g 
tube. S l u r r i e s were r i n s e d w i t h the minimum volume 
of 5% TCA i n t o c e n t r i f u g e tubes and allowed t o stand 
at 0°-4° ove r n i g h t . 

A f t e r c e n t r i f u g i n g f o r 10 min ( f u l l speed, small 
MSE c e n t r i f u g e , c.3000g) the supernatants were decanted 
i n t o b o i l i n g tubes and the p e l l e t s resuspended i n 
5% TCA (1.5-2.0cm 3 per g t i s s u e ) f o r 30 min. The 
c e n t r i f u g i n g and 30 min e x t r a c t i o n were repeated three 
times, g i v i n g f i v e e x t r a c t i o n s i n a l l . The pooled 
supernatants were washed 6 times w i t h an equal volume 
o f ether, t o remove TCA. f o r small volumes t h i s was 
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done i n the b o i l i n g tube, using a p i p e t t e t o remove 
the upper ether l a y e r . For la r g e volumes the washing 
was done i n separating f u nnels. Ether was f i n a l l y 
removed by ge n t l e warming i n a water bath. The TCA-free 
e x t r a c t s were frozen a t -10° f o r several days and then 
evaporated t o dryness i n vacuo. The samples were stored 
dry u n t i l r e q u i r e d and then taken up i n water using 
1.0cm f o r every 0.5g f r e s h weight o f t i s s u e i n the 

o 

sample, t o the nearest 0.5cm . This was the TCA SOLUBLE 
FRACTION. For aut o a n a l y s i s , these samples were subjected 
t o a m i l d h y d r o l y s i s t o convert glutamine and asparagine 

3 
t o glutamic and a s p a r t i c acids. 1cm o f pla n t e x t r a c t 

3 

was mixed w i t h 1cm 2N hy d r o c h l o r i c a c i d i n a pyrex tube 
which was then sealed under vacuum as described below 
f o r p r o t e i n h y d r o l y s i s . The thawed sample was hydrolysed 
at 110° f o r 3h, and the sample applied t o the 
autoanalyser column without removal o f a c i d . ( B o u l t e r , 1966). 

The p e l l e t s remaining a f t e r TCA e x t r a c t i o n were 
washed i n the c e n t r i f u g e tube s i x times w i t h acetone, 
three times w i t h chloroform-methanol ( 2 : 1 ; v/v) and 
once more w i t h acetone. The almost c o l o u r l e s s residues 
were allowed t o dry f o r a t l e a s t a week i n the a i r before 
weighing t o give the EXTRACTED WEIGHT o f the sample. 
50-100mg o f a i r d r i e d p e l l e t was accuratel y weighed i n t o 
a pyrex tube and 4.0cm 6N hy d r o c h l o r i c a c i d p i p e t t e d on 
top. A f t e r s t r e t c h i n g the tube t o a c a p i l l a r y near the 
t o p , the acid was frozen by immersion i n l i q u i d n i t r o g e n . 
The tube was evacuated, using an NGN r o t a r y p i s t o n pump, 
t o less than 0.05 mm Hg (McCleod Guage), and sealed under 



vacuum. A f t e r thawing, the mixture was placed i n 
an a i r oven at 110° f o r 24h t o hydrolyse the p r o t e i n . 
(Moore and S t e i n , 1963). Samples were s t o r e d , sealed, 
a t 0°-4° u n t i l r e q u i r e d f o r a n a l y s i s . The h y d r o c h l o r i c 
a c i d was then removed by r o t a r y evaporation t o dryness 
a t i+0°, and the dry residue was taken up i n water and 
made up t o 5cm i n a volumetric f l a s k . This was the 
TCA INSOLUBLE FRACTION. 

r 1 4 c l ~ C 0 2 f e e d i n S 

The p l a n t or organ t o be fed was enclosed i n a 
polythene bag which was sealed around the stem, 
p e t i o l e or peduncle by t y i n g w i t h c o t t o n i n t o a 
plug o f p l a s t i c i n e - v a s e l i n e m i x t u r e . A measured 
volume o f [^C] -sodium carbonate was i n j e c t e d 
through the polythene i n t o one o f the bag corners. 
An equivalent volume o f l a c t i c acid s o l u t i o n was 
i n j e c t e d on t o the carbonate and the hole i n the bag 
was sealed w i t h masking tape. At the end o f the feeding 

q 

p e r i o d , excess sodium hydroxide s o l u t i o n (lcm ,IN) was 
d e l i v e r e d on t o the a c i d t o absorb the carbon d i o x i d e 
i n the bag. 

E i t h e r 150uCi or 7 5uCi [ 1 4 C ] - C0 2 was fed t o 
p l a n t s and d i f f e r e n t sizes o f bag were used f o r the 
two amounts. These c o n d i t i o n s are summarised i n 
Table 1. The bag volumes are very approximate so 
t h a t the c a l c u l a t i o n s serve only as a guide t o the 
s p e c i f i c a c t i v i t y o f [ l l fC] - C0 2 i n the bags. 

r l 4 i 

I CJ - C0 2 feeding was u s u a l l y terminated a t 
3h, or before. By 3h there was considerable 
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Table 1. [ X H C ] - C0 2 feeding 

[-^C] - C0 2 batch l 2 

Dimensions of bag (cm) 25 x 38 18 x 23 
Bag volume (approx.) (cm ) 1500 350 

[ 1 2 C ] ~ C 0 2 i n b a § (pmole) 20 5 

[ 1 U C ] - Na 2C0 3 added ( u l ) 75 75 

[ 1 4 C ] (yCi) 150 75 

[ 1 H C ] - C0 2 released (umole) 2,7 1.3 

t o t a l C0 2 (umole) 2 3 6 

s p e c i f i c a c t i v i t y C0 2 ^ ^ 2 

(uCi/umole) 

The bags described were t h i n polythene ones and 
were recommended by the Radiochemical Centre, Araersham, 
as being s u i t a b l e f o r feeding these a c t i v i t i e s o f 

[ w c ] - c o 9 . 



condensation on the i n s i d e o f the bag and the enclosed 
l e a f had f r e q u e n t l y become f l a c c i d . 

5. Tests f o r n i t r i t e and n i t r a t e 

NITRITE 

One drop o f the t e s t s o l u t i o n was mixed on a spot p l a t e 
w i t h a drop each o f s u l p h a n i l i c a c i d s o l u t i o n and 
a-naphthylamine-acetic a c i d s o l u t i o n . The formation 
o f a red colour i n d i c a t e s the presence o f n i t r i t e 
( F e i g l , 1954). 
NITRATE 
N i t r i t e s were removed from the t e s t s o l u t i o n by mixing 
a drop o f the s o l u t i o n w i t h a drop o f 0.5% (w/v) 
aminosulphonic a c i d s o l u t i o n . A drop o f each o f 
s u l p h a n i l i c a c i d s o l u t i o n and a-naphthylamine-acetic 
a c i d s o l u t i o n was added. On a d d i t i o n o f a few mg o f 
zinc dust, a red c o l o u r a t i o n i n d i c a t e s the presence 
o f n i t r a t e ( F e i g l , 1954). 
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6. Removal of amino acids from solution using 
amberlite r e s i n 

The method was obtained from a University of 
Cambridge, Department o f Biochemistry p r a c t i c a l 
schedule, which was a m o d i f i c a t i o n o f the method o f 
Par t r i d g e (1949a). 

The t e s t s o l u t i o n was e i t h e r poured through a 
short column o f Amberlite 1R 120(H) r e s i n , or shaken 
w i t h the r e s i n i n a specimen tube. Washing the r e s i n 
w i t h water then gave a s o l u t i o n f r e e o f amino acids. 
Solutions t r e a t e d i n such a manner were shown t o give 
a negative r e a c t i o n w i t h n i n h y d r i n . 

7. Dansylation and polyamide t h i n l a y e r 
chromatography 

The method i s t h a t o f Woods and Wang (1967). 
The sample was t r a n s f e r r e d t o a 30 x 6mm t e s t tube 

and d r i e d i n a dessicator i n vacuo (<0.5mm Hg) i n the 
presence o f sodium hydroxide p e l l e t s and Analar 
concentrated s u l p h u r i c a c i d (about 10 min). l O y l 
o f a 0.1M s o l u t i o n o f sodium bicarbonate was added 
t o each tube and t h i s d r i e d as before. DNS-C1 

3 

(2.5 mg/cm i n acetone) was premixed w i t h an equal 
volume o f deionized water, and lO u l o f t h i s reagent 
added t o the sample. The tube was sealed w i t h 
p a r a f i l m and placed i n an oven at 37° f o r l h . The 
mixture was again d r i e d i n vacuo before being taken 
up i n lOu l 95% (v/v) ethanol. 
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5yl sample was spotted on each side o f a 
polyamide sheet w i t h a l y l m i c r o c a p i l l a r y , the o r i g i n 
being placed under a h a i r d r y e r ( h o t ) . The tube was 
washed w i t h l O u l 1M ammonium hydroxide s o l u t i o n and 
the washings were spotted on the same sheet as before, 
l y l of a standard s o l u t i o n o f DNS- amino acids was 
app l i e d t o one side o f the sheet. A number o f sheets 
were placed on a rack c o n s i s t i n g o f two end sheets o f 
s t a i n l e s s s t e e l 17 x 17cm w i t h a 7cm long s t a i n l e s s 
s t e e l rod at each corner. The sheets were kept apart 
by spacers on the rods, and one end sheet fastened 
on t o the frame w i t h nuts on the rods. The sheets 
were subjected t o chromatography. 

1st dimension: 35 min 
2nd dimension: kO min 
3rd dimension: 40 min. 

The t h i r d dimension was run i n the same d i r e c t i o n 
as the second dimension, t o resolve the h y d r o p h i l i c s , 
a f t e r examination o f the f i r s t two dimensions. The 
sheets were d r i e d f o r 30 min i n a hot a i r stream 
between each dimension. The dry sheets were viewed 
under U.V. l i g h t and the f l u o r e s c e n t spots i d e n t i f i e d 
r e l a t i v e t o the standards. A t y p i c a l separation i s 
i l l u s t r a t e d i n Results, F i g , 3-1. 

8. Thin l a y e r e l e c t r o p h o r e s i s and chromatography 

The method i s t h a t o f B i e l e s k i and Turner (1966), 
s l i g h t l y m odified f o r use w i t h the Shandon cooled p l a t e 
e l e c t r o p h o r e s i s tank. 



Thin l a y e r p l a t e s , 20 x 20cm, were spread,, using 
a Shandon hand spreader, w i t h a 2 50 my l a y e r o f mixed 
c e l l u l o s e and s i l i c a g e l . 12.5g Macherey and Nagel 
MN 300 c e l l u l o s e , 5.0g Merck s i l i c a g el H and 100cm3 

water were homogenised together f o r 30 sec, allowed t o 
stand f o r 30 sec, homogenised again f o r 30 sec, allowed 
t o stand f o r a f u r t h e r 60 sec, and then spread. The 
p l a t e s were allowed t o set before being moved and then 
were completely d r i e d at 35° o v e r n i g h t . E x t r a c t , 
10-100ul, was applied near one corner o f the l a y e r as 
a band about 2.5cm long, and d r i e d w i t h a h a i r d r y e r . 
A spot o f t h i o n i n marker s o l u t i o n was d r i e d on the 
opposite end o f the same o r i g i n . The p l a t e i s 
i l l u s t r a t e d i n F i g . 1. The p l a t e was sprayed w i t h 
f o r m i c - a c e t i c b u f f e r , pH 2.0, t a k i n g care not t o 
saturate the o r i g i n , and any excess b u f f e r was removed 
by b l o t t i n g w i t h paper t o w e l l i n g . 

Wicks were prepared by soaking i n b u f f e r a 20cm 
long s t r i p o f d i a l y s i s t u b i n g , p r e v i o u s l y s l i t along 
one edge, and f o l d i n g t h i s t u b i n g over the f o l d e d edge 
o f a p r e b u f f e r e d , doubled, 20 x 10cm s t r i p o f Whatman 3MM 
chromatography paper. The uncovered edge o f the 
combined wick was dipped i n t o the b u f f e r i n the 
electrode vessel o f the e l e c t r o p h o r e s i s tank, and the 
wick was fo l d e d on t o the edge of the wet t h i n l a y e r 
p l a t e . The d i a l y s i s t u b i n g was pressed f i r m l y against 
the l a y e r and a 20 x 1cm glass s t r i p placed on top. 
The two glass s t r i p s then supported another 20 x 20cm 
glass p l a t e (which acted as a weight t o hold the wicks 
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Fig. 1. Thin l a y e r p l a t e f o r 2~dimensional separation 
of amino acids. 
The method i s described i n the t e x t . 



against the l a y e r and also prevented evaporation from 
the surface o f the l a y e r . Running tap water was used 
f o r c o o l i n g . 1000V (10-20mA) was a p p l i e d u n t i l the 
t h i o n i n marker had migrated U.Scm (25-35 min). The p l a t e 
was then removed from the tank and blown dry i n the hot 
a i r stream from an i n d u s t r i a l d r i e r adapted f o r p l a t e 
d r y i n g by the attachment t o the nozzle o f a closed 
c y l i n d e r o f s t e e l w i t h a 20cm x 2mm s l i t on one side. 

P r i o r t o chromatography the e l e c t r o p h o r e t i c a l l y 
produced bands were reduced t o spots on the 2.5cm 
o r i g i n by d i p p i n g the p l a t e i n t o a tank o f d i s t i l l e d 
water t o w i t h i n 1cm of the ends o f the bands. The 
ascending water f r o n t was allowed t o r i s e t o the 2.5cm 
o r i g i n , when the p l a t e was removed from the tank, 
b l o t t e d , and blown dry i n the d i r e c t i o n o f the subsequent 
chromatography. For the chromatographic separation i n 
the second dimension, the p l a t e was chromatographed 
t w i c e , f i r s t i n methylethylketone-pyridine-water-
a c e t i c a c i d (70:15:15:2, by v o l . ) f o r 1.5h t o separate 
threonine and glutamic ac i d and t o remove i n t e r f e r i n g 
substances, and then i n n-propanol-water-n-propylacetate-
a c e t i c a c i d - p y r i d i n e (120:60:20:4:1, by v o l . ) f o r 4h 
f o r the major separation. The p l a t e s were d r i e d a f t e r 
each chromatography i n the a i r draught i n the fume 
cupboard. The p l a t e s were sprayed w i t h n i n h y d r i n reagent 
t o detect amino acids or w i t h a n i l i n e diphenylamine, 
a n i l i n e hydrogen pht h a l a t e or p h l o r o g l u c i n o l reagents 
f o r sugars. 

Sugars moved i n chromatography only and were spread 



35 

out along the e l e c t r o p h o r e s i s o r i g i n - the sugar 
and organic a c i d r e g i o n o f the chromatogram. Sugar 
m o b i l i t i e s , expressed as Rf r e l a t i v e t o a l a n i n e , are 
l i s t e d i n Table 2. Distances moved by amino acids were 
measured i n both dimensions from the o r i g i n t o the 
leading edge o f the spot. M o b i l i t i e s r e l a t i v e t o 
alanine are l i s t e d i n Table 3. An attempt was made t o 
q u a n t i f y the v a r i a t i o n i n amino acid m o b i l i t i e s w i t h 
amino acid c o n c e n t r a t i o n , using standard mixtures o f 
amino acids a t each of three concentrations. The 
r e s u l t s , presented i n Table 4, i n d i c a t e very small 
v a r i a t i o n i n m o b i l i t y . V a r i a t i o n s i n m o b i l i t y f o r p l a n t 
e x t r a c t analyses were much l a r g e r . 

Detection of sugars and amino acids on t h i n l a y e r s 

Amino acids were detected by spraying w i t h n i n h y d r i n 
reagent. A f t e r spraying, the p l a t e was blown dry i n the 
a i r draught of a fume cupboard and then stored overnight 
i n the dark. A f t e r a p r e l i m i n a r y i n s p e c t i o n t o l o c a t e 
p r o l i n e (which becomes d u l l brown on heating) the p l a t e 
was heated t o 80° f o r 15-20 min. This treatment 
revealed (3-alanine and Y- a mi n°butyric acid which d i d 
not react w i t h the reagent i n the c o l d , unless present 
i n high c o n c e n t r a t i o n . 

Sugars were detected w i t h one o f three reagents: 
( i ) a n i l i n e hydrogen phth a l a t e : the p l a t e was sprayed 
w i t h the reagent and then heated a t 100° f o r 5 min. 
Sugars reacted t o give brown spots. 
( i i ) p h l o r o g l u c i n o l : the p l a t e was sprayed w i t h f r e s h l y 
mixed reagent and then heated t o 105-110° f o r a few 
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minutes. Ketopentoses y i e l d strong green colours and 
other ketoses y i e l d pale yellow-browns w i t h an intense 
green or yellow fluorescence i n U.V. l i g h t , 
( i i i ) a n i l i n e diphenylamine: the p l a t e was sprayed 
w i t h f r e s h l y mixed reagent and heated t o 90-100° 
f o r a few minutes. Sugars rea c t t o y i e l d green, 
blu e , brown or pink colours which a i d i d e n t i f i c a t i o n . 

Table 2. Sugar distances on t h i n l a y e r s 

Distance(cm) A n i l i n e diphenyalmine colour 

rhamnose 13.6 yellow-grey 
glucose 9.6 blue-grey 
galactose 9.1 blue-grey 
sucrose 8.6 pink-brown 
f r u c t o s e 10.3 pink 
r a f f i n o s e 5.7 purple 
g l u c u r o n i c a c i d 5.8 brown 

2ug samples o f each sugar were subjected t o 
chromatography as i n the TLE/TLC method. Distances 
were measured from the o r i g i n t o the leading edge o f 
the spot* Alanine distance was 7.7cm. 
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Table 3. Amino a c i d m o b i l i t i e s on t h i n l a y e r s 

Chromatography Electrophoresis 
CYS 0.34 ± 0.01 0.67 ± 0.01 
ASP 0.63 t 0.01 0.66 ± 0.01 
ASN 0.63 + 0.01 0.76 ± 0.01 

0.72 ± 0.01 GLN 0.76 ± 0.01 
0.76 ± 0.01 
0.72 ± 0.01 

GLU 0.86 ± 0.01 0.70 ± 0.01 
SER 0.82 ± 0.01 0.85 ± 0.01 
THR 0.97 ± 0.00 0.76 ± 0.01 
PRO 1.02 ± 0.00 0.65 ± 0.01 
DO PA 1.07 ± 0.01 0.51 ± 0.02 
ALA 1.00 1.00 
VAL 1.29 ± 0.00 0.81 ± 0.01 
MET 1.34 ± 0.01 0.71 ± 0.01 
TYR 1.29 ± 0.01 0.60 ± 0.01 
PHE 1.46 ± 0.02 0.62 ± 0,04 
TRP 1.39 ± 0.02 0.55 ± 0.01 
ILE 1.45 ± 0.01 0.74 ± 0.02 
LEU 1.51 ± 0.01 0.72 ± 0.02 
GLY 0.79 ± 0.00 0.15 ± 0.01 
LYS 0.42 ± 0.03 1.34 ± 0.03 
HIS 0.45 ± 0.02 0.18 + 0.02 
ARG 0.59 ± 0.02 1.21 ± 0.04 
yAB 1.06 ± 0.01 1.30 ± 0.02 
aAB 1.15 0.88 
BALA 0.90 ± 0.00 1.39 ± 0.03 
OH-PRO 0.92 ± 0.01 0.58 + 0.01 
GLUC NH„ j 0.83 ± 0.02 i 0.93 

_ d . . . . ! 

M o b i l i t i e s were determined using the distances from 
the o r i g i n s t o the leading edges o f the amino a c i d 
spots. M o b i l i t i e s given are means o f up t o t e n samples. 
Spots were i d e n t i f i e d by running amino acid samples i n 
small groups w i t h alanine u n t i l a l l the spots i n the 
standard mixture were known. A t y p i c a l separation i s 
i l l u s t r a t e d i n Results, F i g . 2-1. 



Table Ma. Amino a c i d m o b i l i t i e s i n TLE/TLC 

lyg 
Chromatography 

3yg 6yg 
CYS 0.34(0.010) j 0.32(0,015) 0.37(0.010) 
ASP 0.64(0.010) | 0.60(0,028) 0.64(0,000) 
ASN 0.60(0.010) 1 0.62(0.036) 0.61(0,017) 
G L N 0.73(0,010) ! 0.73(0.023) 0.73(0.010) 
G L U 0.85(0.014) ! 0.84(0.029) 0.86(0.014) 
SER 0.83(0.010) i 0.82(0.009) 0.83(0.010) 
THR 
PRO 
DOPA 
ALA 
VAL 
MET 
TYR 
TRP 
"iLE 
L E U " 

0.916(0.049) 
1.02(0.014) 

0,98(0.010) 

1.04(0,010) 
1.00 

1.02(0.010) 
i7o7T67oT3y 

1.33(0.024) 
1.37(0.028) 

1.00 
3 3(0 ".012") 

0.97(0.010) 
1.02(0.014) 
1.05(0,000) 

i".oo 

1.38(0.024) 
1.32(0.014) 
T. 34(076"22 ) 

•4-
1.34(0.022) 
1.41(0.032) 

1.34(0.020) 
1.42(0.030) 

1.48(0.032) 

PHE 4. 
1.48(0.028) 
1.52(0.032) 

1.47(0.023) 
T7 51(0.024) 
1,47(0.040) 

G L Y 

ARG 

" H I S -

L Y S 

YAB" 

0.77(0.000) i 0.77(0,013) 

1.31(0.022) 
1.3970.022) 
T .4 5(b7024) 
17V5(07020T 
1.48(0.026) 
0.78(0.010) 

0.44(0.024) ! 0.59(0.023) 
0. 38(0.010) 0.52 
0.56(0.024) 
6.88(0.027) 

0.46(0.031) 
1.0 8(0". 02 2) 

0.49(0.024) 
0.53(0.026) 
0.61(0.030) 

3ALA 1.09(0.017) I 0.87(0.022) 
1.08(0.017) 
0.8 97o". 014) 

Mean m o b i l i t i e s r e l a t i v e t o alanine are given w i t h 
the standard d e v i a t i o n s i n brackets. 6 plates a t 
each concentration were subjected t o TLE/TLC. 
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Table 4b. Amino acid m o b i l i t i e s i n TLE/TLC 

Electrophoresis 
lug 3ug 6ug 

CYS 0.63(0.010) 0,65(0.031) 0.63(0.000) 
ASP 0,63(0.010) 0.63(0.050) 0.61(0.010) 
ASN 0.70(0.010) 0.73(0,015) 0.70(0.000) 
GLN 0.67(0,014) 0.69(0.026) 0.66(0.014) 
GLU 0.71(0.010) 0.72(0,018) 0.71(0.000) 
SER 0.83(0.014) 0.84(0.013) 0.8 3(0.000) 
THR 0.76(0.010) 0.77(0.023) 0.76(0.000) 
PRO 0.66(0.014) 0.67(0.038) 0.66(0.000) 
DOPA 0.51(0.014) 0.51(0.050) 0.52(0.000) 
ALA 1.00 1.00 1.00 
VAL 0.81(0.010) 0.82(0.020) 0.83(0.000) 
MET 0.72(0.020) 0.71(0.027) 0.71(0.000) 
TYR 0.62(0.020) 0.62(0.032) 0.63(0.000) 
TRP 0.50(0.026) 0.51(0.041) 0.53(0.000) 
ILE 0.63(0.022) 0.79(0.021) 0.64(0.000) 
LEU 0.78(0.014) 0.77(0.021) 0.80(0.000) 
PHE 0.76(0.020) 0.63(0.032) 0.77(0.000) 
GLY 1.14(0.017) 1.12(0.016) 1 1.13(0,000) 
ARG 1.35(0.049) 1.28(0.076) 1.41(0.028) 
HIS 1.27(0.035) 1. 27 1.34(0.010) 
LYS 1.30(0.036) ~ 1.40(0.058) 1.31(0.022) 
~YAB" 1.37(0.057) 1.42(0.061) 1.38(0.036) 
3ALA 1.36(0.054) 1.44(0.079) 1.40(0.041) 

Mean m o b i l i t i e s r e l a t i v e t o alanine are given w i t h 
the standard d e v i a t i o n i n brackets. 6 p l a t e s a t 
each conc e n t r a t i o n were subjected t o TLE/TLC. 
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9 ? K j e l d a h l n i t r o g e n determination 

The method used was t h a t o f Thussman and Boulter 
(1966). About 30mg o f the a i r d r i e d i n s o l u b l e p l a n t 
f r a c t i o n was weighed a c c u r a t e l y i n t o a pyrex tube 
(50 x 16mm). lOmg mercuric oxide and 0.75g o f potassium 

Q 

sulphate were added, followed by 0.5cm 36N sulphuric 
a c i d . The cake o f potassium sulphate was diss o l v e d 
by gentle heating and the t e s t tube was placed i n a 
hole (17mm diameter) i n a c y l i n d r i c a l aluminium block 
(13cm diameter x 7cm) and heated by means o f gas t o 
387°. A f t e r c h a r r i n g was complete the mixture was 
heated f o r a f u r t h e r 30 min when the t e s t tube was 
removed from the block and allowed t o cool f o r 3 min. 
3cm water was added dropwise and the p r e c i p i t a t e 
d i ssolved by gentle heating. The s o l u t i o n was then 
q u a n t i t a t i v e l y t r a n s f e r r e d t o a 10cm' volumetric 
f l a s k . A reagent blank was subjected t o the same 
d i g e s t i o n procedure. 

Ammonia was determined using Conway u n i t s which 
3 

had been cleaned as described by Conway (1957). 1cm 
of b o r i c acid-mixed i n d i c a t o r reagent was p i p e t t e d 
i n t o the centre w e l l o f the u n i t and 1cm o f the 
di g e s t s o l u t i o n i n t o the outside compartment. The l i d 
o f the u n i t was smeared w i t h water-soluble f i x a t i v e 
(Conway, 1957) and then placed over the u n i t l e a v i n g 

3 
a small gap. 1cm potassium hydroxide-sodium 
t h i o s u l p h a t e reagent was p i p e t t e d i n t o the outer 
compartment, the l i d was moved t o cover the u n i t , and 
the s o l u t i o n s were mixed by gentle t i l t i n g . A f t e r 
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16-17h on the bench, the b o r i c a c i d i n the centre 
w e l l was t i t r a t e d against standard 0.02N sulphuric 
a c i d , using a Conway b u r e t t e and s t i r r i n g w i t h a 
f i n e glass rod. The f i r s t permanent pink colour 
o f the i n d i c a t o r was taken as the end p o i n t , 

0.02N s u l p h u r i c a c i d was prepared from analar 
concentrated a c i d and standardised against standard 
sodium carbonate s o l u t i o n using thymol blue- c r e s o l 
red mixed i n d i c a t o r . (Vogel, 1962). 

10. Autoanalysis o f amino acids 

Autoanalysis o f amino acids i n p l a n t e x t r a c t s 
was c a r r i e d out using a new Technicon short column 
autoanalyser. Hydrolysed samples, o f both soluble 
and i n s o l u b l e f r a c t i o n s , were separated i n t o t h e i r 
c o n s t i t u e n t amino acids i n 3h runs. 

The sample (10-400ul c o n t a i n i n g 0.2 - 5.0 ymoles 
t o t a l amino acids) was loaded manually on the top o f 
a 30cm column of C3 r e s i n . The r e s i n , packed i n a 
35 x 0.6cm glass column, was maintained a t 60° w i t h 
a Haake bath connected t o the column water j a c k e t . 
Buffers were introduced stepwise v i a a Technicon 
automatic column shutdown programmer and were pumped 
w i t h a Technicon p o s i t i v e displacement pump a t a flow 

3 -1 
r a t e o f 0.56 cm min , This caused a back pressure 
of 300-400 p . s . i . The column e f f l u e n t was introduced, 
v i a an A10 f i t t i n g , d i r e c t l y i n t o a stream o f hydrazine 
sulphate reagent, segmented w i t h bubbles of n i t r o g e n . 

The a n a l y t i c system consisted o f a Technicon 



autoanalyser p r o p o r t i o n i n g pump H I } c a r t r i d g e 
(comprising three s i x t u r n mixing c o i l s (170-0103), 
two n i t r o g e n bubblers (177-B004-01 and 177-B004-02) 
and a c e l l counter wash v a l v e ) ; a 95° f i x e d temperature 
heating bath f i t t e d w i t h 12m x 2.4mm c o i l s whose arms 
were reduced t o 1.6mm; an RSS co l o r i m e t e r r e c o r d i n g 
a t 570 and a t 440mu; and a standard two pen recorder. 
The c e l l counter wash valve was used manually t o 
se l e c t e i t h e r the segemented hydrazine and e x t e r n a l 
standard stream or the segmented hydrazine and column 
e f f l u e n t stream. A l l these items are described i n 
the Technicon p a r t s l i s t . The flow diagram i s 
i l l u s t r a t e d i n F i g . 2. 1.6mm i n t e r n a l diameter glass 
was used wherever possible f o r connections, and 
otherwise 0,030 tygon. 

The b u f f e r s , whose composition has already been 
described, were run as f o l l o w s : 

pH 3.25 40 min 
4.25 35 min 
7.50 7 5 min 

The pH o f b u f f e r s 1 and 2 was c r i t i c a l t o 3 decimal 
places, very s l i g h t changes having a marked e f f e c t 
on the e l u t i o n p a t t e r n , The pH's given were chosen 
f o r optimum separation o f serine and t h r e o n i n e , and 
of c y s t i n e and v a l i n e . I f the time o f b u f f e r 1 i s 
increased by 5-10 min c y s t i n e i s e l u t e d as a broad, 
f l a t peak, w e l l separated from both alanine and v a l i n e . 
This method was not used i n the present work as c y s t i n e 
was present i n very small q u a n t i t i e s i n most samples 



and so could be more ac c u r a t e l y determined as a 
short sharp peak on the f r o n t o f b u f f e r 2. The pH 
o f b u f f e r 3 was not c r i t i c a l and could be v a r i e d 
between pH 6.5 and 8.0 without markedly a f f e c t i n g 
the e l u t i o n p a t t e r n . 

The column was regenerated w i t h 0.2N sodium 
hydroxide f o r 5 min and e q u i l i b r a t e d w i t h pH 3.15 
b u f f e r f o r 15 min. Cleaning the a n a l y t i c a l system 
i s described i n the standard Technicon procedure 
( I n s t r u c t i o n Manual, AAA-1, 1967). 

Charts were i n t e g r a t e d by hand by measuring peak 
h e i g h t , and peak width at h a l f h e i g h t , t o the nearest 
0.5mm. The product o f these measurements was used as 
peak area. Colour f a c t o r s f o r each amino a c i d were 
determined using standard mixtures. An i n t e r n a l 
standard o f known conc e n t r a t i o n was included i n a l l runs. 
For p r o t e i n hydrolysates norleucine was used, but f o r 
soluble amino a c i d e x t r a c t s t h i s was not possible as 
dihydroxyphenylalanine runs on top o f n o r l e u c i n e . 
I n these runs t a u r i n e was used as i n t e r n a l standard. 
A standard analysis chart i s included i n the back cover 
o f the t h e s i s . 

For the determination o f s p e c i f i c a c t i v i t i e s o f 
amino a c i d s , the column e f f l u e n t was s p l i t a t the 
bottom o f the column. One p o r t i o n o f the stream 

3 -1 
(0.36 cm mm ) was d i r e c t e d i n t o the a n a l y t i c a l 

3 -1 
system as usual. The other p o r t i o n (0.20 cm min ) 
was segmented w i t h n i t r o g e n (0.03 cm min ) and 
drawn o f f through the p r o p o r t i o n i n g pump t o a f r a c t i o n 
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The column e f f l u e n t i s s p l i t as i t emerges from t h e column. 

3 3 0.20cm /min i s segmented w i t h 0.03cm /min n i t r o g e n and drawn 
o f f t h r o u g h t h e pump t o t h e f r a c t i o n c o l l e c t o r . The r e m a i n i n g 
e f f l u e n t i s i n j e c t e d i n t o t h e m o d i f i e d a n a l y t i c a l system. 
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c o l l e c t o r , where 1 min f r a c t i o n s f o r c o u n t i n g were 

c o l l e c t e d d i r e c t l y on p l a n c h e t s . For c o u n t i n g low 

s p e c i f i c a c t i v i t i e s , maximum column l o a d i n g s were 

used (up t o O.2 5ymole o f each amino a c i d ) . T h i s 

i n v o l v e d r e d u c t i o n o f c o l o r i m e t e r s e n s i t i v i t y ( t o about 

0.5) and a l t e r a t i o n o f t h e p r o p o r t i o n i n g pump m a n i f o l d . 

The new m a n i f o l d i s i l l u s t r a t e d i n F i g . 3. 

11 . R a d i o a c t i v e c o u n t i n g 

P l a n c h e t s were pr e p a r e d f o r c o u n t i n g by a 

m o d i f i c a t i o n o f t h e method o f Newton ( 1 9 5 7 ) . 

A d i s c o f l e n s t i s s u e , c u t t o f i t t h e 21mm 

d i a m e t e r a l u m i n i u m p l a n c h e t , was p l a c e d on t h e p l a n c h e t 

t o g e t h e r w i t h one drop o f each o f 0.2% (w/v) 

c e t y l t r i m e t h y l - a m m o n i u m bromide, and 1% (w/v) 
3 

p o l y v i n y l a l c o h o l . 0.20cm sample was p i p e t t e d on 
3 

t o p u s i n g a 0.20cm c a p i l l a r y p i p e t t e , and t h e 

p r e p a r a t i o n was d r i e d under an i n f r a r e d lamp. 

Dry p l a n c h e t s were counted w i t h a t h i n end 

window G e i g e r - M u l l e r t u b e i n a l e a d c a s t l e connected 

t o an IDL ( I s o t o p e s Developments L t d . , B e r k s h i r e ) 

s c a l a r 1700. Samples were pr e p a r e d i n d u p l i c a t e and 

each p l a n c h e t was counted t w i c e . The mean o f t h e 

f o u r r e s u l t s t h u s o b t a i n e d was used i n a l l f u r t h e r 

c a l c u l a t i o n s . A l l samples were counted a t l e a s t t o 

t h e f i r s t o f 1000 counts o r 1000 sec, and no samples 

were counted f o r l e s s t h a n 60 sec. Background was 

counted f o r 30 min. Using t h i s method, t h e s t a n d a r d 

d e v i a t i o n on t h e count f o r a sample was always l e s s 
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t h a n 4%, E r r o r s are d i s c u s s e d l a t e r , 

For t h e d e t e r m i n a t i o n o f s p e c i f i c a c t i v i t y o f 

samples s u b j e c t e d t o a u t o a n a l y s i s , f r a c t i o n s o f column 
3 

e f f l u e n t (0.2cm ) were c o l l e c t e d d i r e c t l y on t o 

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

d r y i n g , t h e s e samples were counted f o r 10 o r 20 min 

on a T r a c e r l a b s p e c t r o / m a t i c gas f l o w c o u n t e r . These 

samples were n o t d u p l i c a t e d and background was 

d e t e r m i n e d f r o m t h e ' b a s e l i n e ' o f t h e s e r i e s o f c o u n t s . 

Counter c h a r a c t e r i s t i c s a r e d e s c r i b e d i n 

P r e l i m i n a r y R e s u l t s . 

12. A u t o r a d i o g r a p h y 

A u t o r a d i o g r a p h s were pr e p a r e d o f samples s e p a r a t e d 

i n t o components by TLE/TLC on t h i n l a y e r p l a t e s , u s i n g 

I l f o r d Red Seal X-ray f i l m . The f i l m , 16.5 x 21.6cm, 

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

and t h e p l a t e was t h e n wrapped i n a brown envelope 

and two b l a c k p o l y t h e n e bags w i t h t h e open ends 

a l t e r n a t i n g . The whole was s t o r e d i n t h e d a r k f o r 

10, 20 o r 30 days f o r r a d i o a c t i v i t i e s o f 1000-2000, 

100-1000, o r 50-1C0 cpm per p l a t e , r e s p e c t i v e l y . (IDL-

s c a l a r 1700). The f i l m was developed f o r 5 min i n 

Phen-X X-ray developer ( I l f o r d ) and f i x e d i n I l f o f i x . 

The f i l m was washed i n r u n n i n g water f o r 2-12h, and 

when d r y , matched a g a i n s t t h e sprayed t h i n l a y e r p l a t e . 

P l a t e s and a u t o r a d i o g r a p h s were r e c o r d e d by t r a c i n g 

on t o t h i n paper. 



DERIVATION OF METHODS 

C o l l e c t i o n o f b l e e d i n g sap 

P r e p a r a t i o n o f p l a n t e x t r a c t s 

A marker f o r t h i n l a y e r e l e c t r o p h o r e s i s 

The Technicon A u t o a n a l y s e r 
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1. C o l l e c t i o n o f b l e e d i n g sap 

C o l l e c t i o n o f sap from p l a n t stumps i s d e s c r i b e d 

by W i e r i n g a and Bakhuis ( 1 9 5 7 ) , B o l l a r d (1960) and 

Pate ( 1 9 6 2 ) . The r u b b e r t u b i n g d e s c r i b e d by t h e s e 

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

pea p l a n t s was found t o damage bean stem t i s s u e t o 

t h e e x t e n t t h a t no b l e e d i n g o c c u r r e d . The ' p a r a f i l m ' 

t u b e used i n t h e p r e s e n t e x p e r i m e n t s was s e a l e d by 

hand and eased over t h e stump, which had p r e v i o u s l y 

been smeared w i t h w h i t e p a r a f f i n wax. The ' p a r a f i l m ' 

and w h i t e p a r a f f i n wax were t e s t e d f o r amino a c i d 

e l u t i o n from o r c o n t r i b u t i o n t o t h e sap as f o l l o w s : 
o 

0.5cm o f each o f two s t a n d a r d m i x t u r e s o f amino 

a c i d s c o n t a i n i n g 1.0 and O.lumole per cm o f each 

amino a c i d was p l a c e d i n a p a r a f i l m t u b e sealed on 

t o t h e end o f a g l a s s r o d w i t h w h i t e p a r a f f i n wax. 

A f t e r l h t h e samples and t h e o r i g i n a l s o l u t i o n s , were 

d r i e d down and analysed by d a n s y l a t i o n and polyamide 

t h i n l a y e r chromatography. No d i f f e r e n c e s between 

t h e t e s t e d samples and t h e c o n t r o l s were observed. 

Since t h e p a r a f i l m and w h i t e p a r a f f i n wax c o n t r i b u t e d 

no d e t e c t a b l e amino a c i d s t o t h e s t a n d a r d m i x t u r e , 

i t was assumed t h a t t h e y would c o n t r i b u t e n o t h i n g 

t o t h e sap. 

2. P r e p a r a t i o n o f p l a n t e x t r a c t s 

The e x t r a c t i o n method i s based on t h a t o f 

Bagdasarian e t a l ( 1 9 6 4 ) , m o d i f i e d f o r use i n 
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c e n t r i f u g e t u b e s r a t h e r t h a n s i n t e r e d g l a s s f i l t e r s . 
An e x t r a c t i o n i n c e n t r i f u g e t u b e s f o r m i c roorganisms 
i s d e s c r i b e d by Newton ( 1 9 5 7 ) . 

a < S e l e c t i o n o f method. Two e x t r a c t i o n methods 

were compared: 

( i ) 0.5 31g ( f r e s h w e i g h t ) o f l e a f was c u t w i t h 
3 

s c i s s o r s i n t o a g l a s s m o r t a r and ground w i t h 2cm 
5% T G A , ' t r a n s f e r r e d t o a c e n t r i f u g e tube and p l a c e d 

i n i c e f o r l h . A f t e r c e n t r i f u g i n g f o r 10 min (~ 3000g 

t h e s u p e r n a t a n t ( e x t r a c t 1) was decanted and t h e 
3 

p e l l e t resuspended m 2cm 5% TCA f o r 30 min - e x t r a c t 

The e x t r a c t i o n was r e p e a t e d t w i c e . 6 0 u l o f each 

e x t r a c t was s p o t t e d on t o 3MM chromatography paper, 

d r i e d , and d i p p e d i n n i n h y d r i n r e a g e n t . The paper 

was h e a t e d , u s i n g a h a i r d r y e r , f o r 20 min t o develop 

t h e n i n h y d r i n c o l o u r . Spot 3 was v e r y f a i n t ; 4 was 

c o l o u r l e s s . The pool e d e x t r a c t s were - e t h e r washed, 
3 

eva p o r a t e d t o dryness and t a k e n up i n 1cm w a t e r . 

5 0 u l l o t s o f t h i s s o l u t i o n were s u b j e c t e d t o TLE/TLC 

i n t r i p l i c a t e . 

( i i ) 0.528g ( f r e s h w e i g h t ) o f l e a f was ground w i t h 

0.5-1.0cm 3 10% c o l d TCA and a l i t t l e sand, f i l t e r e d 

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

2 and t h e f i l t r a t e c o l l e c t e d ( e x t r a c t 1 ) . The p e l l e t 

was r e t u r n e d t o t h e m o r t a r and r e g r o u n d w i t h 0.5-1.0cm 

5% TCA, f o u r t i m e s . 3 0 u l o f each f i l t r a t e was s p o t t e d 

on paper and s t a i n e d w i t h n i n h y d r i n as b e f o r e . 

Spot 5 was c o l o u r l e s s . The e x t r a c t s were p o o l e d , 

c o n c e n t r a t e d and s u b j e c t e d t o TLE/TLC as b e f o r e . 
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A l l s i x t h i n layer- p l a t e s r e v e a l e d t h a t t h e 
e x t r a c t s c o n t a i n e d t h e same amino a c i d s i n c l o s e l y 
comparable c o n c e n t r a t i o n s . I n f a c t , t h e c o n c e n t r a t i o n 
d i f f e r e n c e s between r e p l i c a t e s o f t h e one sample were 
a t l e a s t as g r e a t as those between samples. The two 
methods were assumed t o have comparable e x t r a c t i o n 
power. 

W i t h f u r t h e r use, method ( i i ) proved t o be 

i m p r a c t i c a b l e because s i n t e r e d g l a s s f i l t e r s b l o c k e d 

f a s t e r t h a n t h e y c o u l d be c l e a n e d . 

b. The t i m e f o r t h e f i r s t e x t r a c t i o n i n method ( i ) 

was v a r i e d as f o l l o w s : 

Twelve s i m i l a r l e a f samples w e i g h i n g 0.4-0.7g 

were p i c k e d from node 6 o f glasshouse-grown p l a n t s 

and e x t r a c t e d a c c o r d i n g t o method ( i ) . The t i m e o f t h e 

f i r s t e x t r a c t i o n was v a r i e d , w i t h 6 samples h a v i n g a l h 

e x t r a c t i o n and 2 samples h a v i n g each o f 2h, 6h and 24h 

e x t r a c t i o n s . TLE/TLC, as b e f o r e , r e v e a l e d o n l y minor 

d i f f e r e n c e s between t h e e x t r a c t s w i t h as much 

v a r i a b i l i t y between t h e s i x l h e x t r a c t i o n s as between 

t h o s e e x t r a c t e d f o r d i f f e r e n t t i m e s . 

Time o f f i r s t e x t r a c t i o n was, t h e n , assumed t o 

be u n i m p o r t a n t , w i t h i n t h e s e l i m i t s , and 

r e p r o d u c i b i l i t y was shown t o be adequate f o r a t l e a s t 

q u a l i t a t i v e comparison o f e x t r a c t s on p l a t e s . 

c. The number o f e x t r a c t i o n s necessary was d e t e r m i n e d 

as f o l l o w s : 

Seven l e a f samples w e i g h i n g 0,4-0.8g were e x t r a c t e d 

as i n method ( i ) , u s i n g seven e x t r a c t s o f each. 



30ul o f each e x t r a c t was spotted«, on t o a t h i n l a y e r 

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

a l l o w e d t o develop o v e r n i g h t i n t h e d a r k . H e a t i n g 

t o 80° f o r a few minutes t h e n produced t h e r e s u l t s 

l i s t e d i n Table 5. I n o n l y one case d i d t h e f i f t h 

e x t r a c t produce a c o l o u r e d s p o t , and t h e s i x t h and 

seventh e x t r a c t s c o n t a i n e d no d e t e c t a b l e amino a c i d s . 

F i v e e x t r a c t i o n s were r o u t i n e l y used. 
3 

E x t r a c t i o n volumes were 1.5-2.0cm per g f r e s h w e i g h t 

o f t i s s u e . 

Table 5. N i n h y d r i n c o l o u r f o r r e p e a t e d e x t r a c t i o n s 

Sample E x t r a c t s 
F resh w t . ( g ) 1 2 3 4 5 6 7 

0.57 10 + 4+ + f -

0.52 10+ 4 + + f - - -
0.52 10 + 4 + + f -
0.49 10+ 4+ + f -

0. 54 10+ 4 + + f -
0.54 10 + 4+ 

i 

+ f -

0.72 10 + 4 + + f | -
i ! 

f = f a i n t , - = a b s e n t , + = 4 x f 

d. Breakdown o f amino a c i d s and amides by 5% TCA 

was i n v e s t i g a t e d as f o l l o w s : 
3 

lcm a l i q u o t s o f s o l u t i o n s o f a l a n i n e , a s p a r a g i n e 
3 3 and g l u t a m i n e (O.lmg/cm ) were each mixed w i t h lcm 



10% (w/v) TCA and t h e m i x t u r e s a l l o w e d t o s t a n d 

o v e r n i g h t a t 0-4°, The TCA was removed by e t h e r 

washing and t h e s o l u t i o n s f r e e z e - d r i e d . The r e s i d u e s 

were t a k e n up m 2cm water and t h e i r c o n c e n t r a t i o n s 

compared w i t h t hose o f t h e o r i g i n a l s o l u t i o n s by 

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

Technicon a u t o a n a l y s e r . C a l i b r a t i o n curves produced 

by d i l u t i o n o f t h e u n t r e a t e d s o l u t i o n s a r e shown i n 

F i g . 4. The c o n c e n t r a t i o n s o f t e s t s o l u t i o n s a r e 

compared w i t h t h e i r t h e o r e t i c a l v a l u e s i n Table 6. 

Redxictions i n c o n c e n t r a t i o n o c c u r r e d i n a l l o f t h e 

t e s t e d s o l u t i o n s . These r e d u c t i o n s were 10% f o r 

a s p a r a g i n e , 12% f o r a l a n i n e and 14% f o r g l u t a m i n e . 

Table 6. TCA breakdown o f amino compounds 

O p t i c a l D e n s i t y ( a u t o a n a l y s e r ) C o n c e n t r a t i o n Decrease 
1 2 3 •MEAN 3 

(mg/cm ) % 

ASN 43.4 43.4 44.8 43.9 0-.045 10 

ALA 61.5 64. 5 57.6 61.2 0.044 12 

GLN 46.7 48. 8 54.5 50.0 0.043 14 

S o l u t i o n s o f a s p a r a g i n e , a l a n i n e and g l u t a m i n e were t r e a t e d 

w i t h 5% TCA, e t h e r washed and t h e n f r e e z e - d r i e d . The d r y 

r e s i d u e s were t a k e n up i n water such t h a t t h e f i n a l 

c o n c e n t r a t i o n s would be 0.05 mg/cm i f no l o s s had o c c u r r e d . 

The c o n c e n t r a t i o n s were d e t e r m i n e d from t h e c a l i b r a t i o n 

c u r ves i n F i g . 4. 
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F i g . 4. C a l i b r a t i o n curves f o r e x t e r n a l s t a n d a r d s . 
The s t a n d a r d s o l u t i o n s were a s p i r a t e d t h r o u g h t h e e x t e r n a l 
s t a n d a r d l i n e o f t h e a u t o a n a l y s e r , and t h e c h a r t r e a d i n g s 
( o p t i c a l d e n s i t y ) p l o t t e d a g a i n s t c o n c e n t r a t i o n . The l a c k 
o f l i n e a r i t y i s due t o s a t u r a t i o n o f t h e n i n h y d r i n c o l o u r 
and i s n o t a c h a r a c t e r i s t i c o f t h e i n s t r u m e n t . 
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e, P e 11 e t _exjtr;acit i o n w i t h p h e n o l - a c e t i c a c i d - w a t e r 

Bagdasarian e t a l (1964) e x t r a c t e d t h e n i t r o g e n o u s 

components from t h e i r d r y l e a f p e l l e t s w i t h p h e n o l -

a c e t i c a c i d - w a t e r , (PAW) 1: 1: 1 ( w / v / v ) . T h i s method 

was compared w i t h simple h y d r o l y s i s o f t h e p e l l e t , 

( i ) Number o f e x t r a c t i o n s necessary. 

I n s o l u b l e f r a c t i o n s ( p e l l e t s ) were p r e p a r e d from 

f o u r l e a f samples o f f r e s h w e i g h t 0.4-0.6g. The p e l l e t s 
3 o were suspended i n 1cm PAW and l e f t a t 0 o v e r n i g h t . 

A f t e r c e n t r i f u g i n g (10 m i n , f u l l speed s m a l l MSE, 

*~ 3000g) t h e p e l l e t s were resuspended i n PAW f o r 30 min. 

Six e x t r a c t s o f each p e l l e t were c o l l e c t e d . The e x t r a c t s 

were ev a p o r a t e d t o dryness i n a r o t a r y e v a p o r a t o r , a t 

40°, and phenol was removed by r e p e a t e d a d d i t i o n o f 

wat e r f o l l o w e d by e v a p o r a t i o n t o dr y n e s s . The 
3 

e v a p o r a t i o n f l a s k s were r i n s e d t w i c e w i t h 0.5cm 6N 

h y d r o c h l o r i c a c i d , and t h e r i n s i n g s were t r a n s f e r r e d 

t o a pyrex t u b e f o r h y d r o l y s i s i n t h e normal way. 

l O u l o f t h e h y d r o l y s e d e x t r a c t s was s p o t t e d on t o a 

t h i n l a y e r p l a t e , sprayed w i t h n i n h y d r i n and l e f t 

o v e r n i g h t b e f o r e h e a t i n g a t 100° f o r 20 min. Colour 

development i s r e c o r d e d i n Table 7. I n no sample d i d 

t h e s i x t h e x t r a c t g i v e a p o s i t i v e n i n h y d r i n r e a c t i o n . 

These r e s u l t s show c o n s i d e r a b l e between sample 

v a r i a t i o n . I n o r d e r t o a v o i d t h i s , i n f u r t h e r work 

t h e PAW e x t r a c t s were pooled i n a pyrex t u b e , r o t a r y 

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

t u b e , and t h e n t h e a c i d removed by r o t a r y e v a p o r a t i o n 

f r o m t h e t u b e . T h i s improved r e p r o d u c i b i l i t y . 
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Table 7, N i n h y d r i n r e a c t i o n w i t h PAW e x t r a c t s 

Fresh w e i g h t E x t r a c t s 
o f sample(g) 1 2 3 4 
!" " i 
| 0.45 j 4 + 4 + + f 

| 0.51 6 + 2 + + + 

j 0.58 \ 2 + + f 

j 0.50 I 2 + 2 + + f 

f 

f 

•••+—-
i 
i 

n i n h y d r i n c o l o u r : f = f a i n t , + = 4 x f , - = absent. 

E x t r a c t s 1-6 were s u c c e s s i v e PAW e x t r a c t s o f 

d r i e d l e a f p e l l e t s . The phenol was removed and t h e 

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

w i t h n i n h y d r i n . 

( i i ) Comparison o f PAW e x t r a c t i o n w i t h s i m p l e 

p e l l e t h y d r o l y s i s . 

A p e l l e t p r e p a r e d f r o m mature seeds was ground 

i n a m o r t a r u n t i l homogeneous and f o u r lOmg samples 

were a c c u r a t e l y weighed. Samples 1 and 2 were weighed 

d i r e c t l y i n t o pyrex tubes f o r h y d r o l y s i s . Samples 3 

and 4 were weighed i n t o c e n t r i f u g e t u b e s and e x t r a c t e d 

f i v e t i m e s w i t h PAW. The e x t r a c t s were h^'drolysed 

as d e s c r i b e d above. Samples 1 and 3 were h y d r o l y s e d 

f o r 24h; 2 and 4 were h y d r o l y s e d f o r 72h. The 

h y d r o l y s a t e s were an a l y s e d by a u t o a n a l y s e r and t h e 

r e s u l t s a r e l i s t e d i n Table 8. A l l f o u r samples 

were c l o s e l y comparable, a l t h o u g h t h e r e were g r e a t e r 

d i f f e r e n c e s between t h e 24h and 72h h y d r o l y s e s f o r 

samples 1 and 2 t h a n f o r 3 and 4. I t i s t o be expected 
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Table 8. Amino a c i d s i n seed p r o t e i n e x t r a c t e d by 
two methods 

0.110 

0.038 

0.129 0.093 0.106 

0.042 0.048 0.037 

0.05S 0.045 0.059 0.057 

0.160 

0.052 

0.188 0.162 0.156 

0.052 0.042 0.045 

0.081 0.090 0.071 0.079 

0.057 0.067 0.059 0.069 

0.019 0.019 0.020 0.020 

0.052 0.067 0.049 0.057 

0.002 0.012 0.005 

0.037 

0.005 

0.040 0.055 0.048 

0.074 0.090 0.071 0.074 

0.026 0.033 0.020 

0.029 

0.020 

0.031 0.043 0.030 

0.020 0.025 

LEU 

TYR 

PHE 

HIS 

LYS 

ARG 

0.026 i 0.026 

0.067 0.083 

AMINO-
N(ug) 

0.040 0.076 

0.048 0.059 

0.049 f 0.054 

16.3 

K j e l d a h l -
N(yg) 17.1 

16.8 

17.1 

14.8 14.2 

17.7 j 17.7 

Amino a c i d q u a n t i t i e s a r e expressed i n umoles per mg 

i n s o l u b l e seed f r a c t i o n . The f o u r t r e a t m e n t s were as 

f o l l o w s : 
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1. 24h h y d r o l y s i s o f d r y p e l l e t 

2. 7 2h h y d r o l y s i s o f d r y p e l l e t 

3. 24h h y d r o l y s i s o f PAW e x t r a c t o f d r y p e l l e t 

4. 72h h y d r o l y s i s o f PAW e x t r a c t o f d r y p e l l e t 

Amino-N was d e t e r m i n e d by summing t h e amino a c i d ? . 

K j e l d a h l - N was d e t e r m i n e d f o r 1 and 2 d i r e c t l y on t h e 

p e l l e t , and f o r 3 and 4 on t h e PAW e x t r a c t o f t h e p e l l e t . 



t h a t more amino a c i d breakdown w i l l o c c u r i n h y d r o l y s i s 

o f a crude sample. 

The w e i g h t o f n i t r o g e n per mg sample was c a l c u l a t e d 

from t h e amino a c i d a n a l y s i s and from a K j e l d a h l 

d i g e s t i o n o f s i m i l a r e x t r a c t s . These f i g u r e s a r e 

i n c l u d e d i n Table 8. Since ammonia was n o t e s t i m a t e d 

i n t h e a u t o a n a l y s i s , t h e s e f i g u r e s must be low by an 

amount r e p r e s e n t i n g amide n i t r o g e n . There i s much b e t t e r 

agreement between t h e n i t r o g e n d e t e r m i n a t i o n s f o r samples 

1 and 2 t h a n f o r 3 and 4. 

Simple h y d r o l y s i s o f p e l l e t s was used i n a l l 

l a t e r e x p e r i m e n t s . 

3. A marker f o r t h i n l a y e r e l e c t r o p h o r e s i s 

A number o f dyes t h o u g h t t o c a r r y a p o s i t i v e charge 

a t pH 2 were r u n i n e l e c t r o p h o r e s i s as d e s c r i b e d i n t h e 

TLE/TLC method. M o b i l i t i e s were r e c o r d e d and t h e d r y 

p l a t e was immersed i n d i s t i l l e d w ater t o t e s t t h e e f f e c t 

o f t h e e l u t i o n b a t h . A f a s t moving dye which d i d n o t 

smear when immersed i n w a ter was r e q u i r e d . The r e s u l t s 

a r e g i v e n i n Table 9, as d i s t a n c e s moved by dye s pots 

f o r a l y s i n e d i s t a n c e o f 14.4cm. 

T h i o n i n was s e l e c t e d as an a p p r o p r i a t e marker. 

T h i o n i n ( E h r l i c h ) , Michrome number 215, has a m o l e c u l a r 

w e i g h t o f 264 and i s o b t a i n e d as t h e c h l o r i d e , C^PI^QNgSCl. 

An a p p r o x i m a t e l y 1 % , ( w / v ) , s o l u t i o n i n 95% ( v / v ) 

e t h a n o l was p r e p a r e d , and about 5 u l used as marker. 



so 

Table 9. M o b i l i t i e s o f dyes i n e l e c t r o p h o r e s i s 

Dye D istance(cm) E l u t i o n b a t h 
t o l u i d i n e b l u e 0.7 no change 
m e t h y l v i o l e t 1.3 no change 

m a l a c h i t e green 1.4 smear 

t h i o n i n 3.2, 1.7 no change 

i o d i n e green -3.0 no change 

methylene b l u e 0.9 smear 

m e t h y l green 1.2 no change 

The dyes were d i s s o l v e d i n a p p r o p r i a t e s o l v e n t s 

and s u b j e c t e d t o pH 2 e l e c t r o p h o r e s i s f o r 35 min a t 

1KV as d e s c r i b e d i n t h e TLE/TLC method. I n t h i s t i m e 

l y s i n e moved 14.Hem, 

4. The Technicon A u t o a n a l y s e r 

The a u t o a n a l y s e r used i n t h i s work was developed d u r i n g 

t h r e e months work i n t h e Chertsey L a b o r a t o r i e s o f 

Technicon I n s t r u m e n t Company L i m i t e d . The column, r e s i n , 

a n a l y t i c a l system and b u f f e r c o n c e n t r a t i o n s o f t h e 

f i r s t two b u f f e r s had a l r e a d y been e s t a b l i s h e d by 

Mr. R. Jay o f Technicon. Under h i s guidance I 

e s t a b l i s h e d t h e c o n c e n t r a t i o n o f B u f f e r 3 and a l s o 

developed t h e m o d i f i e d system f o r use w i t h t h e f r a c t i o n 

c o l l e c t o r . 

The pH and sodium c o n c e n t r a t i o n o f b u f f e r 3 were 

v a r i e d i n o r d e r t o m i n i m i s e t h e t i m e t a k e n t o e l u t e 

t h e b a s i c amino a c i d s from t h e column. The 
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combinations used are l i s t e d i n Tci'ole 10, Increasing 
the pH o f the low m o l a r i t y b u f f e r had no a f f e c t on 
e l u t i o n t i m e 2 i n the pH range 6.0-8.0. When the 
sodium concentration o f the b u f f e r was increased t o 
1.2M and the pH was above 6.1 (6.5 or over) the basic 
amino acids were e l u t e d i n 60 min. f o r the high 
m o l a r i t y b u f f e r , changing the pH between 6.5 and 8.0 
had no e f f e c t on e l u t i o n time. 

The b u f f e r f i n a l l y chosen was pH 7.5, 1.2M Na +, 
and using t h i s i t was shown t h a t the usual order o f 
l y s i n e and h i s t i d i n e was reversed. Basics were then 
e l u t e d i n the order h i s t i d i n e , l y s i n e , ammonia, a r g i n i n e . 

Table 10. E f f e c t o f pH and sodium concentration on 
e l u t i o n time o f basic amino acids. 

Buffer pH Na + m o l a r i t y Time f o r e l u t i o n o f basic 
amino acids (min) 

6.0 0.37 140 
6.5 0.37 140 
7.5 0.37 140 
8.0 0.37 140 
8.0 0.80 140 
8.0 1.20 60 
6.1 1.20 100 
6.5 1. 20 60 
7.0 1.20 60 
7.5 1.20 60 

The b u f f e r s were prepared as described i n 'Solutions'. 
pH was v a r i e d by t i t r a t i o n w i t h 2N sodium hydroxide, 
Na + m o l a r i t y was v a r i e d by using d i f f e r e n t amounts o f 
sodium c h l o r i d e . E l u t i o n times are f o r the 30cm column 
o f the Technicon Autoanalyser. 
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PRELIMINARY RESULTS 

1. Automatic amino a c i d a n a l y s i s 
( i ) I n t e g r a t i o n o f analyser charts 
( i i ) R e p r o d u c i b i l i t y o f anal y s i s 

2. K j e l d a h l n i t r o g e n determination 
( i ) R e p r o d u c i b i l i t y o f t i t r a t i o n 
( i i ) R e p r o d u c i b i l i t y o f d i g e s t i o n 
( i i i ) V a r i a b i l i t y o f sampling 

3. Plant e x t r a c t i o n procedure - soluble f r a c t i o n 
( i ) R e p r o d u c i b i l i t y 

P r o t e i n h y d r o l y s i s 
( i ) R e p r o d u c i b i l i t y 
( i i ) E f f e c t o f h y d r o l y s i s time 

5. R a d i o a c t i v i t y measurement 
( i ) Scalar 1700, Isotope Developments L t d . 
( i i ) Summary o f e r r o r s f o r Scalar 1700 
( i i i ) Tracerlab spectro/matic Gas Flow Counter 
( i v ) Summary o f e r r o r s f o r Gas Flow Counter 
(v) Autoradiography 

6. Cal c u l a t i o n s and Errors 
( i ) cpm/mg 
( i i ) uCi/mg 

C ( i i i ) umole/mg 
( i v ) uCi/umole 
(v) p l a n t v a r i a b i l i t y 
( v i ) curve f i t t i n g 
( v i i ) computing. 
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1, Automatic amino acid a n a l y s i s 
( i ) I n t e g r a t i o n of analyser charts 

The Autoanalyser I I system used produced a 
continuous (not dotted) p l o t on l i n e a r chart paper. 
The peaks had t o be i n t e g r a t e d by hand and so thr e e 
methods o f hand i n t e g r a t i o n were compared w i t h 
i n t e g r a t i o n by the Technicon I n t e g r a t o r - C a l c u l a t o r . 
Six i d e n t i c a l samples o f an amino acid standard mixture 
were analysed and the charts sent t o the Botany Department, 
Durham, f o r automatic i n t e g r a t i o n on the I n t e g r a t o r -
C a l c u l a t o r . Using the same baselines, the charts 
were i n t e g r a t e d three-more times. 

(a) I n t e g r a t i o n by planimeter - each measurement was 
repeated u n t i l the r e s u l t was r e p r o d u c i b l e . 
(b) I n t e g r a t i o n by hand - the l e n g t h i n mm of each 
o f the h o r i z o n t a l chart l i n e s i n s i d e the peak was 
measured and the lengths added. This e f f e c t i v e l y 
d i v i d e d the peak i n t o rectangles measuring 1.0 x 1.25mm, 
the rumber o f these rectangles under the peak being 
used t o represent the area, 
(c) The peaks were t r e a t e d as t r i a n g l e s . The peak 
height and peak width a t h a l f height were measured 
t o the nearest 0.5mm. The product o f these two numbers 
was used t o represent peak area. 

Colour f a c t o r s were determined f o r each amino acid 
f o r each i n t e g r a t i o n method and these were averaged f o r 
the s i x c h a r t s . The mean colour f a c t o r s and t h e i r 
standard e r r o r s are presented i n Table 11. 
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For a l l colour f a c t o r s except t h a t o f c y s t e i n e , 
the e r r o r s were smallest f o r i n t e g r a t i o n by hand and 
l a r g e s t when peak area was measured by planimeter. 
The I n t e g r a t o r - C a l c u l a t o r and height x wi d t h methods 
produced e r r o r s of s i m i l a r sizes. The planimeter 
method was discarded. I n t e g r a t i o n by hand was too 
time consuming f o r r o u t i n e use, and so charts were 
i n t e g r a t e d using peak area = height x w i d t h . This 
method reduced by a t l e a s t h a l f , as compared w i t h any 
other method, the e r r o r on the colour f a c t o r o f 
cys t e i n e . Cysteine i s el u t e d as a very t a l l spiky 
peak which i s d i f f i c u l t t o i n t e g r a t e by most methods. 

( i i ) R e p r o d u c i b i l i t y o f Autoanalysis 

R e p r o d u c i b i l i t y o f autoanalysis can be estimated 
from the standard e r r o r s i n Table 11, E r r o r s vary 
from 1.6% o f the mean f o r v a l i n e t o 5.3% f o r h i s t i d i n e , 
but f o r most amino acids the standard.error on the 
colour f a c t o r i s about 2%. 

2. K j e l d a h l n i t r o g e n determination 

( i ) M i c r o d i f f u s i o n i n Conway u n i t s - r e p r o d u c i b i l i t y 
o f t i t r a t i o n 

A l i q u o t s o f standard s o l u t i o n s o f ammonium sulphate 
were set up i n t r i p l i c a t e f o r m i c r o d i f f u s i o n i n Conway 
u n i t s . A f t e r t i t r a t i o n w i t h standard sulphuric a c i d , 
the apparent concentrations o f the ammonium sulphate 
s o l u t i o n s were c a l c u l a t e d , and are l i s t e d i n Table 12, 
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together w i t h t h e i r standard e r r o r s * The t i t r a t i o n 
r e s u l t s y i e l d e d values f o r the apparent n o r m a l i t i e s 
o f the ammonium sulphate s o l u t i o n s which were very 
close t o the a c t u a l n o r m a l i t i e s . Standard e r r o r o f 
t i t r a t i o n was i n a l l cases less than 1%. 

Table 12. M i c r o d i f f u s i o n i n Conway u n i t s o f standard 
ammonium sulphate s o l u t i o n s 

Normality o f Mean t i t r e Apparent n o r m a l i t y 
(NH 4) 2S0 1 | H 2S0 4(cm 3) o f (NH^SO^ 

0.0100 0.if77±0.008 0.0100+0.0001 
0.0050 0.235+0.002 0.0049±O.O001 
0.0025 0.119±0.002 0.0025±0.0001 

1cm samples o f the ammonium sulphate s o l u t i o n s were 
l e f t t o d i f f u s e i n the Conway u n i t f o r 17h. T i t r a t i o n 
w i t h standard 0.021N su l p h u r i c a c i d produced the above 
r e s u l t s . Means are o f s i x t i t r a t i o n s . 

( i i ) R e p r o d u c i b i l i t y o f d i g e s t i o n 

The K j e l d a h l d i g e s t i o n and t i t r a t i o n was performed 
on samples o f d r i e d m i l k , which was chosen f o r the 
purpose as i t could r e a d i l y be ground t o a f i n e 
homogeneous powder. Sampling e r r o r could thus be 
minimised. 

Six samples o f d r i e d m i l k were ac c u r a t e l y weighed 
and subjected t o m i c r o d i g e s t i o n as described i n Methods. 



M i c r o d i f f u s i o n and t i t r a t i o n o f the r e s u l t i n g 
s o l u t i o n s revealed t h a t the powder contained 
4.5-5.0% n i t r o g e n . These r e s u l t s are presented i n 
Table 13. The percentages o f n i t r o g e n were c a l c u l a t e d by 
s u b s t i t u t i o n i n the equation 

%N = 10 x V 2-V 1 x NA x 14.01 x 100 
1000 W g 

where i s the volume i n cm o f Ĥ SÔ  used i n t i t r a t i o n 
o f the sample 

3 
V.̂  i s the H 2S0 4 t i t r e i n cm f o r the blank 
NA i s the n o r m a l i t y o f the acid 
Wg i s the weight i n gram o f the sample. 

This r e l a t i o n s h i p can r e a d i l y be derived from the 
method d e t a i l s and the equations f o r the m i c r o d i f f u s i o n 
and t i t r a t i o n . 

N H 3 + H 3 B 0 3 ^ = : = ± N H l +
+
 + H 2B0 3-

H 2B0 3" + H + -> HgB03 

The e r r o r on the percentage o f n i t r o g e n , determined 
by t h i s method, i s about 1.5% o f the mean. This i s 
smaller than the 2% e r r o r on the c a l c u l a t e d n o r m a l i t y 
o f ammonium sulphate s o l u t i o n s , f o r comparable s u l p h u r i c 
a c i d t i t r e . I t i s , then, concluded t h a t the e r r o r i n 
the K j e l d a h l determination o f n i t r o g e n i s o f the order 
o f 2% and i s p r i n c i p a l l y due t o t i t r a t i o n e r r o r s . 



6B 
Table 13. Percentage n i t r o g e n i n r e p l i c a t e samples o f 

d r i e d m i l k . 

Weight o f Mean t i t r e % Nitrogen Mean 
sample(mg) H 0SO u(cm d) i n sample % Nitrogen 

11.7 0.245 + 0.005 4. 64 
13.0 0.266 + 0.002 4.73 
14.2 0. 302 + 0.007 4,91 
13.7 0.296 + 0.005 5.00 

11.9 0.251 + 0.002 4.87 
12.8 0.277 ± 0.010 5.01 

•Mac' i n s t a n t low f a t skimmed m i l k was used i n these 
d i g e s t i o n s . T i t r a t i o n o f the d i g e s t s o l u t i o n s w i t h 
standard 0.0165N s u l p h u r i c a c i d y i e l d e d the above 
r e s u l t s . M u l t i p l i c a t i o n by the usual f a c t o r o f 6 
t o convert %N t o % p r o t e i n (Thurman and B o u l t e r , 1966), 
gives a value only s l i g h t l y below the 30% p r o t e i n 
claimed f o r t h i s product by the manufacturer. Mean 
t i t r e s o f s u l p h u r i c a c i d are obtained from f o u r 
t i t r a t i o n s o f the one dige s t s o l u t i o n . 
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( i i i ) Sampling e r r o r f o r i n s o l u b l e p l a n t f r a c t i o n s 

Six samples o f an i n s o l u b l e seed f r a c t i o n were 
subjected t o ana l y s i s by K j e l d a h l d i g e s t i o n and 
determination o f ammonia. Percentage n i t r o g e n i n each 
sample i s l i s t e d i n Table 14. The mean percentage 
n i t r o g e n i n the i n s o l u b l e seed f r a c t i o n was 2.84 ± 0.18, 
The e r r o r i n the determination was 6%. This i s l a r g e r 
than the t i t r a t i o n e r r o r s determined f o r the method, 
and the d i f f e r e n c e must be r e l a t e d t o sampling e r r o r . 

I n s o l u b l e p l a n t f r a c t i o n s were n o t , i n general, 
homogeneous, but contained p a r t i c l e s o f two sizes. 
Fine p a r t i c l e s were mixed w i t h f i b r o u s m a t e r i a l , and 
the p r o p o r t i o n s o f the two i n a sample could p o s s i b l y 
determine i t s p r o t e i n content. This would p a r t i c u l a r l y 
be so i f the f i b r o u s m a t e r i a l were p a r t l y c e l l u l o s e and 
the f i n e p a r t i c l e s were p r e c i p i t a t e d cytoplasmic p r o t e i n . 

Table 14. Percentage n i t r o g e n i n an i n s o l u b l e seed f r a c t i o n 

Weight o f Mean t i t r e „„ „ a „ 
r,„rr>ro u o n r 3 v %N Mean % N sample (mg) jr^SO^Ccm0) 

31.4 0.361 3.38 
31.0 0.272 2.58 
31.6 0.233 2.17 
33.0 0.362 3.23 
30.6 0.278 2.67 
34,3 0.351 3.01 2.84 ± 0.18 



Legend t o Table 14 
The samples were a l l weighed from the one i n s o l u b l e 
seed f r a c t i o n prepared from a number o f mature, but 
not s t o r e d , seeds. Mean t i t r e s of B^SO^ are from 
t h r e e t i t r a t i o n s . 

3. Plant e x t r a c t i o n procedure - r e p r o d u c i b i l i t y 

Nine s i m i l a r leaves a t nodes 7-9 were harvested 
a t d i f f e r e n t times during 12h. Their soluble and 
i n s o l u b l e f r a c t i o n s were prepared and analysed f o r 
amino acid content by autoanalysis. The r e s u l t s f o r 
the soluble f r a c t i o n are presented i n Table 15. No 
p a t t e r n of v a r i a t i o n w i t h time o f day could be detected, 
and so c a l c u l a t i o n o f means and e r r o r s could be used t o 
estimate v a r i a b i l i t y o f p l a n t m a t e r i a l and o f 
e x t r a c t i o n procedure. 

The standard e r r o r on the mean amount o f amino acid 
i n the f r a c t i o n was d i f f e r e n t f o r d i f f e r e n t amino ac i d s , 
but mostly i n the range 15-20%. This i s considerably 
l a r g e r than the e r r o r i n au t o a n a l y s i s , and represents 
the t o t a l v a r i a b i l i t y i n l e a f m a t e r i a l and e x t r a c t i o n 
procedure f o r the soluble f r a c t i o n . 

4. P r o t e i n h y d r o l y s i s 

( i ) R e p r o d u c i b i l i t y 

The i n s o l u b l e f r a c t i o n s o f the leaves described 
i n p a r t 3 were hydrolysed f o r 24h and the hydrolysates 
analysed by autoanalyser. The r e s u l t s are presented 
i n Table 16. Almost a l l the standard e r r o r s are i n the 
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a s i n g l e leif at nodes 7,8 Or 9 on glasshouse grown p l a n t s . », 
Analyses weife by Technicon Autoanalyser. 
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re g i o n o f 5% or 6% o f the mean amount of amino a c i d . 
Cysteine and i s o l e u c i n e are more v a r i a b l e a t 10-12%. 

These e r r o r s are markedly less than those f o r the 
soluble amino acids from the same leaves. I t i s t o be 
expected t h a t the l e a f p r o t e i n w i l l not vary w i t h 
environmental c o n d i t i o n s as much as w i l l the soluble 
l e a f amino aci d s , and t h i s i s probably r e f l e c t e d i n 
the r e s u l t . E x t r a c t i o n c o n d i t i o n s are also more constant 
f o r the i n s o l u b l e f r a c t i o n , and t h i s doubtless a f f e c t s 
the v a r i a b i l i t y o f a n a l y s i s . 

The 5% or 6% e r r o r i n the mean amount o f amino a c i d 
i s very close t o the 6% e r r o r i n mean percentage n i t r o g e n 
determined f o r the K j e l d a h l d i g e s t i o n . This i n d i c a t e s 
t h a t i n both these instances the c h i e f e r r o r s may be 
sampling e r r o r s . 

( i i ) The e f f e c t o f h y d r o l y s i s time 

Replicate samples o f i n s o l u b l e l e a f f r a c t i o n were 
hydrolysed f o r each o f three h y d r o l y s i s times and a mean 
amino a c i d composition c a l c u l a t e d from the r e p l i c a t e s 
a t each time. From t h i s data (Table 17), the 
decomposition f a c t o r f o r each amino acid was c a l c u l a t e d . 
M u l t i p l i c a t i o n o f the values obtained by the standard 
24h h y d r o l y s i s by t h e i r r e s p e c t i v e decomposition f a c t o r s 
produces a more accurate estimate o f the amino acid 
content o f the sample. Decomposition f a c t o r s were 
determined as f o l l o w s : 
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Table .17. Amino acids i n l e a f p r o t e i n hydrolysed f o r 
d i f f e r e n t times 

2'!h 72h I44h Decomposition 
f a c t o r 

ASP 0.122 ± 0.006 0.113 + 0.022] 0.117 
0.008 ! 0 066 

± 0.008 1.017 
THR 0.070 + 0.003 0.067 + 

0.022] 0.117 
0.008 ! 0 066 + 0.004 1.013 

SER 0.063 + 0.001 0.059 ± 0.007 0.060 + 0.002 "1.015 
GLU 0.136 ± 0.013 0.115 + 0.015 0.127 ± 0.002 1.055 
PRO 0.069 + 0.002 0.047 + 0.018 0.061 + 0.003 1.030 
GLY 0.124 ± 0.008 0.119 ± 0.014 0.129 + 0.007 1.000 
ALA 0.110 ± 0.008 0.103 + 0.011 0.121 + 0.004 1,081 
CYS 0.016 + 0.001 0.023 ± 0.002 0.019 + 0.002 1.312 
VAL 0.084 ± 0.006 0.074 ± 0.008 0.097 + 0*002 1.154 
MET 0.019 ± 0.001 0.013 ± 0.003 0.014 ± 0.001 1.052 
ILE 0.061 ± 0.003 0.060 ± 0.005 0.072 ± 0.001 1.180 
LEU 0.112 ± 0.006 0.105 + 0.010 0.124 ± 0.008 1.108 

' TYR o76~3T ± 0.00 3 0.038 + 0.002 0.046 ± 0.00 3 1.242 
PHE 0.061 ± 0.004 0.062 + 0.005 0.060 ± 0.009 1.000 
HIS 0.028 ± 0.001 0.021 + 0.004 0.023 ± 0.002 1.071 
LYS 0.076 ± 0.003 0.073 + 0,011 0.077 ± 0.012 1.000 
ARG 0.055 ± 0.004 0.053 + 0.008 0.065 ± 0.007 1.128 i 

Amino ac i d q u a n t i t i e s are i n umoles/mg. Each f i g u r e 
i s a mean of three r e p l i c a t e samples o f l e a f i n s o l u b l e 
f r a c t i o n hydrolysed f o r the times given, The 
c a l c u l a t i o n o f decomposition f a c t o r s i s described i n 
the t e x t . 
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(a) I f the amino acid content of the sample decreased 
w i t h i n c r e a s i n g h y d r o l y s i s t i m e , amino acid breakdown 
was assumed., and e x t r a p o l a t i o n t o zero time was used 
t o determine the best value f o r the amino a c i d . 
eg. serine 

amount a t 24h O,06 3umole 
amount at Oh 0.064pmole 
decomposition f a c t o r = 1.015 

(b) I f the amino a c i d content o f the sample increased 
w i t h i n c r e a s i n g h y d r o l y s i s t i m e , then delayed release 
o f amino acids from peptides was assumed, and the 
l4 4h valna taken as the best, 
eg, v a l i n e 

amount a t 24h 0.084 mole 
amount at 14 4h 0.097 mole 
decomposition f a c t o r = 1.154 

Decomposition f a c t o r s f o r l e a f p r o t e i n hydrolysate 
are given i n Table 17. 

5• R a d i o a c t i v i t y measurement 
( i ) IDL Scalar 1700 

The c h a r a c t e r i s t i c s o f the counter and the operating 
voltage t o be used were determined by varying the high 
voltage and measuring cpm f o r a sample planchet. The 
t h r e s h o l d voltage and counting plateau were located 
(Table 18). The th r e s h o l d voltage was between 0.45 and 
0.48 KV. 0.52KV was chosen as operating v o l t a g e , t h i s 
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being on the counting plateau and. less than the 
maximum permissable voltage f o r the Geigei—MuXler tube. 

Table 18, C h a r a c t e r i s t i c s o f the IDL Scalar 1700 

Voltage(KV) Time(sec) Counts cpm 

0.44 600.0 0 0 
0.46 600.0 0 0 
0.48 600.1 7373 737 
0.50 610.2 16265 1599 
0.52 645.4 16894 1571 
0. 54 664. 8 17968 1622 
0.56 600.0 16362 1636 
0.58 613.0 16742 1639 

Counting e r r o r s , p i p e t t i n g e r r o r s and counter 
e f f i c i e n c y were determined by counting known amounts 

14 
o f C sucrose. Replicate planchets a t each o f f o u r 
r a d i o a c t i v e concentrations were prepared by d i l u t i o n 
from a new b o t t l e of [^C] - sucrose s o l u t i o n . Each 
planchet was counted s i x times and the counting e r r o r 
was determined. The mean cpm f o r each set o f r e p l i c a t e 
planchets were averaged, and the e r r o r on the new mean 
used as an estimate o f p i p e t t i n g e r r o r plus counting 
e r r o r . (Table 19). 

A l l planchets were counted f o r 100.0 sec, which 
was s u f f i c i e n t t o record more than 1500 counts f o r a l l 
but the O.OOluCi samples. Counting e r r o r s ranged from 
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Table 19. Counting errors f o r the scalar- 1700 
and Geiger-Muller tube 

1 UC 
(yCi) 

cpm 
mean 
counting 
e r r o r 

mean cpm 

1.0 

0.1 

0.01 

I 38 37 5.5 + 46.1 

j 39376.8 
j 

+ 80.9 

| 38324.3 + 43.3 

! 36214.8 + 28.1 
1 
1 37264.2 

+ 37.1 

7389.3 + 37.7 1 

7275.5 + 33.1 

7447.5 + 16.2 

7135.5 + 26.6 

7089.5 + 23.6 

7119.0 + 27.0 27.4 + 3.1 

944.8 + 11.7 

983. 5 + 12.8 

979.8 + 16.0 

956.0 + 8.9 

958.0 + 13.1 

979.8 ± 13.6 12.7 ± 1.0 

49.4 ± 7.7 37908.6 ± 440.9 

7242.7 ± 61.9 

967.0 ± 6.6 

0.001 118.3 ± 4.7 

124.7 ± 3.3 

121.5 ± 2.9 4.0 ± 0.7 121.5 ± 4.5 

A l l samples were counted f o r 100.0 sec. Each cpm value i s 
a mean of s i x countings of one planchet. The counting 
e r r o r and mean counts are means of the s i x mean cpm v a l u e s . 
14Q was supplied as sucrose s o l u t i o n . 
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A C T I V I T Y O N P L A N C H E T ( ;uCi * C ) 

Fig. 5. Counting e f f i c i e n c y of scalar 1700. 
[ C] - sucrose solution was pipetted on to planchets and 
counted, each planchet six times. The values are means from 
six planchets (36 counts) except f o r the 0.001 value, which i s 
a mean of 12 counts. 
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0.2% for IcOuCi to 3.0% for O.OOlpCio Pipetting errors 
were 1.0% ;»:or l.OpCi and 5.0% for O.OOlpCi. 

Background was usually counted for ^000 sec, 
and never f o r less than 1800 sec. Background was 
generally 23-27cpm. Errors on the background count 
are considered i n d e t a i l l a t e r . (Part 6, Errors). 

Efficiency was determined from the figures i n 
Table 19. A plot of ef f i c i e n c y against the logarithm 
of a c t i v i t y was line a r over most of t h i s range (Fig.5). 

( i i ) Summary of errors for IDL Sclar 1700 

A l l planchets were prepared i n duplicate and both 
duplicates were counted twice. The four r e s u l t s thus 
obtained were averaged and the mean used i n any further 
calculations. A l l planchets were counted t o the f i r s t 
of 1000 sec or 1000 counts. 

From Table 19 i t can be seen that for counts over 
1000 cpm, counting errors and p i p e t t i n g errors amount 
to about 1% of the cpm. In a l l tables of data 
determined using the scalar 1700 an approximate estimate 
of t h i s error i s given. (See also, Part 6, Errors). 

( i i i ) Tracerlab spectro/matic Gas Flow Counter 

A standard planchet was counted with every set of 
sample planchets on the gas flow counter. Repeated 20 min 
counts of t h i s standard recorded 2 9261 ± 89 counts. 
(6 measurements). This reveals a counting error of 
about 0.5%. Repeated counting of background produced a 
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a mean background count of 6.6 ± 0.1 cpm (18 measurements). 
Background ranged from 5.2-7,2 cpm. 

Six planchets at each of four radioactive 
concentrations were each counted once for 20 min. 
Pipetting and counting error and counter e f f i c i e n c y 
were calculated from the results (Table 20). In a l l 
cases errors are 1.0-1.5%, t h i s being more than the 
counting error described above by an amount which must 
represent the p i p e t t i n g error. 

E f f i c i e n c i e s were calculated and shown to be 
neither l i n e a r nor log-linear over t h i s range. The 
e f f i c i e n c y figures i n Table 20 were used to pl o t a graph 
of counts per 20 min against e f f i c i e n c y . From t h i s 
curve the e f f i c i e n c y Table 21 was produced, and these 
figures used i n any further calculations. Linear 
i n t e r p o l a t i o n between the figures i n Table 21 was used 
to f i n d the best value of the e f f i c i e n c y . 

( i v ) Summary of errors 

Counting errors were always less than 2% of the cpm. 
The e f f e c t of error on the background count i s 
considered i n Part 6 (Errors). 

(v) Autorad iography 

Quantitation from autoradiographs was not attempted 
due to lack of appropriate equipment. 

Under the conditions used i n these experiments, 
autoradiography was more sensitive than Gas Flow Counting 
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Table 20. Counting errors using the Tracerlab 

Gas Flow Counter 

1 4C(uCi) cpm mean cpm % ef f i c i e n c y 

0.0010 207.0 
i i 

214.2 
207.0 
200.9 
200.7 
197.3 204.5 ± 2.5 9.2 

0.0005 106.8 
103.1 
105. 4 
103.4 
105.6 
109.1 105.6 ± 0.9 9.5 

0.00025 58.3 
60.8 
58. 3 
57.8 
58.1 
56.1 58.2 ± 0.6 10.5 

0.000125 32.4 
32.4 
32.8 
32.1 
30.1 
33.3 32.2 ± 0.4 11.6 

The radioactive planchets were prepared by d i l u t i o n from 
a new b o t t l e of [ 1 4C] - sucrose solution. Each planchet 
was counted once f o r 20 min using the gas flow counter. 
The standard planchet f o r t h i s set of samples produced 
58911 counts i n 20 min. 
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Fig. 6. Efficiency curve f o r Gas Flow Counter. 
Each value was calculated from a mean cpm for six planchets. 
The data i s given i n Table 20. 



Table 21. Efficiency j f Tracerlab Gas Flow Counter 

Counts per 20 min % Efficiency 

500 11.90 
750 11. 30 

1000 10, 76 
1250 10.31 
1500 10.00 
1750 9.74 
2000 9.55 
2250 9.45 
2500 9.38 
2750 9. 33 
3000 9.29 
3250 9.25 
3500 9.23 
3750 9.21 
4000 9.20 

These figures were produced by reading from Fig. S. 
Linear i n t e r p o l a t i o n between these figures was used 
i n calculations. 
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of auteanalyaer f?.->actions. Both method? ware l i m i t e d 
by the amount of sample which could be analysed. 
Autoradiography was able to detect less than 0.4 x 10 

1*4 
uCuries C i n 36 days exposure„ 

Some t y p i c a l autoradiographs are i l l u s t r a t e d i n 
Fig. 8i4„ 

6. Calculations and Errors 

Weighing errors and errors i n measuring time are 
considered s u f f i c i e n t l y small t o be disregarded. 
( i ) cpm per mg extracted weight of sample 

I f COUNT = mean planchet count (4 measurements), 
corrected f o r background 

TIME = time of counting i n minutes 
3 

HSV = hydrolysis sample volume (cm ) 
3 

PSV = planchet sample volume (cm ) 
3 

SV = t o t a l sample volume (cm ) 
HSW ~= hydrolysis sample weight (mg) 
SW = t o t a l extracted weight of sample (mg) 

Then, f o r an insoluble f r a c t i o n , 
COUNT HSV 1 cpm/mg = - T j ^ x ̂  x ^ 

and, f o r a soluble f r a c t i o n , 
. COUNT SV 1 cpm/mg - -ipj^g * x SW 

Errors include both p i p e t t i n g errors and counting errors 
on both sample and background, and amount to about 2% 
for each. 



ur r, Err-ox- i n COUNT = count? « 2% -•• background • 2%, 
This error i s shown i n Appendix 2 to be always between 
2% and 10% fo r counts greater than 1.5 times the 
background. 

eg. An 5.nsoluble f r a c t i o n . 

COUNTS = 2874, 3046, 3464, 3218 
BACKGROUND s 2 3cpm (153 counts i n 400 sec) 
TIME = 400 sec 
HSW = 54*6 mg 
HSV = 5.0 cm3 

PSV = 0'.2 cm3 

MEAN COUNTS =3150.5 
MEAN CPM = 47 3 
MEAN CPM - BACKGROUND = 4 50 = ^ f x H 

.*. cpm/mg = 450 x 5 ^ x _1 = 174.0 
0.2 64.6 

Error on COUNT = 2%, since count i s more than f i v e times 
as big as the background (see Appendix 2). 

.'. opm/mg - 174.0 - 3.4 

^ e eouptin ĝ  error used i n tables of Results i s 
calculated i n t h i s manner. 

( i i ) uCi per mg extracted weight 

I f COUNT 

TIME 
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E = ef f i c i e n c y of counter at the time, of 
ccunting that amino acid 

S - counts produced by standard i n time TIME 
when counting that amino acid 

E = measured e f f i c i e n c y of counter s 
S - counts produced by standard i n time 
s 

TIME when measuring E 
ASV = analyser sample volume. 

Then, 
E f s 
* " ss 

E 
-£ x S 

cpm i n sample COUNT 
= - f l H E 

disintegrations per min i n sample - COUNT v 100 
" "TIM x ~E~ 

. COUNT v 100 S s 
* ~flME X XFTXS~ 

but luCi = 3.7 x 60 x lO 4 disintegrations per min. 

. . COUNT T r t A °s 1 . . uCi i n sample = w-fwvr x 1 0 0 x fr™p x r? 
l i M b L a x b 3.7x60xl0 4 

but the sample counted was only 0.20/0.56 of the whole 
analyser sample. Thus, using symbols as i n ( i ) , f or an 
insoluble f r a c t i o n , 

r-i COUNT i n n
 S s 1 v 0.56 HSV I uci/mg = TIME x i U U X E~x^ x 3.7x60x10^ x 0T20 x ASV x HSW 

s 

Errors include sample counting erro r , background 
counting error and counting errors on the standards. 
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Counting error on the standards = o„3%. 

c 
Counting error on _s = 2 x 0.3% = 0.6% 

S" 
Error i n COUNT i s generally 4%-6% since counts are 
generally at least two or three times the background. 

Then the t o t a l error on the uCi/mg determination 
i s about 5%-7%i 

( i i ) umole per mg extracted weight 

umole data were obtained from autoanalyser peak 
integr a t i o n s , and the errors f o r the in d i v i d u a l amino 
acids are calculable from Table 11. In general errors 
were ±2%. 

( i v ) uCi per umole 

The error on the calculation of uCi/ mole of an 
amino acid ( i . e . specific a c t i v i t y ) i s the sum of the 
errors on the two parts. 

From part ( i i ) above, error on uCi/mg = 5-7% 
From part ( i i i ) above 4 error on umole/mg = 2% 
* error on uCi/ mole * 7%-9% 

• • 

(v) Plant v a r i a b i l i t y cvx^ ^v-ioJoili-iy o-C •e.r.+'C'.cA«x\ 

In any calculations where the r e s u l t i s said t o be 
t y p i c a l of a group of pl a n t s s the error represented by 
plant v a r i a t i o n must be taken int o account. 



V a r i a b i l i t y of insoluble f r a c t i o n = 
V a r i a b i l i t y of soluble f r a c t i o n = 

6% 

15%-20%. 

( v^^ Curve f i t t i n g 

a. Straight l i n e , y = ax + b 
The best straight l i n e through a series of n points 

x.y., was determined using the expressions, X" 1 

,. n£ x.y. -E x. £ y. 
gradient i i y i 1 ^ . i 

n £ x. 2 - (£ x. ) 2 

1 l 

£y. - a Ex. 
intercept = ~ = b 

These expressions are derived i n Appendix 1. The 
goodness of f i t was expressed as a f i t f a c t o r , t h i s 
being the sum of the squares of the distances of the 
points from the l i n e , measured p a r a l l e l to the y axis, 
for each value of x^. 

E(y. - (ax. + b ) ) 2 

i . e . f i t f a c t o r = ™- i — 
n 

b. . Exponential curve, y = K ( l - e" a x) 

I f 'a' were known, then (1 - e ) would be a 
function of x such that i f 

X = 1 - e" a x 

y a KX 

Then the best straight l i n e , y = KX could be determined 
and i t s gradient would be K, 



Approximate values f o r 'av cm be determined since, 
when y approaches K, 

e~ a x = 0 
-5 

But, e = 0 , approximately 

.*. f o r y = K, approximately 

-ax = -5, approximately 
x 

x can be determined, since i t i s the value on the x axis 
which corresponds to the point where the curve approaches 
the horizontal. A range of values of 'a' which are 
near t h i s approximation can thus be chosen f o r each set 
of data. 

For each value of 'a', 1 - e~ a x was calculated 
fo r each value of x, and the value of K which produced 
the minimum f i t factor was determined. This gives 
a f i t factor for each value of 'a', and the value of 
'a* with the lowest f i t factor was taken as the best. 
This value of 'a* has a corresponding value of K, and 
so the best curve i s completely described. 

The goodness of f i t i s again expressed i n the f i t 
f actor, 

c. R e f i t t i n g curves. 
When a curve had been f i t t e d to a set of points, 

any points which were further 1 than three times the f i t 
f actor from the curve were discarded. The curve was 
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then r e f i t t e d to the remaining points and a second f i t 

f a c t o r computed f o r these points only. This second 
f i t f a c t o r i s the one quoted i n Results, 

( v i i ) Computing 

Whenever possible, calculations were done on the 
University of Reading E l l i o t 4130 computer. Programs 
were i n FORTRAN and included curve f i t t i n g , histogram 
p l o t t i n g 3 and most arithmetic calculations. 



•RESULTS 
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PART ONE: 

Preliminary experiments with bleeding sap 

1. Diurnal v a r i a t i o n i n sap volume 

2. Qualitative sap analysis 

3. Diurnal v a r i a t i o n i n sap composition 

4. Incorporation of C in t o sap 
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1. D i u r n a l ^ y a r i a t i o n i n sapi volume 

When groups o f 20-30 p l a n t s were decapitated at 
i n t e r v a l s during a 36h.period, v a r i a t i o n was evident 
i n the volumes o f bleeding sap c o l l e c t e d from the cut 
surfaces. The p r o p o r t i o n o f cut pl a n t s which produced 
bleeding sap also va r i e d d u r i n g t h i s i n t e r v a l , being 
maximum i n the middle of the day and minimum a t n i g h t . 
F i g . 1-1, 1-2 and 1-3 i l l u s t r a t e mean sap volumes 
c o l l e c t e d i n three such experiments, w i t h the d e t a i l s o f 
temperature v a r i a t i o n and the l i g h t - dark regime during 
the experimental perio d . 

The bleeding p a t t e r n appears t o be d i u r n a l . I n 
the November data ( F i g . 1-1), the maximum bleeding 
occurred at noon on both days. This was Uh a f t e r 
the l i g h t s were switched on, and i n both cases preceded 
the d a i l y temperature maximum. The minimum was not 
i n v e s t i g a t e d on t h i s occasion. The March data ( F i g . 1-2) 
i n d i c a t e d t h a t the p l a n t s d i d .not bleed f o r a period a t n i g h t . 
Again t h e r e was a bleeding maximum i n the middle o f the 
day* The f o u r samples recorded i n Fig. 1-3 were 
c o l l e c t e d from p l a n t s grown under d i f f e r e n t l i g h t i n g 
c o n d i t i o n s . During the cold weather the l i g h t s were 
turned on at 3.00 a.m. t o prevent the glasshouse from 
f r e e z i n g . This had the e f f e c t o f keeping the temperature 
minima and maxima, at about the same times o f day as i n 
the previous experiments. Although o n l y f o u r samples 
were c o l l e c t e d , i t could be seen t h a t the d i u r n a l p a t t e r n 
o f bleeding had been a l t e r e d . The maximum sap volume 
was produced a t or before 6.30 a.m., 3 j h a f t e r the 
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F i g . 1-1. V a r i a t i o n i n l i g h t , temperature, and mean volume 
of sap c o l l e c t e d i n one hour. Sap volumes are means o f 
volumes from 20-30 p l a n t s grown i n a glasshouse i n Durham i n 
November, 196 8. Temperature readings were taken from a 
thermohydrograph c h a r t , 
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Fig. 1-2. V a r i a t i o n i n l i g h t , temperature and volume o f sap 
c o l l e c t e d i n one hour. Sap volumes are means o f volumes from 
10-30 p l a n t s grown i n a glasshouse i n Durham i n March 1969. 
Temperature readings were taken from a thermohydrograph c h a r t . 
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F i g . 1-3. V a r i a t i o n i n temperature and l i g h t , and some 
bleeding sap volumes c o l l e c t e d during the time i n t e r v a l . 
Sap volumes are means o f 10-12 samples c o l l e c t e d i n a 
glasshouse i n Durham i n October 1969. 
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l i g h t s were turned on. 

The d i u r n a l rhythm o f bleeding thus appears t o be 
not d i r e c t l y dependent on a i r temperature or humidity. 
(Humidity v a r i e d i n v e r s e l y w i t h temperature i n the 
glasshouse). A l l three sets o f pl a n t s were r o u t i n e l y 
watered between 9.00 and 10.00 a.m., so t h a t s o i l 
moisture was probably not an important v a r i a b l e under 
these c o n d i t i o n s . The l i g h t - d a r k regime, however, does 
seem t o a f f e c t the t i m i n g o f the bleeding maximum. 
This i s suggested, not only by the samples i n Fig . 1-3 
but also by the second peak at 16.00h on the f i r s t 
day o f bleeding i n Fig . 1-2. The l i g h t period t h a t day 
was continuously d u l l and overcast, except f o r about 
1£ hours b r i g h t sunshine s t a r t i n g a t 13.00h. 
Again, b r i g h t l i g h t preceded the bleeding maximum, i n 
t h i s case by about 3h, . 

The phenomenon was not f u r t h e r i n v e s t i g a t e d . 

2. Q u a l i t a t i v e sap an a l y s i s 

( i ) NITRITE. Freshly c o l l e c t e d sap gave a weakly 
p o s i t i v e r e a c t i o n f o r n i t r i t e s when t e s t e d w i t h 
s u l p h a n i l i c a c i d and a-naphthylamine 

( i i ) NITRATE. A f t e r removal o f n i t r i t e s , f r e s h sap 
gave a weakly p o s i t i v e r e a c t i o n f o r n i t r a t e 

( i i i ) SUGARS. Sap subjected t o TLE/TLC produced two 
brown spots on the el e c t r o p h o r e s i s o r i g i n , when sprayed 
w i t h a n i l i n e hydrogen p h t h a l a t e , and two spots which 



fluoresced yellow under U*V. l i g h t v when sprayed w i t h 
phlo3?ogli'.cinol reagent. 

Sap subjected t o chromatography as i n the TLE/TLC 
method ana sprayed wixh a n i l i n e diphenylamine reagent 
was shown t o contain traces of f r u c t o s e , glucose and 
sucrose. These were present i n 50 (ul sap at about 
one t e n t h c f the amount i n the 2ug sugar standard, as 
estimated by eye. 

Table 2-1. Sugars i n sap 

STANDARDS j DISTANG3 
fr u c t o s e j 10.3 
glucose ' 9.6 
galactose , 9.1 
sucrose R.6 

COLOUR 

pink 
blue-grey 
blue-grey 
pink-brown 

SAP 
DISTANCE COLOUR 

10.0 

9.4 

pink 
blue-grey 

pink-brown 

The chromatography 
one d i r e c t i o n 9 as 

Distances are i n cm i:?oi; the. origin.. 
was w i t h two solvents successively i 
i n the TLE/TLC method. The sugars were located w i t h 
a n i l i n e diphenylamine reagent. 

( i v ) AMINO ACIDS. Sap, spotted on t o paper and sprayed 
w i t h n i n h y d n n reagent, produced, a dark purple 
c o l o u r a t i o n i n d i c a t i n g the presence of amino acids. 

A two dimensional separation of lOOul sap by the 
TT.J7TLC method i s i l l u s t r a t e d i n Fig. 2-1. A s p a r t i c a c i d , 
asparagine, glutamic a c i d and glu ^ m i n e accounted f o r 
80-90% of the sap amine acid content. -'..Vx <>c Wi.-. amino ' 
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F i g . 2-1. Two dimensional t h i n l a y e r separation of bleeding 
sap. The spots were located w i t h n i n h y d r i n reagent. 
1 cys, 2 asp, 3 asn, 4 g i n , 5 g l u , 6 ser, 7 t h r , 8 dopa, 
9 a l a , 10 v a l , 11 met, 12 t y r , 13 phe, 14 i l e , 15 l e u , 16 g l y , 
17 a r g , 18 l y s , 19 TAB. 
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acids except l y s i n e s Y~aminobutyric acid end 
dihydroxyphenylalanine were present i n t r a c e amounts only. 

(v) ACIDS. Amino acids were removed w i t h a m b e r l i t e 
1R120CH). The r e s i d u a l s o l u t i o n gave a negative 
n i n h y d r i n r e a c t i o n . 50ul o f t h i s s o l u t i o n spotted on 
t o paper and sprayed w i t h bromocresol blue produced a 
dark yellow spot on a green background - i n d i c a t i n g 
the presence o f acids. 

3. D i u r n a l v a r i a t i o n i n sap composition 

Analysis o f the sap samples i l l u s t r a t e d i n F i g . 1-1 
revealed small v a r i a t i o n s i n amino acid composition 
(Table 3-1). Both concentrations and volumes were lower 
on the second day than on the f i r s t . 

The p r i n c i p a l amino a c i d components o f the sap were 
asparagine, glutamine, a s p a r t i c a c i d , and an unknown Ug, 
Ug ran ahead o f t y r o s i n e on the v e r t i c a l a x i s o f the 
chromatogram i l l u s t r a t e d i n Fig. 3-1. Thin l a y e r analyses 
(TLE/TLC) suggest t h a t U g could be dihydroxyphenylalanine. 
A r g i n i n e , methionine and tryptophan were not detected i n 
any o f these samples, although a r g i n i n e was l a t e r shown 
t o be present i n sap. Ug, U g, U 7 and U g ran close t o 
p o s i t i o n s normally associated w i t h d i p e p t i d e s . U 7 and Ug 
were detectable o n l y i n l a t e afternoon and e a r l y morning 
samples. This may be simply a r e f l e c t i o n o f v a r i a t i o n 
i n o v e r a l l sap c o n c e n t r a t i o n , or i t could be t h a t the 
p l a n t r o o t s export small q u a n t i t i e s o f these substances 
only at n i g h t . 
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Each sample was 5/ul o f sap, subjected t o da n s y l a t i o n and 
polyamide t h i n l a y e r chromatography« The samples were c o l l e c t e d 
i n March i n the glasshouse i n Durham and t h e i r p a t t e r n o f 
bleeding i s i l l u s t r a t e d i n F i g . 1-1. 
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Table 3-2. T o t a l amino acids i n sap 

SAP CONCENTRATION MEAN SAP VOLUME MEAN AMINO ACID 
TIME WEIGHT 
OF a 

DAY mg/cm u l / p l a n t / h jug/plant/h 

8.15 0.44 35 15.4 
12.00 0.27 79 21.4 
14.15 0. 39 71 27.7 
16.00 0.31 48 14,3 
18,00 0. 30 19 5.6 
20.15 0.50 6 0.3 
22.00 0.26 6 0.2 

Mean volumes are f o r 20-30 p l a n t s . Sap concentrations 
were determined by a s p i r a t i o n o f samples through the 
e x t e r n a l standard l i n e o f the amino acid analyser, and by 
comparison o f the o p t i c a l d e n s i t y values w i t h an alanine 
standard. The samples were c o l l e c t e d i n the glasshouse 
i n Durham and t h e i r bleeding p a t t e r n i s i l l u s t r a t e d i n F i g . 1-1. 



met 
O g l y 

gin 

DMSOH 

U '3 

— ® 

ORIGIN 

F i g , 3-1. Polyamide t h i n l a y e r chromatography o f dansyl 
amino acids prepared from a sap sample. 5pl samples were used. 
Serine and threonine were p a r t i a l l y obscured by glutamine and 
asparagine. Ur, U„, U ? and U Q are p o s s i b l y d i p e p t i d e s . 
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Determination o f t o t a l amino acid concentration 
i n sap revealed no obvious p a t t e r n o f v a r i a t i o n during 
the day. However, the mean weight o f amino acids 
exuded per p l a n t per h was shown t o increase t o a 
maximum near the bleeding maximum and t o decrease w i t h 
the sap volume l a t e r i n the day (Table 3-2). These 
r e s u l t s imply t h a t the e x t r a sap produced a t times o f 
maximum bleeding r e f l e c t s not merely e x t r a water i n 
the t r a n s p i r a t i o n stream, but also e x t r a amino acid 
exported by the r o o t system. 



When [ C] - C0 2 was fed t o the lowest l e a f o f 
3-leaf p l a n t s f o r 3h, l a b e l could be detected i n sap 
c o l l e c t e d from p l a n t s cut a t the end o f the f i r s t hour. 
R a d i o a c t i v i t y i n the sap increased during the remaining 
2h. These r e s u l t s are presented i n Table 4-1. 

Comparable amounts o f r a d i o a c t i v i t y were obtained 
i n the sap by feeding the [ Cj - CQ^ t o the whole tops 
o f 4~leaf p l a n t s . When feeding was discontinued a f t e r 
3h, l a b e l could s t i l l be detected i n the sap a f t e r 23h, 
at about one quarter o f the 3h a c t i v i t y . (Table 4-2),, 

The amino acids were removed from a l a b e l l e d sap 
sample w i t h amberlite 1R120(H) and the r e s i d u a l s o l u t i o n 
was shown t o contain 6 3% o f the o r i g i n a l r a d i o a c t i v i t y 
(Table 4-3). This d i s t r i b u t i o n of l a b e l was also seen 
when l a b e l l e d sap was analysed by TLE/TLC followed by 
autoradiography. The samples described i n Table 4-2 
were a l l shown t o contain "̂ C i n a s p a r t i c a c i d , 
asparagine and glutamine, and i n no other amino acids. 
The sugar and organic a c i d r e g i o n of the chromatogram 
had fogged the autoradiograph a t l e a s t as much as had 
the amino a c i d r e g i o n . The same compounds appeared 
l a b e l l e d i n a l l s i x samples, although the fogging caused 
by lOOul sap was considerably f a i n t e r f o r the 23h sample. 
A t r a c i n g of the l h sample i s shown i n Fi g , 4-1. 

The m o b i l i t i e s o f the n i n h y d r i n negative r a d i o a c t i v e 
spots 20, 21, 2 2 and 2 3 i s compared, i n Table 4-4, w i t h 
m o b i l i t i e s o f known sugar standards. Colour r e a c t i o n s 
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F i g . 4-1. Superimposed t r a c i n g s o f a t h i n l a y e r separation 
o f sap and the autoradiograph prepared from i t . Spots 20-2 3 
are i n the sugar and organic a c i d r e g i o n o f the chromatogram. 
Amino acids are: 1 cys, 2 asp, 3 asn, 4 g i n , 5 g l u , 6 ser, 
7 t h r , 8 dopa, 9 a l a , 10 v a l , 11 met, 12 t y r , 13 phe, 14 i l e , 
15 l e u , 16 g l y , 17 a r g , 18 l y s , 19 yAB. 



107 
Table Appearance o f l 4C i n bleeding sap 

TIME(min) SAP VOLUME(ul) CPM PER SAMPLE CPM PER u l 
/ 

15 168 1 0.0 
45 36 5 0.1 
SO 21 16 0.8 
75 200 216 1.1 
90 190 75 0.4 

105 216 205 0.9 
120 110 119 1.1 
150 68 155 2.3 
180 103 212 2.1 

The sap samples were each c o l l e c t e d from a s i n g l e 
i l l 

3-leaf p l a n t , | CJ. " C 0 2 w a s ^ e d t o i : h e l o w e s " l : l e a f 
o f the p l a n t f o r the time given. The p l a n t was then 
excised below t h i s l e a f and sap allowed t o c o l l e c t f o r 
I n . The whole sample was t r a n s f e r r e d t o a planchet 
f o r counting. Counting e r r o r s were 2% 3% f o r a l l 
samples a f t e r 90 min. The 7 5 min sample had a 10% 
counting e r r o r , and the 15, 45 and 60 min samples a 
20% - 30% counting e r r o r . 
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Table 4--2. Appearance o f J"4C i n bleeding sap 

TIME SAP VOLUME CPM PER PLANT CPM PER | i l 
(hours) ( p i per p l a n t ) 

1 123 709 0.72 
2 79 289 0.87 
3 64 473 0.81 
5 112 658 0.65 
7 94 465 0. 55 

23 76 150 0.22 

Each sap volume i s a mean c a l c u l a t e d f o r volumes from 
10-12 4-leaf p l a n t s . f 1 4 c ] - C0 2 was fed t o the whole 
p l a n t tops f o r 3h by enclosing the p l a n t pots 
( c o n t a i n i n g 5-6 p l a n t s ) i n a polythene bag and r e l e a s i n g 
the l a b e l l e d C0 2 i n s i d e the bag. Sap was c o l l e c t e d f o r 
I h and 100^1 was used f o r counting. Counting e r r o r s 
were 2%-3%. 



Table D i s t r i b u t i o n of J'"rC i n sap 

10 9 

CPM NINHYDRIN 

200/al sap 134 ± 5 purple 

200jul sap without 
amino a c i d s 84 ± 3 c o l o u r l e s s 

Amino a c i d s were removed by p i p e t t i n g the sap on to 
a small q u a n t i t y of amberlite 1K120CH). The r e s i n 
was washed 4 times with 3 drops water and the washings 
were d r i e d on to a planchet. The planchets were 
stainfcd with n i n h y d r i n , a f t e r counting, to ensure 
ths.t amino a c i d s had been removed from the sap. 
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Table H-40 M o b i l i t i e s of sugars i n sap 

SAP SAMPLES STANDARDS 

SPOT 1 2 3 5 7 23 MEAN 

23 1. 49 1.47 1.52 1. 53 1. 53 1.48 1.50 ? 

22 1. 33 1. 36 1.37 1. 36 1. 39 1.32 1. 36 FRUCTOSE 1. 34 
21 1. 24 1.25 1.22 1. 24 1. 23 1.20 1.23 GLUCOSE 1. 2E 
20 1. 08 1.07 1. 10 1. 05 0.99 1.06 SUCROSE 1, 12 

The samples are those described i n t a b l e 4-2, and are 
r e f e r r e d to by t h e i r c o l l e c t i o n time i n hours. M o b i l i t i e s , 
f o r chromatography as i n the TLE/TLC method, are given i n 
terms of a l a n i n e ( 1 . 0 0 ) . The d i s t a n c e s moved by the 
r a d i o a c t i v e spots were measured on the autoradiography 
and divided by the d i s t a n c e moved by the a l a n i n e spot on 
the corresponding chromatogram a Spot 2 3 did not r e a c t 
with the colour reagents f o r sugars. 



with phlorog!ucino 1 and a n i l i n e diphenylamin'?. supported 

the suggestion t h a t spots 20, 21 and 22 com:ain sucrose, 

glucose and f r u c t o s e r e s p e c t i v e l y . 23 gave no colour 

r e a c t i o n with the sugar reagents. 

When p l a n t s were grown i n pots co the 20-30 l e a f 

stage and allowed to branch once near the base, l a b e l 

could be introduced int o the sap by feeding CJ - C0 2 

to the side shoot. I n t h i s way i t was p o s s i b l e to l a b e l 

sap on f r u i t i n g p l a n t s where the lowest l e a v e s had 

a b s c i s e d . P l a n t s fed [^C] - CO^ i n t h i s manner f o r 6h 

had more "*"4C per u l i n sap c o l l e c t e d a f t e r 24h than i n 

t h a t c o l l e c t e d at the end of the 6h feeding period. 

T h i s c o n t r a s t s with the s i t u a t i o n described i n Table 4-2 

fo r 4 - l e a f p l a n t s , where the l a b e l d e t e c t a b l e i n the sap 

was g r e a t e r at the end of the feeding period than at 

2,M- and 20h l a t e r . The g r e a t e r time to reach maximum 

"^C output i n the sap probably r e f l e c t s the l a r g e r s i z e 

of the root system of the 20-leaf p l a n t . 

E x t r a c t s of l e a v e s , f r u i t and stem from the same 

p l a n t s a l s o contained mere C m the 24h samples than 

i n the 6h ones. The i n t e r n o i e immediately above the 

sid e shoot contained more l a b e l than the internode 

immediately below the lowest f r u i t i n g node, i n both 

samples. The r a t i o of cpm i n the upper internode to cpm 

i n the lower internode was s i m i l a r for the two p l a n t s . 

T h i s i m p l i e s t h a t an equal proportion (about 25%) o f the 

sap stream i s removed by the two p l a n t s between the two 

internodes which were sampled. 

The l e a f subtending the lowest pod was approximately 

e q u a l l y l a b e l l e d i n the two p l a n t s , suggesting that the 



l e a f pool wa :> q u i c k l y sat mated, by the :a\j " C 0 The 

pod and seed soluble f r a c t i o n s were apt>r>ecicibly more 

l a b e l l e d a f t e r 24h than a f t e r 6h. Incorporation of 

"^C i n t o pod and seed i n s o l u b l e f r a c t i o n s was very 

s l i g h t , even a f t e r 2<+h. I n no case were the pl a n t 

e x t r a c t s r a d i o a c t i v e enough f o r the l a b e l l e d 

c o n s t i t u e n t s to the i d e n t i f i e d . These r e s u l t s are 

summarised i n Table 4-5. 
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Table 4-5. D i s t r i b u t i o n of l a b e l i n p l a n t s fed L CJ - CO 
through a si d e shoot near the base 

SOLUBLE FRACTION 

SAP (cpm//ul) 0.7 5 
INTERNODE 2-3 
(cpm/mg f r e s h wt) 0.11 
INTERNODE 13-14 
(cpm/mg f r e s h wt) 0.08 
LEAF NODE 14 
(cpm/mg e x t r a c t e d wt) 5.91 
POD NODE 14 
(cpm/mg e x t r a c t e d wt) 1.40 
SEEDS NODE 14 
(cpm/mg e x t r a c t e d wt) 1.71 
POD NODE 15 
Ccpm/mg e x t r a c t e d wt) 1.36 
SEEDS NODE 15 
(cpm/mg e x t r a c t e d wt) 2.72 

5.98 SAP (cpm//il) 
INTERNODE 1-2 

0.34 (cpm/mg f r e s h wt) 
INTERNODE 14-15 

0.27 (cpm/mg f r e s h wt) 
LEAF NODE 15 

3.78 (cpm/mg ex t r a c t e d wt) 
POD NODE 15 

4.68 (cpm/mg e x t r a c t e d wt) 
SEEDS NODE 15 

11.02 (cpm/mg e x t r a c t e d wt) 

INSOLUBLE 

POD NODE 14 
(cpm/mg e x t r a c t e d wt) 0.64 
SEEDS NODE 14 
(cpm/mg e x t r a c t e d wt) 0,13 
POD NODE 15 
(cpm/mg e x t r a c t e d wt) 0.23 
SEEDS NODE 15 
(cpm/mg e x t r a c t e d wt) 0,00 

FRACTION 

POD NODE 15 
8.81 (cpm/mg e x t r a c t e d wt) 

SEEDS NODE 15 
2,92 (cpm/mg ex t r a c t e d wt) 

Pl a n t s were fed 150/iGi [ C] - CO^ by en c l o s i n g a si d e 
shoot, below the lowest harvested internode, i n a 
polythene bag i n the usual way, f o r 6h. At 6h and a t 
24h a f t e r the s t a r t of feeding one plant was decapitated 
below the si d e shoot and sap c o l l e c t e d f o r l h . The r e s t 
of the plant was cut up and e x t r a c t e d as described i n the 
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Legend to Table 4-5 continued., 

t a b l e . The f r u i t , a l l of age 30-35 days, had small 
seeds with t h i c k f l e s h y t e s t a s , except f o r the 6h, 
node 14, sample. I n t h i s case the pods were more 
developed and the t e s t a s had become t h i n . 

Counting e r r o r s are about 20% f o r a l l i n s o l u b l e f r a c t i o n s 
and f o r so l u b l e f r a c t i o n s c o ntaining l e s s than 2 cpm/mg. 
E r r o r s f o r the remaining samples are about 6%. 



PART TWO; 

Pre l i m i n a r y experiments with l e a v e s 
photosynthesising i n [-^C] - CO 

5. P r e l i m i n a r y experiment i n H 1 4C] - CO feeding 

6. Leaf photosynthesis and export of l a b e l l e d 
photosynthate i n t o the p e t i o l e 

7. Photosynthesis of the bloom node l e a f and 
export of l a b e l l e d photosynthate i n t o the 
pod and seed. 



116 

5. P r e l i m i n a r y [ " fCj - 20^ feeding experiment 

[ C] - 00^ was fed to l e a v e s subtending 17 day o l d 
1 Li 

pods and, a f t e r 3h feeding, C was de t e c t a b l e m the TCA 

so l u b l e f r a c t i o n s of both the l e a f and pod. A small 

amount of l a b e l was a l s o present i n the internodes 

immediately above and below the node of attachment of 

tha fed l e a f . 21h l a t e r ^L'C was s t i l l present i n the 

l e a f , pod and internodes. During t h a t time the amount 

i n the s o l u b l e f r a c t i o n s of the l e a f had been reduced by 

about h a l f and t h a t i n the pod had i n c r e a s e d more than 

3 times. At both 3h and 2Hh, ap p r e c i a b l y more l a b e l 

was found i n the internode below than i n the internode 

above the fed l e a f . (Table 5-1). 
14 

Autoradiography of l e a f e x t r a c t s r e v e a l e d C m 

most s o l u b l e amino a c i d s a t 3h. Asparagine, 

dihydroxyphenylalanine and b a s i c amino a c i d s alone were 

u n l a b e l l e d . Of t h e s e , the f i r s t two were l a b e l l e d a t 

24h. At 3h, fogging of the autoradiograph was strong 

f o r c y s t i n e , a s p a r t i c a c i d , s e r i n e , glutamine, glutamic 

a c i d , g l y c i n e , a l a n i n e , t y r o s i n e and phenylalanine. 

A f t e r 24h only a s p a r t i c a c i d , glutamic a c i d , glutamine, 

t y r o s i n e and phenylalanine were s t r o n g l y l a b e l l e d . The 

ni n h y d r i n negative region of the chromatogram along the 

l i n e of the e l e c t r o p h o r e s i s o r i g i n (the 'sugar and 

organic a c i d r e g i o n 1 ) was very h e a v i l y l a b e l l e d f o r both 

e x t r a c t s . Table 5-2 d e s c r i b e s t h i s d i s t r i b u t i o n of 

i n the l e a f s o l u b l e f r a c t i o n . 

I n the 3h pod sample, the s o l u b l e f r a c t i o n contained 
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most of i t s ll*C i n three ninhydrin negative spots on 

the e l e c t r o p h o r e s i s o r i g i n of the chromatogram. These 

were i d e n t i f i e d as sucrose, glucose and f r u c t o s e (Table 5-3). 

Only very f a i n t t r a c e s of l a b e l were detected i n amino 

a c i d s - i n a s p a r t i c a c i d , glutamic a c i d , a l a n i n e , t y r o s i n e , 

and s e r i n e . A f t e r 24h almost a l l the s o l u b l e amino a c i d s 

of the pod contained some l a b e l , and a number of 

ninhydrin negative compounds were l a b e l l e d as w e l l . 

Sucrose, glucose and f r u c t o s e appeared h e a v i l y 

l a b e l l e d on a l l the chromatograms of stem internode e x t r a c t s . 

At 3h, these were the only l a b e l l e d substances d e t e c t a b l e 

i n the internode above the fed l e a f , but a t 24h t h i s 
14 

internode a l s o contained very small q u a n t i t i e s of C 

i n asparagine, a s p a r t i c a c i d , glutamine, and glutamic 

a c i d . The internode below the fed l e a f contained t r a c e 

q u a n t i t i e s of l a b e l l e d amino a c i d s a t both 3h and 24h. 

Asparagine was l a b e l l e d i n n e i t h e r internode at 3h, and 

i n both at 24h. 

The sugar and organic a c i d regions of the l e a f 

e x t r a c t chromatograms caused such heavy fogging of the 

auto-radiographs t h a t i n d i v i d u a l spots could not be 

r e s o l v e d . The presence of the sugars, which were 

detected l a b e l l e d i n other e x t r a c t s , could not then be 

a s c e r t a i n e d with c e r t a i n t y * 



11 

Table - ... D i o t r i but ion C from a. l e a f 
photosynthesising i n [^-^cJ " CO,. 

3h 24h 

LEAF, NODE 15 
POD, NODE 15 
INTERNODE, 15-16 
INTERNODE, .14-15 

3098 ± 61 

562 ± 11 

513 ± 10 
74 ± 2 

1703 ± 34 
1497 ± 29 

104 ± 2 
292 ± 6 

A c t i v i t i e s are expressed i n cpm per mg f r e s h weight 
of sample. Soluble f r a c t i o n s only were counted. 
Two p l a n t s were used. These were grown, i n the 
glasshouse i n Durham, to 20-30 nodes. 150uCi was 
fed f o r 3h, from 10.30 to 13.30, to le a v e s subtending 
20-2 5 day old pods. The 3h sample was harvested 
immediately a f t e r removal of the feeding chamber. The 
24h sample was l e f t i n u n l a b e l l e d a i r f o r another 21h. 
Nodes are numbered from the pl a n t base. 
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Table 5-2. D i s t r i b u t i o n of C from a l e a f 
r!4 -• 

photosynthesismg i n j_ C| - CO,, 

l e a f pod internode above internode below 
3h 24h 3h 24h 3h 24h 3h 24h 

CYS + + + + 
ASP ++ + + + + 
ASN + + + + 
GLN ++ + + + + 
GLU * 

++ ++ + + + + 
SER ++ + + + 
THR + + 
DO PA + + 
ALA ++ + + + 
VAL + + + 
MET 
TYR ++ + + + + 
PHE ++ ++ + 
LEU + 
I L E + 
GLY 
BASICS 
YAB + + + 
NON-
AMINO + + + + -M ++ ++ ++ + + 

= absent; + = weak l a b e l ; ++ = strong l a b e l ; 

The experimental conditions are described i n the legend 
to Table 5-1. The e x t r a c t s were a l l made by grinding 
once with 5% TCA and were, t h e r e f o r e , incomplete, 
p a r t i c u l a r l y f o r the l e a f and pod t i s s u e s . 40 ;ul samples, 
corresponding to about 5̂ ug t i s s u e , were used on each 
chromatogram. Autoradiographs were exposed f o r 3 days. 



Table G~3. Sugars i n pod and internode e x t r a c t s -
m o b i l i t i e s 

pod interned above i n t e r n BeSow 
3h 24h 3h 24h 3h 24h MEAN STANDARDS 

a) 1.36 1.29 1.36 1,44 1.38 1.37 -L o 3 7 FRUCTOSE 1, 34 
b) 1.23 1. 20 1. 27 1. 33 1.28 1.2 3 1.26 GLUCOSE 1.2 5 
c) 1.12 1.09 1.15 1,09 1.18 1.03 1.11 SUCROSE 1.12 

M o b i l i t i e s are expressed i n terms of a l a n i n e (1.00) 
by measuring the d i s t a n c e moved by the unknown 
(on the autoradiograph) and d i v i d i n g by the a l a n i n e 
d i s t a n c e (from the chromatogram). 
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6* Loaf photosynthesis and export of l a b e l l e d 
photosynthate i n t o the p e t i o l e 

When j/^C] - CO^ was fed to the o l d e s t l e a v e s of 

3-i e a f p l a n t s , the 1 4 C was incorporated i n t o both the 

TCA-soluble and TCA-precipitated ( i n s o l u b l e ) f r a c t i o n s . 

T o t a l 1 4 C i n the l e a f e x t r a c t s was p l o t t e d a g a i n s t 

time, and l i n e a r and exponential curves were f i t t e d 

to the p o i n t s . 

F i t f a c t o r f o r l i n e a r curve =46.99 

F i t f a c t o r f o r exponential curve = 41,77 

The two f i t f a c t o r s are not d i s s i m i l a r , and the 

exponential curve i s the b e t t e r f i t . Thus the data 

i s best d e s c r i b e d by 

y = K (1 - e " a x ) 

where K = 2413.54 

a = 0.004 

Then, when y i s 99% of K 

e " a x = 0.01 

.*,0.004x= I n 0.01 

. x = 1200 

14 

Therefore, the sat u r a t e d l e a f w i l l contain C a t an 

a c t i v i t y of 2414 cpm per mg, and i t w i l l take 1200 min. 

to become 99% sa t u r a t e d . T h i s assumes t h a t a l l p a r t s 

of the l e a f which w i l l become l a b e l l e d c o n tain some 

a c t i v i t y a t the end of the experimental period. 

Conversely, the c a l c u l a t e d s a t u r a t i o n a p p l i e s only to 

those p a r t s of the l e a f which are l a b e l l e d during the 

experimental period. 
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F i g . 6-1. The d i s t r i b u t i o n of " C between the s o l u b l e and 
i n s o l u b l e f r a c t i o n s of a l e a f . Ten l e a v e s , the o l d e s t on 
3- l e a f p l a n t s , were each fed 150 yuCi [_ Cj - One l e a f 
was harvested a t each of the times given, which are i n minutes 
a f t e r 10,00 a.m, the s t a r t of feeding* Samples were counted 
using the IDL S c a l a r 1700. Counting e r r o r s were about 3%. 
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F i g . 6-2. The d i s t r i b u t i o n of C between the s o l u b l e and 
i n s o l u b l e f r a c t i o n s of a l e a f . T h i s histogram was obtained 
from F i g . 6-1 by a d j u s t i n g the histogram t o t a l s to l i e 
upon an exponential curve (see t e x t ) . 



The experimental p e r i o d i o or»~y O J c o f the t i m e 

to 9 3% s a t u r a t e the l a a f « and i:his .•accounts f o r the 

s i m i l a r i t y between the two f i t f a c t o r s . The f i r s t 

s e c t i o n o f Tin exponential curve i s almost l i n e a r . 

The exponential curve i s i l l u s t r a t e d as the histogram 

t o t a l s i n F i g , 6-2. 

The d i s t r i b u t i o n of 1 I +C between the s o l u b l e and 

i n s o l u b l e l e a f f r a c t i o n s i s i l l u s t r a t e d i n F i g s , 6™i 

and 6-2. F i g . 6-2 was obtained from F i g . 6-1 by 

a d j u s t i n g the histrogram t o t a l s to l i e upon the 

exponential curve and s c a l i n g the contents o f each-
14 

h i s t o g r a m •column. I n c o r p o r a t i o n o f C i n t o the two 

f r a c t i o n s can be seen from F i g . 6-2 t o be approximately 

l i n e a r . ll'C i n l e a f p r o t e i n did not reach a measurable 

l e v e l u n t i l 30 min. a f t e r the s t a r t of feeding, and i t 

then i n c r e a s e d i n a ? i n e a r manner for the r e s t of the 

3h. The s o l u b l e l e a f f r a c t i o n showed no s i g n o f becoming 

sa t u r a t e d with "^C during t h i s time i n t e r v a l . 

The l e a f p e t i o l e s , which had been smeared with 
-14 *, 

p l a s t i e s l i e — v a s e l i n e mixture to exclude J CJ - C0^ 
14 

and prevent photosynthesis, contained C i n the 

s o l u b l e f r a c t i o n a f t e r 15 min, (Table 6-1). The t o t a l 

a c t i v i t y i n the p t t i o l e i n c r e a s e d f o r the whole 3h of 

the experiment, A very small quantity of C was 

incorporated i n t o the p e t i o l e i n s o l u b l e f r a c t i o n , out not 

u n t i l the 120 min. sample. The low a c t i v i t y of the 

i n s o l u b l e f r a c t i o n suggests t h a t most of the s o l u b l e 

p e t i o l e ll*C was being translocated through the p e t i o l e 

and not being absorbed by i t . 
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Table 6-1* ' C d i s t r i b u t i o n i n pel 

TIME AFTER START SOLUBLE INSOLUBLE TOTAL 
(min) FRACTION FRACTION 

15 0.4 0.0 0»4 
30 2.8 0.3 3.1 
45 1.6 0.0 1.6 
60 2.9 0.0 2.9 
75 8.5 0.2 8.7 
90 2.8- 0.5 3.3 

105 5.8 0.6 6.4 
120 l l ; 5 1.2 12.7 
150 58.3 2.3 60.6 
180 14.3 1.3 15.6 

MEAN PLANCHET COUNT 

15 600 450 
30 1200 450' 

150 2800 450 

MEAN ERROR (PERCENTAGE) 

15 10 34 
30 4 34 

150 2 34 

A c t i v i t i e s are expressed i n cpm per mg extracted weight 
of p e t i o l e . Background was 23cpm. Errors were 
c a l c u l a t e d as described i n Pre l i m i n a r y Results., section 6(i)« 
The leaves were fed. [ l 4 C ] - C0 2 f o r 180 rain and the 
p e t i o l e s , which had been smeared w i t h p l a s t i c i n e - v a s e l i n e 
t o exclude gases, were harvested i n d i v i d u a l l y a t the times 
given. The e x t r a c t s were counted using the IDL scalar 1700. 



Whan the a c t i v i t y i n the p e t i o l e i s expressed 
per mg o f l e a f t o which i t was attached, the p a t t e r n 
of export of l a b e l l e d m a t e r i a l s becomes more evident. 
This assumes t h a t , f o r p e t i o l e s o f s i m i l a r s i z e s , the 
t r a n s l o c a t i o n channels w i l l be o f comparable volume. 

14 
For constant r a t e o f export from a l e a f , C per p e t i o l e 
i s then equal t o "̂ C per u n i t time. F i g , 6-3 i l l u s t r a t e s 
t h a t a f t e r a l a g phase o f 30-45 min, "̂ C per p e t i o l e 
increases l i n e a r l y . This l i n e a r increase must represent 
a l i n e a r increase i n "̂'C i n t h a t l e a f pool which i s a c t i v e 
i n export o f photosynthate from the l e a f . The l a g phase 
must represent the time taken t o saturate the precursors 
o f t h i s a c t i v e l e a f pool* S a t u r a t i o n of the p e t i o l e i s 
not approached dur i n g the 3h experiment. This i s , 
perhaps, t o be expected as l e a f s a t u r a t i o n i s not 
approached dur i n g t h i s time i n t e r v a l . 

I f the data i n Fig. 6-1 are used t o c a l c u l a t e the 
net uptake o f "̂ C by the l e a f , per h, i t i s seen t h a t 
the 30 min sample has a higher net uptake than any 
o t h e r , and t h a t the 45 min sample i s also l a r g e (Table 6-2). 
These f i g u r e s can be accounted f o r , since export from 
the l e a f i n t o the p e t i o l e i s very small u n t i l the 15 min 
sample ( F i g . 6-3) ark1 so net C uptake by the l e a f must 
appear l a r g e r . This does not account f o r the small value 
f o r the 15 min sample. 
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F i g . 6-3. C i n the p e t i o l e s o f leaves photosynthesising 
i n [ l 4 c J - CO . 

pi if i 
The leaves were fed j_ CJ - CO^ for 180 min and the p e t i o l e s 
were smeared w i t h p l a s t i c i n e - v a s e l i n e t o exclude gases. Each 
sample i s a s i n g l e p e t i o l e and was counted using the IDL 
Scalar 1700. Errors are discussed i n the legend t o Table 6-1. 
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1 4 
Table o--2. C uptake by the l e a f 

TIME(min) 15 30 '15 60 75 90 105 120 150 180 
UPTAKE 4 2 g l l 4 3 6 g 8 5 4 4 3 H 9 Q 8 8 8 5 ? 1 2 ? 2 4 1 1 5 2 g 

(cpm per h; 

Uptake = a c t i v i t y i n l e a f x 60/time o f [ Cj - CO 2 
r l 4 T 

feeding (min). The leaves were fed [ Cj - C0 2 f o r the 
whole 180 min. 

Autoradiography o f l e a f e x t r a c t s revealed t h a t a t 
l e a s t 90% o f soluble 1 4C was i n n i n h y d r i n negative 
compounds which ran i n the sugar and organic acid regions 
o f the chromatogram, No attempt was made t o i d e n t i f y 
these. At 15 min, ̂ C was also detected i n dihydroxy-
phenylalanine, a s p a r t i c a c i d , serine and glyctbnejw. 
A l l but the f i r s t o f these remained r a d i o a c t i v e throughout 
the 3h. At 7 5 min glutamic a c i d , t y r o s i n e and 
phenylalanine became l a b e l l e d , and these s i x amino acids 
r e t a i n e d most o f the amino aci d l a b e l throughout the 
r e s t o f the experiment. These l a b e l l e d amino acids 
were among the most concentrated soluble amino acids i n 
the l e a f . Cystine and glutamine, also present i n high 
c o n c e n t r a t i o n , were l a b e l l e d only weakly. Dihydroxy-
phenylalanine, which accounted f o r about 50% o f the 
amino aci d i n the l e a f soluble f r a c t i o n , was s i m i l a r l y 
weakly l a b e l l e d . 

Serine was the f i r s t l e a f p r o t e i n amino a c i d t o appear 
l a b e l l e d ( a t 30 m i n ) , followed by alanine and g l y c i n e 
(45 min). Tyrosine, phenylalanine and a s p a r t i c a c i d 
i n p r o t e i n were l a b e l l e d i n the 105 min sample. 
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A l l these p r o t e i n amino acids were l a b e l l e d i n the 
soluble l e a f f r a c t i o n , but not a l l the l a b e l l e d soluble 
amino acids gave r i s e t o detectable q u a n t i t i e s o f 
l a b e l l e d p r o t e i n amino acid (Table 6-3). 

Autoradiography o f p e t i o l e e x t r a c t s showed t h a t 
the detectable ll4C was almost e n t i r e l y i n sugars or 
organic acids. Serine and g l y c i n e were l a b e l l e d at 
30 min and serine r e t a i n e d the l a b e l , which g r a d u a l l y 
decreased, u n t i l 105 min. The remaining autoradiograph 

I-14 i 
f ogging was never w e l l r e s o l v e d , and the [ CJ sugars 
and/or organic acids were not i d e n t i f i e d (Table 6-3). 

Leaves subtending 25-30 day o l d pods were fed 
f ^ C ] - C0 2 f o r I h , i n a l i k e manner and soluble p e t i o l e 
e x t r a c t s were subjected t o autoradiography. Six l a b e l l e d 
compounds were detectable i n the e x t r a c t s - s e r i n e , 
g l y c i n e , sucrose, glucose, f r u c t o s e and an unknown moving 
j u s t ahead o f f r u c t o s e on the e l e c t r o p h o r e s i s o r i g i n , 
Almoc\;' h a l f the l a b e l was i n suci^ose. Glucose and f r u c t o s e 
appeared t o contai n s i m i l a r amounts o f l a b e l , a t about 
h a l f the a c t i v i t y o f the sucrose. Serine and g l y c i n e 
were weakly l a b e l l e d by comparison. 
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rlH. The leaves were fed f Cj - C0 2 f o r 180 min. The experimental 

c o n d i t i o n s are described i n the legends t o Figs. 6-1 and 6-3. 
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7» Photosynthesis of the bloom node l e a f and 
export o f l a b e l l e d photosynthate i n t o the 
pod and seed 

When the bloom node leaves subtending 20-25 day o l d 
r l 4 

pods were allowed t o a s s i m i l a t e [ CJ - CO2 f o r 3h, 
and leaves and pods were harvested a t i n t e r v a l s f o r 
another I 6 h , a small t r a n s f e r o f 1 4C from l e a f t o pod 

14 
was detected. The t o t a l C i n the leaf-pod system f e l l 
from 576 cpm/mg a t I h t o 98 cpm/mg a f t e r 19h from the 
s t a r t o f [ 1 4 C ] - C0 2 feeding. V a r i a b i l i t y between 
samples was la r g e so t h a t although i t can be said t h a t 
the system l o s t 400-500 cpm/mg during the 18h a f t e r the 
f i r s t sample, precise values cannot, w i t h any meaning, 
be assigned t o the i n d i v i d u a l samples, 

14 
I n the l h sample the C was r e s t r i c t e d t o the l e a f 

and present i n both the soluble and i n s o l u b l e f r a c t i o n s . 
By 3h, a s i g n i f i c a n t amount o f "̂ C was present i n the 
soluble f r a c t i o n o f the pod, but l a b e l was not detected 
i n the i n s o l u b l e pod f r a c t i o n u n t i l the 7h sample. 
This d i s t r i b u t i o n o f "̂ C i n the leaf-pod system i s 
i l l u s t r a t e d as a histogram i n Fi g . 7-1. An expanded 
histogram showing the d i s t r i b u t i o n o f 1 4C i n the l e a f 
samples o n l y ( F i g . 7-2) i s almost e x a c t l y the same shape 
as the histogram f o r the whole system. This emphasises 
the f a c t t h a t the 20-25 day o l d pod had only a small 
e f f e c t on t h i s leaf-pod system, and t h a t only a small 

14 
pa r t o f the C exported from the l e a f was f i n a l l y found 
i n the pod. 

Autoradiography o f pod and l e a f e x t r a c t s revealed 
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Fig. 7-1. D i s t r i b u t i o n of C i n a l e a f and pod system. 
Each sample was the e x t r a c t from a s i n g l e p l a n t grown 
outdoors i n Reading i n the summer o f 1970. The p l a n t s were 
grown t o about 15 nodes, and these samples were the l e a f and 
pod at nodes 12, 13 and 14. The pods were 20-25 days o l d . 
Feeding o f [ 1 4 C ] - C0 2 was from 11.00 - 14.00. The seeds 
were very small (l-2mm long) and were e x t r a c t e d w i t h the pod. 
Samples were counted using the IDL scal a r 1700. Counting 
e r r o r s were 2-3% f o r soluble f r a c t i o n s and 4-6% i n s o l u b l e 
f r a c t i o n s . 
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Fig. 7-2. D i s t r i b u t i o n o f C i n the l e a f o f a l e a f and pod 
system. 

The leaves subtended 20-25 day o l d pods at nodes 12, 13 or 14 
of a 15 node p l a n t . The experimental c o n d i t i o n s are described 
i n the legend t o Fig. 7-1. 



t h a t a considerable p o r t i o n o f the J"l'"C i n a l l samples 
was i n n i n h y d r i n negative compounds. Mo l a b e l l e d amino 
acids were detected i n pod p r o t e i n and only s i x amino 
acids i n the pod soluble f r a c t i o n became l a b e l l e d 
(Table 7-1). A f t e r l h [ l 4 C ] - CC>2 feeding, the only 
[•^C] - amino acid i n the pod was dihydroxyphenylalanine 
and t h i s accounted f o r about h a l f o f the detectable 
14 

C. At -3h t y r o s i n e was as s t r o n g l y l a b e l l e d as 
dihydroxyphenylalanine and tra c e s o f l a b e l were present 
i n serine and alanine. Tyrosine and dihydroxyphenylalanine 
remained the most h e a v i l y l a b e l l e d amino acids f o r the 
r e s t o f the 19h, and t r a c e q u a n t i t i e s o f l a b e l were 
detected i n glutamic a c i d and glutamine as w e l l as i n 
serine and alanine. The ninhydrin-negative r a d i o a c t i v e 
compounds i n the soluble pod f r a c t i o n contained about 
h a l f o f the l a b e l (as estimated from i n t e n s i t y o f 
autoradiograph fogging) throughout the experiment. The 
l a b e l l e d r e g i o n was never resolved i n t o spots and so 
i t s sugar components were not i d e n t i f i e d , but could have 
included sucrose, f r u c t o s e and glucose, as i n e a r l i e r 
pod samples. The i n s o l u b l e f r a c t i o n s o f l e a f and pod 9 

a f t e r 7h, contained an u n i d e n t i f i e d n inhydrin-negative 
substance which moved on the e l e c t r o p h o r e s i s o r i g i n t o 
the chromatography f r o n t . This substance must have 

14 
contained most, i f not a l l , of the C recorded f o r the 
i n s o l u b l e pod f r a c t i o n . 

These pods had been damaged s l i g h t l y by a storm 
about two days before the experiment, and many o f the 
unused pods o f equivalent age developed no f u r t h e r , but 
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20-25 day o l d pods. The experimental conditions are described 
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withered and aborted. Thus the pcds used may have not 
been a c t i v e l y growing, and t h i s may account f o r the 
marked d i f f e r e n c e between these r e s u l t s and those i n 
the P r e l i m i n a r y experiment ( s e c t i o n 5.), which were, 
o f a comparable age, 

A number o f soluble l e a f amino acids became 
l a b e l l e d and a considerable p r o p o r t i o n o f l e a f 
r a d i o a c t i v i t y was incorporated i n t o l e a f p r o t e i n . At 
l h 9 '̂:C was detectable i n soluble a s p a r t i c a c i d , 
glutamic a c i d , serine and a l a n i n e , but at 3h only 
c y s t i n e , asparagine, dihydroxyphenylalanine, leucines 
and basic amino acids were u n l a b e l l e d . By 2h a f t e r the 
end o f 'Cj - CQ^ feeding, the amount of l a b e l i n 
soluble amino acids was markedly reduced. The small 
amount o f l a b e l present from 5h onwards was mostly i n 
a s p a r t i c and glutamic acids. I n c o n t r a s t , the l a b e l 
i n the sugar and organic a c i d regions o f the 
chromatograms remained strong f o r a l l e x t r a c t s , f i r s t 
showing signs o f lessening i n the 13h sample. 

Most o f the amino acids i n the l e a f p r o t e i n were 
l a b e l l e d by 7h and remained so u n t i l the end o f the 
experiment* Exceptions were glutamic a c i d , which was 
not l a b e l l e d before the 19h sample and c y s t i n e , p r o l i n e 
and a r g i n i n e which v;ere not l a b e l l e d a t a l l . Cystine 
and p r o l i n e are present i n small q u a n t i t i e s i n l e a f 

14 
p r o t e i n and so any C may have been undetectable. 
Arg5.nine and glutamic a c i d are major amino acids i n the 
p r o t e i n . 



When [ Cj - CÔ  was fed t o leaves subtending 
14 

30-35 day o l d pods, C was seen t o be t r a n s t e r r e d 
from the l e a f i n t o the pod and i t s seeds. The t o t a l 
"̂ C i n the l e a f , pod and seed system rose t o 7 20 cpm/mg 
ext r a c t e d weight o f sample a t the end o f the 3h feeding 
p e r i o d , and then f e l l t o 250 cpm/mg 6h l a t e r . From 

14 
l l h t o 19h the t o t a l C i n the system rose again u n t i l 
at 19h i t reached 340 cpm/mg. The d i f f e r e n c e between 
these minimum and maximum a c t i v i t i e s i s considerably 
greater than the 100-200 cpm/mg v a r i a t i o n between 

14 
p l a n t s (as i n Fi g . 7-1). The d i s t r i b u t i o n of C 
between the various p a r t s o f the system i s i l l u s t r a t e d 
i n F i g . 7-3. Fig. 7-4 i s a histogram o f the l e a f 
samples alone, and i s q u i t e d i f f e r e n t from the histogram 

14 
f o r the whole system. I n the l e a f , the t o t a l C 

r l 4 "i 
decreased r a p i d l y a f t e r {_ Cj - C0 2 feeding ended, and 
then remained almost constant at 180-240 cpm/mg. The 

14 
pod made a considerable c o n t r i b u t i o n t o the t o t a l C 
i n the system, u n l i k e the 20-2 5 day pod i n Figs. 7-1 and 
7-2. A close r examination o f Fi g . 7-3 reveals t h a t the 
increase i n cpm/mg a f t e r the l l h sample i s accounted f o r 
almost e n t i r e l y by an increase i n the a c t i v i t y o f the 
soluble seed f r a c t i o n . This rose from 113 cpm/mg a t 
9h t o 606 cpm/mg a t 19h. During t h i s time i n t e r v a l the 
soluble pod f r a c t i o n a c t i v i t y f l u c t u a t e d between 6 and 18 
cpm/mg. 

The l e a f i n s o l u b l e f r a c t i o n had i t s maximum a c t i v i t y 
o f 101 cpm/mg at the end o f the feeding p e r i o d . A f t e r 
t h i s i t f l u c t u a t e d between 20 and 50 cpm/mg f o r the r e s t 
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14 
Figo 7-3. D i s t r i b u t i o n o f C i n a leaf-pod-seed system. 
Leaves at nodes 7-11 on 15 node plants were fed 150pCi 
[ 1 4 C ] - C0 2 f o r 3h from 12.15-15.15 i n the summer of 1970. 
The leaves and the 30-35 day o l d pods which they subtended 
were harvested at i n t e r v a l s during 19h. Pods and seeds were 
ex t r a c t e d separately. Each sample was a s i n g l e p l a n t . 
E x t r a c t s were counted using the IDL scalar 1700. Counting 
e r r o r s were 2-3% f o r soluble f r a c t i o n s , 4% f o r i n s o l u b l e l e a f 
f r a c t i o n s , and 30-40% f o r i n s o l u b l e pod and seed f r a c t i o n s . 
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F i g . 7-4. D i s t r i b u t i o n of 1 4C i n the l e a f o f a leaf-pod-seed 
system. The leaves, at nodes' 7-11 on 15 node p l a n t s grown 
outdoors i n Reading i n the summer of 1970, subtended 30-35 day 
o l d pods. 150yuCi [ 1 4 C j - C0 2 was fed t o the leaves f o r 3h 
from 12.15 t o 15.15. Errors are described i n the legend t o Fig 



seed 
O — pod 

TIME AFTER START (MIN) 

F i g . 7-5. C i n the i n s o l u b l e f r a c t i o n s o f pod and seed. 
The pods were 30-35 days o l d and were fed C f o r 3h via 
t h e i r subtending l e a f . The experimental d e t a i l s are described 
i n the legend t o F i g . 7-3. 
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o f t h e 19h. 1 4C i n c o r p o r a t e d i n t o t h e pod i n s o l u b l e 

f r a c t i o n was v e r y low and v a r i a b l e s h a v i n g a maximum 

o f 3 cpm/mg a t l l h . I n s o l u b l e "'̂C i n t h e seed was 

a l s o v e r y low but i n c r e a s e d s t e a d i l y t h r o u g h o u t t h e 

e x p e r i m e n t , r e a c h i n g 6 cpm/mg a t 19h. These v a l u e s , 

t o o low t o be shown on F i g . 7-3, are p l o t t e d on an 

expanded s c a l e i n F i g . 7-5. 

A u t o r a d i o g r a p h y d i d n o t d e t e c t any r a d i o a c t i v e 

amino a c i d s i n t h e pod and seed e x t r a c t s . Maximum 

l o a d i n g s o f s o l u b l e f r a c t i o n s c o n t a i n e d 50-100 cpm per 

chromatogram and t h i s was s u f f i c i e n t o n l y t o f o g t h e 

sugar and o r g a n i c a c i d areas o f t h e a u t o r a d i o g r a p h s . 

Any r a d i o a c t i v e s o l u b l e amino a c i d s were p r e s e n t i n pods 

and seeds below t h e d e t e c t a b l e l e v e l , and t h e marked 

j nepease i n s o l u b l e a c t i v i t y i n t h e seed must have 

been due almost e n t i r e l y t o sugars and/or o r g a n i c a c i d s . 

These compounds were n o t r e s o l v e d . Maximum chromatogram 

l e a d i n g s o f i n s o l u b l e f r a c t i o n s c o n t a i n e d 3-6 cpm per 

chromatogram, and t h u s had no e f f e c t a t a l l on t h e 

a u t o r a d i o g r a p h , even a f t e r 6 weeks exposure. 

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

compounds whic h were n o t r e s o l v e d i n a u t o r a d i o g r a p h y . 

They moved on t h e e l e c t r o p h o r e s i s o r i g i n and had. a mean 

chromatography Rf. r e l a t i v e t o a l a n i n e o f 1.29. A t l e a s t 

i:a t h e l a t e r samples t h e r a d i o a c t i v e area c o n t a i n e d more 

t h a n one substance which c o u l d have i n c l u d e d t h e sugar's 

g l u c o s e ( R f . 1.25) and sucrose ( R f , 1.12), b u t p r o b a b l y 

n o t f r u c t o s e ( R f . 1,34) u n t i l a f t e r 9h. ( T a b l e 7-2), 

The chromatograms o f seed s o l u b l e f r a c t i o n s from 3h 
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onwards c o n t a i n e d a s i m i l a r u n r e s o l v e d r a d i o a c t i v e 

a rea w i t h a mean Rf r e l a t i v e t o a l a n i n e o f 1.22 a t 3h 

and 5h, and o f 1.32 from 7h t o 19h. These c o r r e s p o n d 

a p p r o x i m a t e l y t o g l u c o s e , p o s s i b l y w i t h sucrose a t 3h 

and 5h, and t o f r u c t o s e , p r o b a b l y w i t h g l u c o s e and 

sucrose i n t h e l a t e r samples. Since t h e m o b i l i t i e s o f 

sugars i n chromatography a r e n o t o r i o u s l y v a r i a b l e , and 

o t h e r r a d i o a c t i v e substances may have been p r e s e n t as 

w e l l , t h e s e i n t e r p r e t a t i o n s must be t r e a t e d w i t h c a u t i o n . 

I n t h e pod samples a t l e a s t t h e a n a l y s i s can be j u s t i f i e d 

by comparison w i t h e a r l i e r r e s u l t s ( S e c t i o n 1 . ) , b u t i n 

t h e seed samples t h e r a d i o a c t i v e area was a s i n g l e , l a r g e 

and s y m m e t r i c a l spot and i t s i n t e r p r e t a t i o n as a number 

o f sugars i s open t o doubt. The m o b i l i t i e s o f t h e f r o n t s 

o f t h e r a d i o a c t i v e areas ar e l i s t e d i n T able 7-2. 

R a d i o a c t i v e amino a c i d s i n t h e l e a f f r a c t i o n s a r e 

l i s t e d i n T a b l e 7-3. At l h almost a l l t h e s o l u b l e amino 

a c i d 1 1 +C was i n s e r i n e , b u t by 3h a s p a r t i c a c i d , g l u t a m i c 

a c i d , g l u t a m i n e , t h r e o n i n e and a l a n i n e were as h e a v i l y 

l a b e l l e d . From 5h, a s p a r t i c a c i d and s e r i n e were t h e 

most h e a v i l y l a b e l l e d amino a c i d s i n a l l samples. The 

sugar and o r g a n i c a c i d r e g i o n o f t h e chromatogram caused 

a t l e a s t 90% o f t h e a u t o r a d i o g r a p h f o g g i n g , f o r t h e s e 

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

n e g a t i v e r a d i o a c t i v e substance was t h e unknown which 

moves on t h e e l e c t r o p h o r e s i s o r i g i n t o t h e chromatography 

f r o n t . T h i s was a l s o p r e s e n t i n t h e s o l u b l e f r a c t i o n s o f 

t h e s e l e a v e s . The f i r s t p r o t e i n amino a c i d s t o be 

d e t e c t a b l y l a b e l l e d were s e r i n e , a l a n i n e , p h e n y l a l a n i n e 
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T a b l e 7-3. C d i s t r i b u t i o n i n l e a f amino a c i d s 

SOLUBLE FRACTION INSOLUBLE FRACTION 
1 3 5 7 9 11 13 15 17 19 1 3 5 7 9 11 13 15 17 19 

CYS j 1 
I 
i 

i i 
— 

I 

ASP ! + + —|—• 
+ ! + + + + + + + i 

i + + + + + + + + + 
ASN 
GLN + + + + + + 
GLU + + + + + + + + + + + + + + 
SER + + + + + + + + + + + + + + + + + + + + 
THR + + + + + + + + + + + + + + 
PRO 
DO PA + + + + + + + 
ALA + + + + + + + + + + + + + + + + + + + 
VAL + + + + + + 

MET 
TYR + ! + + + + + + + + 
PHE + + + + + + + + + + + + + + + + + + + 
ILE + + + + + + + + + 

~LEU~~ + + + + + + 
GLY + + + + + + + + + + •'+ + 
AR<3 
HIS 
LYS + + + 
BALA 
YAB + + + + .1. « + 

OTHER + + + + + + + + + + + + + + 
1 

+ + V + 

= absent + * p r e s e n t ( r a d i o a c t i v i t y ) 
The l e a v e s were f e d [ 1 U C ] - C0 2 f o r t h e f i r s t 3h from 
12*15 - 15.15. The e x p e r i m e n t a l c o n d i t i o n s a re d e s c r i b e d 
i n t h e legend t o F i g . 7-3. 



and g l y c i n e ( a t I h ) . By 3h most o f t h e amino a c i d s 

w h i c h became l a b e l l e d d u r i n g t h e 19h were r a d i o a c t i v e . 

G l u t a m i c a c i d , a r g i n i n e and l y s i n e , a l l p r e s e n t i n h i g h 

c o n c e n t r a t i o n i n t h e p r o t e i n , were l a b e l l e d o n l y 

f a i n t l y i n t h e s e e x t r a c t s . Other u n l a b e l l e d amino 

a c i d s were p r e s e n t i n s m a l l q u a n t i t i e s o n l y . The 

d i s t r i b u t i o n o f 1 4C i n t h e s o l u b l e amino a c i d s bore 

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

amino a c i d s . 

{^""Cj - C0 2 was f e d t o l e a v e s s u b t e n d i n g 20-25 

day o l d pods f o r 3h and t h e l e a v e s , pods and seeds 
14 

were e x t r a c t e d 21h l a t e r . C was d e t e c t e d i n a l l 
e x t r a c t s . V a r i a b i l i t y between t h e t r a c e samples was 

IU 
c o n s i d e r a b l e , t h e l a r g e s t t o t a l C f o r t h e system b e i n g 

almost t w i c e t h e s m a l l e s t . Means, s t a n d a r d e r r o r s and 

percentage e r r o r s are g i v e n i n Table 7-4. 
14 

A u t o r a d i o g r a p h y o f e x t r a c t s r e v e a l e d C amino a c i d s 

i n l e a f s pod and seed p r o t e i n . ( T a b l e 7 - 5 ) . The p a t t e r n 

o f l a b e l l i n g i n l e a f p r o t e i n was l i k e t h a t seen 

p r e v i o u s l y ( Tables 7-1 and 7-3). Pod and seed p r o t e i n s 

were weakly r a d i o a c t i v e w i t h t h e l a b e l d i s t r i b u t e d 

f a i r l y e v e n l y among t h e r a d i o a c t i v e amino a c i d s . 
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Table 7-5. C amino a c i d s i n p r o t e i n 

INSOLUBLE FRACTIONS 

l e a f pod seed 

CYS 
ASP + + 
GLU + + 
SER + + + 
THR + + 
PRO 
ALA + + + 
VAL + + 
MET + 
TYR + + + 
PHE + + + 
ILE + + 
LEU + + + 
GLY + + + 
BASICS + 

= absence o f l a b e l , + = presence o f l a b e l . 
The l e a f , w h i c h subtended a 20-25 day o l d pod, 
was f e d [ 1 4 C ] - C0 2 f o r 3h. The l e a f , pod and 
seed were h a r v e s t e d 21h l a t e r . The e x p e r i m e n t a l 
c o n d i t i o n s a r e d e s c r i b e d i n t h e legend t o Table 7-4. 



[ C] C0 2 was f e d t o l e a v e s s u b t e n d i n g 22-27 

day o l d pods f o r 3h, and "̂ C was d e t e c t e d i n b o t h 

s o l u b l e and i n s o l u b l e f r a c t i o n s o f pods and seeds 

h a r v e s t e d a t 3, 6 and 12h a f t e r t h e s t a r t o f f e e d i n g . 

( T a b l e 7-6). The changes i n t o t a l 1 4C i n t h e pod and 

seeds a f t e r t h e 3h sample are s i m i l a r i n s i z e t o t h e 

chance v a r i a t i o n s o b t a i n e d w i t h t h e t h r e e r e p l i c a t e 

samples d e s c r i b e d i n T a b l e 7-4. Thus, t h e o n l y 

s i g n i f i c a n t change i n a c t i v i t y o f t h e pod and seed 
14 

f r a c t i o n s a f t e r 3h may be t h e i n c r e a s e i n C i n t h e 

seed i n s o l u b l e f r a c t i o n s . Other d i f f e r e n c e s r e p r e s e n t 

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

A u t o r a d i o g r a p h y d i d n o t d e t e c t any l a b e l l e d amino 

a c i d s i n t h e pod i n s o l u b l e f r a c t i o n s where t h e o n l y 

r a d i o a c t i v e compound was t h e unknown on t h e 

e l e c t r o p h o r e s i s o r i g i n and chromatography f r o n t . 

T h i s substance was a l s o l a b e l l e d i n t h e seed i n s o l u b l e 

f r a c t i o n s , b u t i n n e i t h e r pod nor seed s o l u b l e f r a c t i o n s . 

Seed p r o t e i n amino a c i d s were f i r s t d e t e c t a b l y l a b e l l e d 

a t 6h when n i n e amino a c i d s were r a d i o a c t i v e . At 12h 9 

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

were l a b e l l e d . ( T a b l e 7-7). The pod and seed s o l u b l e 

f r a c t i o n s were a l l . ^ r y h e a v i l y l a b e l l e d over t h e whole 

sugar and o r g a n i c a c i d area o f t h e chromatograms. I n 

t h e pod, amino a c i d l a b e l l i n g was s t r o n g e s t i n t y r o s i n e 

i n a l l t h r e e samples. I n t h e seed s o l u b l e f r a c t i o n s , 

V a m i n o b u t y r i c a c i d was t h e o n l y l a b e l l e d amino a c i d t o 

a c q u i r e i t s l a b e l a f t e r t h e f i r s t sample. A p a r t from 

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

p a t t e r n changed v e r y l i t t l e between t h e 3 samples. 
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T a b l e 7-6. l t TC d i s t r i b u t i o n i n t h e pcd and seeds o f 
le a f - p o d - s e e d system 

SOLUBLE INSOLUBLE 
pod seed pod seed TOTAL 

3h 365 932 ! 86 
i 

36 1419 
6h 368 1882 1 146 

I 
266 2661 

12h 203 714 | 81 125 1123 

A c t i v i t i e s a r e expressed i n cpm/mg e x t r a c t e d w e i g h t 
• r l 4 -i 

o f sample. 7 5 yuCi [ C| - CO^ was f e d t o l e a v e s a t 
node 7 o f glasshouse grown p l a n t s , f o r 3h. A t 3h, 
6h and 12h a f t e r t h e s t a r t o f f e e d i n g , t h e 22-27 day 
o l d pods, subtended by t h e l e a v e s , were h a r v e s t e d . 
Each sample i s a s i n g l e pod and i t s seeds. E x t r a c t s 
were counted u s i n g t h e IDL s c a l a r 1700. Counting 
e r r o r s were l e s s t h a n 4%. 
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Table 7-7. 'C amino a c i d s i n 22-27 day o l d pods and seeds 

POD SEEDS 
SOLUBLE SOLUBLE INSOLUBLE 

3 6 12 3 6 12 3 6 12 
j 

CYS ! + + + + 
ASP j + + + + + + + 
ASN | + 
GLN + + + + 
GLU + -t- + + + + + + 
SER + + + + + 
THR 
PRO 
DO PA + + + + + + 
ALA + + + + + + + 
VAL + 
MET 
TYR + • + + + + + + 
PHE + + + + + 
ILE l 

( LEU 1 • 
, i 

GLY + 
BASICS 1 + 
YAB 
BALA 

OTHER + + + + + + + 

= absence, + = presence o f l a b e l . 
,~ CJ - C0 2 was f e d t o le a v e s s u b t e n d i n g 22-27 day o l d 
pods f o r 3h. The pods were h a r v e s t e d a t 3, 6 and 12h 
a f t e r t h e c r a r t o f f e e d i n g . E x p e r i m e n t a l d e t a i l s a r e 
g i v o n i n t h e lege n d t o Table 7-6. 
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8• Pod p h o t o s y n t h e s i s 

When [ 1 L*C] - C0 2 was f e d d i r e c t l y t o 2 5-35 day 

o l d pods, uptake o f LhC i n t o t h e pod was observed. 

D u r i n g t h e 3h f e e d i n g p e r i o d , t o t a l 1 4C i n t h e pod 

and seeds r o s e r a p i d l y and t h e n remained more o r 

l e s s c o n s t a n t a t 1200-1300 cpm per mg. L i n e a r and 

e x p o n e n t i a l curves f i t t e d t o t h e d a t a had f i t f a c t o r s 

o f 12 9.51 and 50.90, r e s p e c t i v e l y . The d a t a was b e s t 

d e s c r i b e d by t h e curve 

y = k ( l - e ~ a x ) 

where K = 13 37.17 

a = 0.023 

The pods c o u l d , t h e n , be expected t o approach 

s a t u r a t i o n i n 4.5-5.Oh. 
14 

The d i s t r i b u t i o n o f C i n t h e pod and seed system 

i s shown i n F i g . 8-1. F i g . 8-2 was o b t a i n e d from 

F i g . 8-1 by f i t t i n g t h e h i s t o g r a m t o t a l s t o t h e 

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

c o n t e n t s o f each h i s t o g r a m column. The h i s t o g r a m s 
14 

i l l u s t r a t e t h e f a c t t h a t C i n t h e s o l u b l e pod 

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

7 5 min [ 1 4 C ] - C0 2 f e e d i n g . The 1 4C i n t h e i n s o l u b l e 

pod f r a c t i o n d i d n o t i n c r e a s e a f t e r 105 min. I n b o t h 

pod and seeds i n c r e a s e o f l a b e l i n t h e s o l u b l e f r a c t i o n 

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

seed f r a c t i o n was f i r s t a p p r e c i a b l y l a b e l l e d a t 75 m i n , 

and t h e i n s o l u b l e seed f r a c t i o n a t 165 m i n . Seed 

samples c o l l e c t e d a f t e r t h e end o f t h e f e e d i n g p e r i o d 
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F i g . 8-1. D i s t r i b u t i o n o f C i n pods and seeds. 
P l a n t s were grown i n t h e glasshouse i n Reading u n t i l 
June 1971. 75 jdCi [ 1 4 c ] - C0 2 was f e d d i r e c t l y t o t h e 
25-35 day o l d pods a t nodes 10-13 on 20-25 l e a f p l a n t s . 
Feeding was c o n t i n u e d f o r 3h. Each sample i s t h e e x t r a c t 
f rom a s i n g l e pod and i t s seeds. E x t r a c t s were counted 
u s i n g t h e IDL s c a l a r 1700. Counting e r r o r s were about 2% 
f o r a l l samples except t h e seed i n s o l u b l e f r a c t i o n where 
t h e y were about 10%. 
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14, F i g . 8-2. D i s t r i b u t i o n o f A C i n pods and seeds. 
T h i s f i g u r e was o b t a i n e d from F i g . 8-1 by f i t t i n g t h e 
h i s t o g r a m t o t a l s t o t h e c a l c u l a t e d e x p o n e n t i a l c u r v e (see t e x t ) , 
and s c a l i n g t h e h i s t o g r a m columns. 
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4 
T IME A F T E R START (h) 

F i g . 8-3. D i s t r i b u t i o n o f C i n t h e ^ i n s o l u b l e f r a c t i o n s 
o f atoA seeds. 

r l 4 1 

I CJ - C0 2 was f e d d i r e c t l y t o t h e 25-35 day o l d pods for 3h. 
E x p e r i m e n t a l d e t a i l s a r e g i v e n i n t h e l e g e n d t o F i g . 8-1. 
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showed c o n t i n u e d i n c r e a s e La t o t a l ~ 'C u n t i l t h e 3.7Eh 

sample, f o l l o w e d by a marked decrease, ( F i g . 8-3). 

By 5h, t h e ll'C i n t h e s o l u b l e seed f r a c t i o n had f a l l e n 

below i t s v a l u e a t t h e end Of t h e f e e d i n g p e r i o d , w h i l e 

t h e 1 1 +C i n t h e seed i n s o l u b l e f r a c t i o n di.d n o t show a 

c o r r e s p o n d i n g decrease. The 45-7 5 min d e l a y i n t h e l o s s 

o f "̂ C from t h e s o l u b l e seed f r a c t i o n , a f t e r t h e end o f 

f ^ C ] - C0 2 f e e d i n g i s o f comparable s i z e w i t h t h e 45-75 min 

i n t e r v a l a f t e r t h e s t a r t u n t i l t h e s o l u b l e seed f r a c t i o n 
14 

showed i t s f i r s t i n c r e a s e i n C. T h i s suggests t h a t 

o n l y r e c e n t p h o t o s y n t h a t e i s e x p o r t e d by t h e pod t o 

i t s seeds. 

A u t o r a d i o g r a p h y o f t h e s o l u b l e pod e x t r a c t s r e v e a l e d 

t h a t t h e a c t i v i t y was d i v i d e d a p p r o x i m a t e l y e q u a l l y 

between n i n h y d r i n p o s i t i v e and n i n h y d r i n n e g a t i v e 

substances. The l a b e l l i n g p a t t e r n was n o t u n l i k e t h a t 

o f t h e p h o t o s y n t h e s i s i n g l e a f , a t l e a s t i n i t s major 

components. (Tables 6-3, 8-1). I n e a r l y samples most 

l a b e l was found i n a s p a r t i c a c i d , s e r i n e and a l a n i n e . 

By 105 min t y r o s i n e was a l s o h e a v i l y l a b e l l e d . L a b e l 

i n d i h y d r o x y p h e n y l a l a n i n e was v e r y weak a t f i r s t , but 

i n c r e a s e d s t e a d i l y d u r i n g t h e 3h. L a b e l was always 

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

was p r e s e n t i n o n l y t r a c e amounts i n these pod e x t r a c t s . 

L a b e l was never d e t e c t e d i n asparagine o r g l u t a m i n e 

a l t h o u g h pods c o n t a i n t h e s e amides i n h i g h c o n c e n t r a t i o n . 

The l a b e l l e d n i n h y d r i n n e g a t i v e compounds r a n i n t h e 

sugar and o r g a n i c a c i d r e g i o n o f t h e chromatogram. 

I n c o r p o r a t i o n o f C i n t o pod p r o t e i n was r a t h e r 
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Fig. 8-5 POD S O L U B L E F R A C T I O N A F T E R 165 MIN. 
S E E T A B L E 8-1. 
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Fig. 8-4 POD S O L U B L E FRACTION A F T E R 15 MIN. -
S E E T A B L E 8-1. 
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[ CJ - C0^ was fed d i r e c t l y to 25-30 day o l d pdd]s, which were 
harvested a t the times given ( i n min,), Experimental d e t a i l s 
are d escribed i n the legend to F i g , 8-1. 



158 

d i f f e r e n t from t h a t i n the l e a f . T yrosine and 
phenylalanine were the f i r s t l a b e l l e d p r o t e i n amino 
a c i d s , followed by s e r i n e and g l y c i n e i n the >+5 min 
sample and a l a n i n e a t 75 min. Other amino a c i d s were 
never as s t r o n g l y l a b e l l e d as these. The ninhydrin 
negative compound l i s t e d i n Table 8-1 was the unknown 
which runs on the e l e c t r o p h o r e s i s o r i g i n to the 
chromatography f r o n t . 

I n the s o l u b l e seed f r a c t i o n a t 7 5 min most of the 

"^C was i n a s p a r t i c a c i d , with s m a l l e r q u a n t i t i e s 

i n the other amino a c i d s sugars, and/or organic a c i d s . 

These l a t t e r included spots with m o b i l i t i e s l i k e those 

of f r u c t o s e , glucose and sucrose. Other l a b e l l e d 

n i n h y d r i n negative compounds with lower Rf v a l u e s 

were present as w e l l . By the end of the 5h asp 

contained only a t r a c e of "^C and glutamic a c i d , 

gluxcortine-j a l a n i n e and s e r i n e were most s t r o n g l y 
m 

l a b e l l e d . C i n c o r p o r a t i o n i n t o p r o t e i n was r e s t r i c t e d 

to seven amino a c i d s f o r the f i r s t 4h of the experiment, 

Label was never detected i n threonine or a l a n i n e , both 

present i n the p r o t e i n i n l a r g e amounts and both 

l a b e l l e d i n the s o l u b l e seed f r a c t i o n . 
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9o Bloom node l e a f photosynthesis 

i 4 
[ C] - C0 2 was fed f o r 3h to l e a v e s subtending 

m 
2 5-30 day o l d pods and during the subsequent 3h C 
was detected i n a l l e x t r a c t s of the l e a v e s , pods and 

14 
seeds. (Table 9-1). The t o t a l C i n the leaf-pod-seed 

system i n c r e a s e d s t e e p l y between the 40 and 90 min 

samples, and then decreased again j u s t as s t e e p l y . 

T h i s was mostly due to a r i s e and f a l l i n the l e a f ***C, 

T h i s p a t t e r n i s more re m i n i s c e n t of t h a t i l l u s t r a t e d 

i n F i g . 7-4, f o r l o s s of l l +C from a leaf-pod-seed 

system at the end of the feeding period, than of any 

of the data produced during continuous feeding. I t i s 
114 i 

i n d i c a t e d t h a t the p l a n t s did not take up | CJ - C0^ 

af'tef tim Mi mim. &mp'l&9 'pwhrn-ps 4~m t o s t e s a t a l 

c l o s u r e i n response to s a t u r a t i o n of the atmosphere 

i n the feeding bag. 
rl 4 

For the two samples taken during [ Cj - CO^ 

uptake an approximate d e s c r i p t i o n of the l e a f photo­

s y n t h e s i s was obtained, as f o l l o w s : 

y = K ( l - e " a x ) 

when x = 40, y = 4261 4261 = K ( l - e " a 4 0 ) 

x = 90, y = 16845 . *.16845 = K(l-e a 9°) 
S i m p l i f y i n g , we obtain 

5 InK = 9 l n ( K - 4 2 6 l ) - 4 ln(K-16845) 

T h i s equation may be solved f o r K by t r i a l and e r r o r . 

We f i n d 

K =70»000 
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S u b s t i t u t i n g i n the origin-.I equations, 
a = 0.003 

When the l e a f i s almost s a t u r a t e d , y i s 99% of K. 

Then, 

e ~ a x = 0.01, a = 0.003 

x = 1533. 

The l e a f would, then, reach s a t u r a t i o n (of the p a r t s 

c o n t a i n i n g l a b e l a t 90 min) a f t e r about 1500 min. 

At 90 min i t was n e a r l y 25% sa t u r a t e d . 

The c a l c u l a t e d time u n t i l s a t u r a t i o n i s 

comparable with the time determined f o r the le a v e s i n 

s e c t i o n 6. (1200 min). The very much higher value 

for K (70,000 as compared with 2,400) r e f l e c t s the 

more a c t i v e photosynthesis of these l e a v e s . 

At the end of the 90 min feeding period the t o t a l 

a c t i v i t y i n the system decreased r a p i d l y , and from 

150 min to 3 30 min i t remained approximately constant 

a t 9000-10,000 cpm/mg. A c t i v i t y decreased s l i g h t l y 

i n the l a s t sample a t 380 min. The samples a t 12 5 min 
14 

and 270 min were c o n s i d e r a b l y l e s s a c t i v e i n C 

uptake than any of the others and so are disregarded 

i n the following d i s c u s s i o n . 

The l e a f f r a c t i o n s were s t r o n g l y l a b e l l e d 

throughout the 6h, no marked l o s s of o c c u r r i n g 

a f t e r the 150 min sample. The pod so l u b l e f r a c t i o n 

reached 400 cpm/mg at 90 min and f l u c t u a t e d r a t h e r than 

changed a f t e r t h i s time. The pod i n s o l u b l e f r a c t i o n 

took r a t h e r longer, 150 min, to approach i t s maximum 
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a c t i v i t y and v a r i a b i l i t y masked any trends a f t e r t h i s 

time. By 245 min the seeds had absorbed more s o l u b l e 
l l fC per mg than had the pod and the l e v e l remained 

higher f o r the r e s t of the 6h. V a r i a b i l i t y between 

p l a n t s was l e a s t evident i n the seed i n s o l u b l e 

f r a c t i o n where the cpm per mg i n c r e a s e d f a i r l y 

s t e a d i l y f o r the whole 6h. 

Autoradiography of e x t r a c t s r e v e a l e d t h a t more 

than h a l f of s o l u b l e a c t i v i t y i n l e a f , pod and seeds 

was i n ninhydrin negative compounds. I n a l l c a s e s 

the r a d i o a c t i v e areas were not f u l l y r e s o l v a b l e 

i n t o spots, but at l e a s t i n leaves and pods probably 

included sucrose, glucose and f r u c t o s e . I n s o l u b l e 

f r a c t i o n s a l l contained the r a d i o a c t i v e unknown which 

runs on the e l e c t r o p h o r e s i s o r i g i n to the chromatography 
14 

f r o n t . I n l e a f , pod and seed some C was incorporated 

i n t o i n s o l u b l e amino a c i d s before the end of the 6h. 

(Table 9-2), 

A l l the amino a c i d s i n l e a f p r o t e i n became 

l a b e l l e d , and some very s t r o n g l y , although v a l i n e , 

methionine and b a s i c amino a c i d s were never detected 

l a b e l l e d i n the s o l u b l e f r a c t i o n . T h i s data i s 

d i s c u s s e d q u a n t i t a t i v e l y i n s e c t i o n 10. At 90 min most 
14 

of the s o l u b l e amino a c i d C i n the pod was i n s e r i n e 
and a l a n i n e , and these amino a c i d s contained l e s s than 

14 
5% o f the t o t a l s o l u b l e C. Glutamic a c i d , glutamine 

and t y r o s i n e were the only other s o l u b l e amino a c i d s 

to become as st r o n g l y l a b e l l e d . A s p a r t i c a c i d , 

asparagine, dihydroxyphenylalanine, v a l i n e and 
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ty-aminobutyric a c i d were a l l present i n the pod sol u b l e 

f r a c t i o n at equal or g r e a t e r concentrations than the 

l a b e l l e d compounds (see appendix), but were l a b e l l e d 

weakly or not at a l l . G l y c i n e , which was present i n 

t r a c e q u a n t i t i e s only, was l a b e l l e d i n two samples. 

I n the pod p r o t e i n , s e r i n e , g l y c i n e , a l a n i n e , t y r o s i n e 

and phenylalanine contained most "^C. These are the 

same amino a c i d s which were s t r o n g l y l a b e l l e d i n pod 

p r o t e i n a f t e r pod photosynthesis. Serine and a l a n i n e 
14 

were the only C amino a c i d s d e t e c t a b l e i n the seed 

before the 180 min samples. At 180 min l a b e l appeared 

i n numerous s o l u b l e seed amino a c i d s . T h i s coincided 
with a marked o v e r a l l i n c r e a s e i n the amount of 

14 
amino a c i d C. Label then remained predominantly i n 

s e r i n e , a l a n i n e , glutamic a c i d and glutamine f o r the 

remainder of the 6h. Serine and a l a n i n e were a l s o the 

most s t r o n g l y l a b e l l e d amino a c i d s i n seed p r o t e i n , 

w i t h t y r o s i n e and phenylalanine being the only others 

with more than t r a c e amounts of l a b e l . 
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PART FOUR: 

Q u a n t i t a t i v e a n a l y s i s of 

r a d i o a c t i v e amino a c i d s 

10. Leaf photosynthesis 



1 6 8 

0* Leaf photosynthesis 

The l e a f samples des c r i b e d i n s e c t i o n 9 were 

analysed f o r amino a c i d s and 1 4 C per amino a c i d as 

described i n Methods. T h i s was the only whole s e t 

of samples containing s u f f i c i e n t p r o t e i n f o r 

a n a l y s i s i n t h i s manner. The r e s u l t s of the amino 

a c i d and r a d i o a c t i v e analyses are presented i n 

Tables 10-1 to 10-4. The data i n these t a b l e s i s 

d i r e c t l y comparable with the autoradiograph data i n 

Table 9-2. I n general the two a n a l y s e s agree, but 

the autoradiography appears to be s l i g h t l y more 

s e n s i t i v e . I n p a r t , a t l e a s t , t h i s must be due to 

the p o l i c y of ignoring peaks i n the planchet counting 

data which were not higher than twice the b a s e l i n e 

count. The changes with time i n the a c t i v i t y of the 

more s t r o n g l y l a b e l l e d amino a c i d s are i l l u s t r a t e d i n 
1 4 

F i g s . 10-1 to 10-5. The t o t a l uptake of C i n t o 

s o l u b l e and p r o t e i n amino a c i d s i s p l o t t e d i n F i g . 10-5. 

From these f i g u r e s i t i s evident t h a t the i n c o r p o r a t i o n s 

of [ 1 1 +C] - s e r i n e , a l a n i n e , g l y c i n e , t y r o s i n e and 

phenylalanine i n t o p r o t e i n a l l followed a s i m i l a r 

p a t t e r n , and t h i s p a t t e r n i s d i f f e r e n t from t h a t shown 

by glutamic and a s p a r t i c a c i d s . 

The former group of amino a c i d s (group A) f o l l o w s 

the same p a t t e r n of C i n c o r p o r a t i o n as i s seen m 

the graph of i n c o r p o r a t i o n i n t o t o t a l amino a c i d s . 

The "^C i n both sol u b l e and i n s o l u b l e f r a c t i o n s rose 

s t e e p l y to the 90 min sample ( e f f e c t i v e end of feeding 
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of l e a f . A s p a r t i c and glutamic a c i d q u a n t i t i e s include t h e i r 
amides. Times are i n minutes a f t e r 10.00 a.m., the s t a r t of 
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Amino a c i d a c t i v i t i e s are given i n ^uCi per g e x t r a c t e d weight 
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of l e a f . T o t a l C i s the sum of the amino a c i d a c t i v i t i e s . 
;Samplje i s -ca'laula.t'edTfrom the cpni/mg f o r the whole sample 
XTable $-1). Serine a c t i v i t y i n c l u d e s t h a t of threonine. 
.U^I and;UN2 are unknowns e l u t e d under the ammonia b a s e - l i n e 
s?ise. Experimental d e t a i l s are as i n the legends to Tables 
9--1 and 3,0-2• t Samples we.re counted o,n the Traqdrlab gas 
flow counter. Counting e r r o r s were always l e s s than 10% 
"and g e n e r a l l y ^-'H^. '; 
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Experimental d e t a i l s are described i n the legends to 
Tables 9-1 and 10-1. Samples were counted on the 
T r a c e r l a b gas flow counter. Counting e r r o r s were always 
l e s s than 10% and g e n e r a l l y 5-6%. Amino a c i d a c t i v i t i e s 
are i n p C i per g e x t r a c t e d weight of l e a f . T o t a l •L'*C i s 
the sum of the amino a c i d a c t i v i t i e s . Sample l 4 C i s 
c a l c u l a t e d from the cpm/mg f o r the whole sample (Table 9-1) 
.Serine a c t i v i t y i n c l u d e s t h a t of threonine.' 
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period) and then dropped almost as s t e e p l y as i t rose* 
The a c t i v i t y of the 150 min sample was not very 

14 
d i f f e r e n t from the 40 min one. A f t e r 150 min the C 

i n the s o l u b l e f r a c t i o n decreased slowly while the 

i n s o l u b l e f r a c t i o n became slowly more r a d i o a c t i v e . 

In most cases the change i n "^C i n the two f r a c t i o n s 

was s i m i l a r , and one can v i s u a l i s e t h a t s o l u b l e ^-amino 

a c i d was being incorporated i n t o p r o t e i n . The r a p i d 

decrease i n 1 4 C i n both f r a c t i o n s a f t e r 90 min cannot 
be accounted f o r by exchange between the two f r a c t i o n s . 

14 
The C here l o s t must have been removed from the 

l e a f - by export or by r e s p i r a t i o n . 

I n c o r p o r a t i o n of 1 4 C i n t o s o l u b l e a s p a r t i c a c i d 

followed much the same p a t t e r n as i n c o r p o r a t i o n i n t o 

group A amino a c i d s , although l o s s of "^C a f t e r 90 min 

was not as steep. Soluble glutamic a c i d followed a 

very d i f f e r e n t p a t t e r n , r i s i n g s t e e p l y to about 

3uCi per g at 90 min and then o s c i l l a t i n g between 

1.0 and 4.5/uCi per g f o r the r e s t of the experiment. 

T h i s o s c i l l a t i o n i s s i m i l a r i n s i z e to the estimated 20% 

v a r i a b i l i t y between samples, and can perhaps be accounted 

for i n t h i s manner. I n s o l u b l e glutamic and a s p a r t i c 

a c i d s did not show the dramatic i n c r e a s e i n a c t i v i t y 

during the f i r s t 90 min. I n both cases a c t i v i t y rose 

l e s s s t e e p l y to a p l a t e a u where i t remained between the 

90 and 180 min samples, and began to r i s e again before 

the 300 min sample. Since no sample i s recorded 

between 180 and 300 min i t cannot be e s t a b l i s h e d whether 

or not the second r i s e i n a c t i v i t y was -associated with 
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removal of the feeding chamber. Inc o r p o r a t i o n of C 

i n t o p r o t e i n between 300 and 360 min i s n o t i c e a b l e 

f o r a l l amino a c i d s . 

Of the l e s s s t r o n g l y l a b e l l e d p r o t e i n amino a c i d s , 

c y s t i n e , i s o l e u c i n e , l e u c i n e , l y s i n e and a r g i n i n e 

followed a p a t t e r n of "^C i n c o r p o r a t i o n s i m i l a r to t h a t 

of group A, d i s c u s s e d above. Vali n e and methionine 

alone did not show a peak of a c t i v i t y a t 90 min. 

The proportion of t o t a l a c t i v i t y i n amino a c i d s 

was about 10% f o r the s o l u b l e f r a c t i o n and 30% or more 

f o r the i n s o l u b l e f r a c t i o n . Both percentages tended 

to i n c r e a s e towards the end of the 6h. V a r i a b i l i t y 

i n t o t a l uptake was high. From the f i g u r e s i n Tables 

10-3 and 10-4 some d e t a i l s of the l e a f system can be 

c a l c u l a t e d , very approximately. 

For a l e a f weighing 0.05g ( e x t r a c t e d weight), 

A c t i v i t y at 90 min = 548 uCi/g 

s 24 uCi per l e a f 

A c t i v i t y a t 150 min = 196 : jaCi/g 

= 10 yuCi per l e a f , 

14 
I n 60 minutes, C l o s s from l e a f i s 10 jaCi 

14 
.*. I n 90 minutes, C l o s s would have been 15 ^uCi 
.*, I n 90 minutes, the l e a f must have removed 24 + 15, 

14 
i . e . 39 ^ C i C from the feeding chamber - over h a l f 
of the supplied [ 1 4 C j - C 0 2 > 

An estimate of the metabolic pool s i z e f o r an amino 
14 

a c i d t a k i n g up C can be obtained by f i t t i n g an 

exponential curve to the a n a l y s i s data. D i v i s i o n 

of the ,uCi per g data by the s p e c i f i c a c t i v i t y of the 

source carbon would convert the data to yumoles of carbon 
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at the same s p e c i f i c a c t i v i t y as the source. However, 
14 

s i n c e only two samples were obtained during C 

uptake i n t o amino a c i d s , t h i s method could not be 

app l i e d with any accuracy to the present data. The 

amount of amino a c i d l a b e l l e d a t 90 min can, however, 

be determined and compared with the t o t a l amino a c i d 

i n t h a t sample. 

For example, 
14 

At 90 min s e r i n e contained 14.6/uCi C per g. Amount of s e r i n e l a b e l l e d a t the same s p e c i f i c 

»2 a c t i v i t y as the appli e d [ CJ - C0„ i s 

14 G 
- y j - ,/umoles carbon 

14 6 
£ e — y u m o l e s s e r i n e per g e x t r a c t e d weight 

12x3 
i . e . 0.41 ^umoles s e r i n e per g e x t r a c t e d weight 

But from Table 10-1, the l e a f contains 140 untoles o f 

s e r i n e per g i n i t s s o l u b l e f r a c t i o n . A very small part 

of the t o t a l l e a f s e r i n e i s a f f e c t e d by 90 min 

'2 photosynthesis i n f^Cj - CO. and t h i s i s so f o r a l l 

the amino a c i d s . 
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F i g . 10-1. "^C i n s o l u b l e and p r o t e i n amino a c i d s of l e a v e s . 
The l e a v e s were fed 7 5 / i C i [ 1 4 C ] - C0 2 f o r 3h, but took i t up 
only f o r 90 min. Feeding began at 10.00 a.m. and times are i n 
minutes a f t e r the s t a r t . Experimental c o n d i t i o n s are described 
i n the legend to Table 9-1. E r r o r s are estimated i n the 
legends to Tables 10-3 and 10-4. 
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F i g . 10-2. C i n s o l u b l e and p r o t e i n amino a c i d s of l e a v e s . 
rl4 T 

The l e a v e s were fed 75 yuCi [ CJ - C0 2 f o r 3h, but took i t up 
only f o r 90 min. Feeding began at 10.00 a.m. and times are i n 
minutes a f t e r the s t a r t . Experimental c o n d i t i o n s are described 
i n the legend to Table 9-1. E r r o r s are estimated i n the 
legends to Tables 10-3 and 10-4. 
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14 
F i g . 10-3. C i n s o l u b l e and p r o t e i n amino a c i d s of l e a v e s . 
The leaves were fed 7 5 fdCi [ 1 4 C ] - C0 2 f o r 3h, but took i t up 
only f o r 90 min. Feeding began at 10.00 a.m. and times are i n 
minutes a f t e r the s t a r t . Experimental conditions are described 
i n the legend to Table 9-1. E r r o r s are estimated i n the legends 
to Tables 10-3 and 10-4. ' 
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F i g . 10-4. C i n s o l u b l e and p r o t e i n amino a c i d s of l e a v e s . 
The l e a v e s were fed 7 5 ^uCi [ l t jC] - C0 2 f o r 3h, but took i t up 
only f o r 90 min. Feeding began at 10.00 a.m. and times are i n 
minutes a f t e r the s t a r t . Experimental c o n d i t i o n s are described 
i n the legend to Table 9-1. E r r o r s are estimated i n the legends 
to Tables 10-3 and 10-4. 
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F i g 10-5. T o t a l C i n l e a f amino a c i d s . 
The l e a v e s were fed 7 5 pCi [ 1 4 c ] C0 2 f o r 3h, but took i t 
up only f o r 90 min. Feeding began at 10.00 a.m. and times 
are i n minutes a f t e r the s t a r t . Experimental c o n d i t i o n s are 
de s c r i b e d i n the legend t o Table 9-1. E r r o r s are estimated 
i n the legends to Tables 10-3 and 10-4. 
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DISCUSSION 

I n a l l the experiments here d e s c r i b e d , except those 

i n v o l v i n g c o l l e c t i o n of sap, s i n g l e p l a n t s were sampled. 

T h i s was done i n order to minimise the use of r a d i o a c t i v e 

m a t e r i a l s , and i n the b e l i e f t h a t more information would 

be obtained from ten consecutive i n d i v i d u a l samples ; 

than from three or four more widely spaced samples 

containing two or three r e p l i c a t e s . V a r i a b i l i t y between 

p l a n t s was high, and the f i t t i n g of curves to experimental 

data has been used i n an attempt to overcome t h i s 

v a r i a b i l i t y and s i m p l i f y the i n t e r p r e t a t i o n of r e s u l t s . 

I n the two continuous feeding experiments where l e a f 

and pod photosynthesis were s t u d i e d , uptake of | 1 4 C | - C0 2 

was found to be exponential, and the p r o p e r t i e s of the 

system were analysed i n d e t a i l . I n the pulse-feeding 

experiments, r e s u l t s were complicated by the simultaneous 
14 

movement of C i n t o and out of the d i f f e r e n t p a r t s of 

the system, and the f i t t i n g of a simple curve to the 

data was no longer meaningful. 

The system studied was the developing broad bean 

f r u i t between i t s 20th and 35th day of growth. Davis 

(1966) has d i s c u s s e J the problem of ageing f r u i t s i n 

terms of days a f t e r p o l l i n a t i o n i n the l i g h t of s t u d i e s 

of embryo formation by Rau (1951). Flowers open w i t h i n 

one day of the s t a r t of embryo growth, and t h i s event 

can q u i t e reasonably be c a l l e d day 1 i n the l i f e of the 

f r u i t . However, considerable v a r i a t i o n i s observed i n 

the subsequent r a t e of maturation of the pod and seeds, 
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and age i n days i s not always a r e l i a b l e estimate of 
i t s p h y s i o l o g i c a l age. 

Robertson et a l (1962) d e s c r i b e s how seed development 

i s a f f e c t e d by a number of environmental f a c t o r s . 

B r i a r t y , Coult and Boulter (1969) define the broad bean 

f r u i t t h a t they study as 'mid-season f r u i t " because of 

the varying r a t e of maturation with time of year, weather, 

e t c . T h i s v a r i a b i l i t y i s not s u r p r i s i n g i n the l i g h t of 

work such as t h a t of Steward et a l (19 59) i n which i t 

i s shown t h a t the chemical composition of p l a n t s depends 

markedly on photoperiod, temperature, mineral n u t r i e n t s , 

d i u r n a l v a r i a t i o n s and i n t e r a c t i o n s between these f a c t o r s . 

Therefore i t i s important, f o r comparative d i s c u s s i o n , 

to determine the p h y s i o l o g i c a l age of the f r u i t s being 

st u d i e d . 

P r o t e i n formation i n the broad bean f r u i t has been 

analysed i n d e t a i l by Davis (1966) and B r i a r t y , Coult 

and Boulter (1969). Davis d e s c r i b e s the appearance of 

the growing pod at d i f f e r e n t stages of development. 

At 20 days pods were 8cm long, swollen, spongy to touch, 

and the seeds were not apparent. At 32 days the pods 

were 17cm long, hardening and beginning to r e v e a l the 

seeds as bumps. At 48 days the 26cm long pods were 

hard, green and beginning to dry. A n a l y s i s of the 

p r o t e i n i n seeds taken from these pods demonstrates 

t h a t each pod type j u s t mentioned f a l l s i n t o one of the 

t h r e e phases of development described by B r i a r t y , Coult 

and Boulter (1969), which are summarised i n the 

I n t r o d u c t i o n to t h i s t h e s i s . I n the present work, the 
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20-25 day old pods de«*nribed i n F i g , 7-X are l i k e the 
20 day old pods of Davis (1966) and must be a t the end 
of Phase I of development. The seeds were very small 
and were nearing the end of the r a p i d m i t o t i c phase. 
The 30-35 day old pods des c r i b e d i n F i g . 7-3 were aged 
between the 32 day and 48 day pods described by Davis. 
The t e s t a s were no longer t h i c k and f l e s h y and the seeds 
were hard. These samples must have been a t the 
beginning of Phase I I I and undergoing r a p i d accumulation 
of i n s o l u b l e r e s e r v e s . A l l other f r u i t s used i n t h i s 
work were a l i k e p h y s i o l o g i c a l l y , although they v a r i e d 
i n age from 2 5 to 3 5 days. The seeds had f l e s h y t e s t a s 
and s m a l l , about 8mm long, cotyledons. The pods were 
7-10cm long. These were younger than the 32 day old 
pods described by Davis and must have been i n Phase I I 
of development. P r o t e i n formation i n the seeds of these 
samples must have oean c h i e f l y .album-ins, i . e . s t r u c t u r a l 
and metabolic p r o t e i n . Accumulation of legumin and 
v i e i l i n would not have begun. (Davis, 1966), 

Amino a c i d metabolism has been e x t e n s i v e l y studied 

during the l a s t two decades, and b i o s y n t h e t i c pathways 

for almost a l l the amino a c i d s found i n p l a n t s are known. 

Many of these pathways have been demonstrated to operate 

i n t i s s u e s from a number of plant s p e c i e s . Others are 

assumed to be operat i v e by comparison with animals or 

microorganisms. Amino a ^ i d b i o s y n t h e s i s has been 

reviewed by Meister (19S5), and i n p l a n t s by McKee (1962) 

^owden (1967), Davies (1968), M i f l i n (1973). 

Nitrogen enters i n t o organic combination v i a ammonia 
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e i t h e r from n i t r a t e or n i t r i t e or from atmospheric 
n i t r o g e n i n root nodules. Glutamic a c i d and glutamine 
are the primary products of root nodule f i x a t i o n . 
(Kennedy, 1966; Cocking and Yemm, 1961). Glutamic a c i d 
i s the primary product from n i t r a t e r e d u c t i o n (Beevers 
and Hageman, 1969). The combination of ammonia with 
ot-ketoglutarate to produce glutamic a c i d i s c a t a l y s e d 
by glutamic dehydrogenase, an.-enzyme which has been 
i s o l a t e d from a number of p l a n t t i s s u e s (see I n t r o d u c t i o n ) . 
Glutamic a c i d i s the only amino a c i d f o r which a 
dehydrogenase i s known i n higher p l a n t s , and so nitrogen 
must enter other amino a c i d s by transamination from 
glutamic a c i d . 

Transamination was f i r s t reported i n muscle t i s s u e 

by Braunstein and Kritzmann (1937) and s h o r t l y afterwards 

i n 'vegetable m a t e r i a l s ' by Kritzmann (19 39). 

Transaminations have been reported from a l a r g e number 

of p l a n t t i s s u e s and shown to t r a n s f e r the amino group 

of most amino a c i d s to otketoglutaric a c i d . Wilson, 

King and B u r r i s (1964) used three independent methods 

to demonstrate the presence i n p l a n t s ox transaminases 

which would t r a n s f e r the amino group from each of 

seventeen amino a c i d s to a k e t o g l u t a r i c a c i d . Alanine 

has been shown to be s y n t h e s i s e d by transamination of 

py r u v i c a c i d with a s p a r t i c a c i d i n peas ( V i r t a n e n and 

L a i n e , 193 8) and of pyruvic a c i d with glutamic a c i d i n 

wheat germ (Cruickshank and Isherwood, 1958) and mung 

bean mitochondria (Bone and Fowden, 1960). A s p a r t i c 

a c i d i s s y n t h e s i s e d by transamination from o x a l o a c e t i c 
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a c i d i n c a u l i f l o w e r ( E l l i s and Davies, 1961), oat 

se e d l i n g s (Albaum and Cohen, 1943), wheat germ 

(Cruickshank and Isherwood, 1958) and mung bean (Bone 

and Fowden, 1950). The l a s t two groups of workers 

demonstrated t h a t the alanine-glutamic a c i d and a s p a r t i c 

a c i d glutamic a c i d transaminases were d i f f e r e n t enzymes. 

Transamination to e i t h e r a k e t o g l u t a r i c a c i d or o x a l o a c e t i c 

a c i d from y-hydFoxyglutamic a c i d , y-methylene glutamic 

a c i d , 6- hydroxyaspartic a c i d , c y s t e i c a c i d and c y s t e i n e 

s u l p h i n i c a c i d was demonstrated f o r c a u l i f l o w e r by E l l i s 

and Davies (1961). An aromatic amino a c i d transaminase 

from mung bean was i s o l a t e d and shown to transaminate 

t y r o s i n e or phenylalanine with a k e t o g l u t a r a t e or 

pyruvate by Gamborg and Weller (1963). Y- m e"thylene-

glutarnic a c i d and Y ~ m e t h y l g l u t a m i c a c i d have been shown 

by Fowden and Dona (1953) to transaminate with 

a k e t o g l u t a r i c a c i d , pyruvic a c i d and o x a l o a c e t i c a c i d 

a t comparable r a t e s to the other amino a c i d s i n ground 

nut s e e d l i n g s . Transamination i s the l a s t step i n 

the formation of many amino a c i d s , i n c l u d i n g v a l i n e , 

l e u c i n e , i s o l e u c i n e , as w e l l as those described above 

(Rudman and M e i s U r , 1953; Adelberg and Umbarger, 1953). 

Transamination of pyruvate appears to be one of 

the main s y n t h e t i c pathways to a l a n i n e , but Smith, 

Bassham and K i r k (1961) suggested t h a t a l a n i n e i s 

formed a l s o by r e d u c t i v e amination of phosphoenolpyruvate 

formed i n photosynthesis. ^alanine has been shown to 

ba formed by transamination from malonic semialdehyde 

^ n Pseudomonas (Nishizuka et a l 1959). Evidence f o r 

the presence of 8 ~ a l a - a - a l a transaminase has a l s o been 
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obtained f o r L a c t o b a c i l l u s s?p. (Roberts et_ a l 1953) 

and p l a n t t i s s u e s . (Davies, G i o v a n e l l i and Ap Rees, 1964). 

These authors a l s o r e p o r t the formation of galanine by 

d ecarboxylation of a s p a r t i c a c i d i n b a c t e r i a and i n e x t r a c t s 

of squash f r u i t . 

A s p a r t i c a c i d i s b i o s y n t h e s i s e d by transamination 

of o x a l o a c e t i c a c i d which a r i s e s , e i t h e r from the 

t r i c a r b o x y l i c a c i d c y c l e or by c a r b o x y l a t i o n of 

phosphoenolpyruvate. Withdrawal of o x a l o a c e t i c a c i d 

from the TCA c y c l e would i n h i b i t the r e s p i r a t o r y f u n c t i o n 

of the c y c l e , and so the a l t e r n a t i v e route i s the 

g e n e r a l l y accepted pathway. A l l the enzymes involved 

i n the c a r b o x y l a t i o n have been found i n p l a n t s and the 

r e s u l t s of a number of l a b e l l i n g s t u d i e s have confirmed 

t h a t a s p a r t i c a c i d i s b i o s y n t h e s i s e d i n t h i s manner. 

(Gibbs, 19 51; Tchen and Vennesland, 1955; Bandurski 

and G r e i n e r , 1953). However, experiments with feeding 

l a b e l l e d a c e t a t e to wheat p l a n t s i n d i c a t e that the TCA 

c y c l e i s important i n supplying carbon skeletons to the 

d i c a r b o x y l i c amino a c i d s ( B i l i n s k i and McConnell, 1957), 

and so, e i t h e r the TCA c y c l e i s o p e r a t i v e i n more than 

one separate metabolic pool, one of which does not 

f u l f i l the r e s p i r a t o r y f u n c t i o n , or e l s e some of the 

intermediates i n the c y c l e can interchange with other 

pools which thereby would become l a b e l l e d from fed a c e t a t e , 

I t has a l s o been suggested t h a t some a s p a r t i c a c i d must 

be formed by a C2 + C2 (Thunberg) condensation, s i n c e 

a s p a r t i c a c i d l a b e l l e d i n carbon atoms 2 and 3 i s produced 

i n broad bean l e a v e s photosynthesising i n ["^cj - C0_ 
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(Nelson end Krotkov, 19 56). Other workers have 

confirmed t h i s l a b e l l i n g p a t t e r n (Davies, Hanford and 

Wilkinson, 1959), but d e t a i l s of the r e a c t i o n s have 

not been e s t a b l i s h e d . 

Asparagine i s formed from a s p a r t i c a c i d by 

r e a c t i o n s analogous to glutamine s y n t h e s i s . Asparagine 

synthetase has been reported i n e x t r a c t s of l u p i n 

s e e d l i n g s and wheat germ (Webster and Varner, 1955). 
14 

Other workers have reported C l a b e l l i n g p a t t e r n s 

which i n d i c a t e t h a t asparagine i s b i o s y n t h e s i s e d from 

a s p a r t i c a c i d . ( B i d w e l l , 1963). Glutamine synthetase 

has been more e x h a u s t i v e l y studied than asparagine 

synthetase. E l l i o t t ( 1 9 5 1 ) demonstrated glutamine 

s y n t h e s i s i n e x t r a c t s of l u p i n s e e d l i n g s , and Webster 

(1953) showed t h a t glutaraine i s formed from glutamic 

a c i d i n a wide v a r i e t y of p l a n t s i n c l u d i n g bean s e e d l i n g s . 

Other workers (Levintow e t a l 1955; Loomis, 1959) have 

shown t h a t glutamine synthetase c a t a l y s e s the glutamyl 

t r a n s f e r r e a c t i o n , glutamine + hydroxylamine •*• 

Yglutamethylhydroxamate + ammonia as w e l l as the 

conversion of glutamic a c i d to glutamine. 

Other amino a c i d s which are s y n t h e s i s e d d i r e c t l y 

from glutamate include Y-aminobutyric a c i d , p r o l i n e and 

a r g i n i n e . Decarboxylation of glutamic a c i d to produce 

y-aminobutyric a c i d has been demonstrated i n legumes 

(Fowden 9 19 54; Kulk a r n i e and Sohonie, 1956) and b a r l e y 

(Beevers, 1951). The enzyme, glutamic decarboxylase, 

has been p u r i f i e d and c h a r a c t e r i s e d ( S c h a l e s , Mims and 

S c h a l e s , 1946). Y"" a mi n°butyric a c i d has been shown to 
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transaminate with a k e t o g l u t a r i c a c i d forming s u c c i n i c 

semialdehyde i n A s p e r g i l l u s fumigatus and E, c o l i 

(Roberts et a l , 1953). Steward, B i d w e l l and Yemm (1956) 

showed t h a t yaminobutyric a c i d supplied to c a r r o t root 

t i s s u e c u l t u r e was converted r e a d i l y to glutamic a c i d 

and glutamine but was not s y n t h e s i s e d from these amino 

a c i d s . T h i s suggests t h a t Yaminobutyric a c i d i s not 

simply an end product of glutamate decarboxylation but 

a l s o an important metabolite, donating carbon to 

metabolism. 

The formation of p r o l i n e from glutamic a c i d i n 

higher p l a n t s has been f r e q u e n t l y demonstrated. 

(McConnell, 1959, Meister et a l , 1957). The s y n t h e t i c 

pathway v i a glutamic semialdehyde and - p y r r o l i n e - 5 -

c a r b o x y l i c a c i d has been demonstrated i n Neurospora 

(Vogel and Bonner, 195H) and evidence for i t s e x i s t e n c e 

i n p l a n t s i s strong (Mann and Smithies, 1955; Meister e_t_ 

1957). The involvement of a c e t y l a t e d intermediates i s 

suggested by the work of Morris, Thompson and Johnson 

(1969) who demonstrated t h a t N-acetylglutamate donates 

crrbon to p r o l i n e 

Arginine i s g e n e r a l l y accepted to be b i o s y n t h e s i s e d 

from glutamic a c i d v i a o r n i t h i n e and c i t r u l l i n e i n the 

Krebs and H e n s l e i t (1932) urea c y c l e . The amino a c i d s 

a s s o c i a t e d with t h i s pathway have been reported from 

many plant s p e c i e s i n c l u d i n g wheat, b a r l e y and watermelon 

( K a s t i n g and Delwiche, 1955), j a c k bean (Walker c:>:d 

Myers, 1953), peas (Davison and E l l i o t , 1952), t r e e sap 

( B o l l a r d , 1957) and a l d e r (Miattinen and Virt&nen, 1952). 
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A number of authors have demonstrated c l o s e metabolic 
r e l a t i o n s h i p s between o r n i t h i n e , c i t r u l l i n e and a r g i n i n e 
.in p l a n t s , (Skinner and S t r e e t , 1954; F r i e s , 195 3; 
Bone, 1959; Racusen and Aronoff, 1954), A c e t y l a t e d 
intermediates have been shown to p a r t i c i p a t e i n a r g i n i n e 
s y n t h e s i s (Maas, N o v e l l i and Lipman, 1953; Dougall and 
F u l t o n j 1967) and i t i s l i k e l y t h a t t h i s pathway 
normally operates i n p l a n t s . Both l a b e l l e d o r n i t h i n e 
and a r g i n i h e are u t i l i s e d by p l a n t s with the formation 
of l a b e l l e d glutamate and p r o l i n e (Naylor, 1959) and 
the apparent r e v e r s a l of expecced a r g i n i n e s y n t h e s i s 
i s i n t e r p r e t e d as being due to flooding of the metabolic 
pools with the exogenously supplied metabolite. 
C i t r u l l i n e i s s y n t h e s i s e d from o r n i t h i n e and carbamyl 
phosphate (Jones, Spector and Lipmann, 1955; G l a s z i o u , 
1956). Carbon f i x a t i o n i n the presence of carbon dioxide 
ammonia and o r n i t h i n e can occur, with carbamyl phosphate 
a c t i n g as carbamyl group donor (Bone, 1959). C i t r u l l i n e 
and a s p a r t a t e then r e a c t to form a r g i n o s u c c i n a t e which 
i s broken down by a r g i n o s u c c i n a s e to a r g i n i n e and fumarat 
(Ratner, et a l , 1953). T h i s enzyme has been shown to 
be widely present i n p l a n t t i s s u e (Davison and E l l i o t t , 
1952; Walker and Myers, 1953). A l l the other enzymes of 
the c y c l e have a l s o been found i n p l a n t s ( M i f l i n , 1973). 

Homoserine and threonine are b i o s y n t h e s i s e d from 

a s p a r t i c a c i d . The formation of homoserine v i a B a s p a r t y l 

phosphate and aspartic-S-semialdehyde was f i r s t descz^ibed 

i n d e t a i l f o r y e a s t by Black and Wright (1955) who 

c h a r a c t e r i s e d the enzymes involved. The conversion has 
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a l s o been demonstrated i n E„ c o l i CA'be.lson, 195*0 and 

i n a number of plant s p e c i e s (Naylor et_aJL, 1958; 

Dougall and F u l t o n , 1967b; Dunham and Bryan, 1971). 

The enzyme systems have been described f o r pea se e d l i n g s 

by Sasatka and Inagaki (1960), and shown to resemble the 

ye a s t enzymes. The conversion of homoserine to threonine 

i n p l a n t s has been demonstrated (Naylor e t a l , 1958; 

Dougall and F u l t o n , 1967b; Dunham and Bryan, 1971). 

I n y e a s t , t h i s conversion has been shown to involve two 

e n z y m a t i c a l l y c o n t r o l l e d r e a c t i o n s (Watanabe e t a l , 1955), 

but the d e t a i l s i n higher p l a n t s have not been e l u c i d a t e d . 

Two d i s t i n c t pathways f o r l y s i n e b i o s y n t h e s i s e x i s t . 

I n y e a s t (Strassman and Weinhouse, 1953; Weber et a l , 1964), 

a pathway beginning with the condensation of acetyl** 

coenzyme A and a - k e t o g l u t a r i c a c i d r e s u l t s i nthe production 

of a a m i n o a d i p i c a c i d which i s converted to l y s i n e . The 

enzymatic evidence f o r t h i s pathway i s reviewed by 

Broquist and Trupin (1966). T h i s pathway has a l s o been 

demonstrated i n a number of other f u n g i . I n E. c o l i 

aspartic-g-semialdehyde enters r e a c t i o n s l e a d i n g to 

d-'.aminopimetic a c i d and a s p e c i f i c decarboxylase a c t s 

to give l y s i n e (Edelman and G i l v a r g , 1961); G i l v a r g , 1962) 

Considerable evidence has been accumulated which suggests 

t h a t the diaminopimelate pathway operates i n higher p l a n t s , 

although under some con d i t i o n s or i n some s p e c i e s there 

i s evidence f o r the fu n c t i o n i n g of the aminoa d i p a t e 

pathway. T h i s l i t e r a t u r e i s reviewed by M i f l i n (1973). 

The formation of h i s t i d i n e i n Neurospora c r a s s a has 

been shown to involve the conversion of i m i d a z o l e g l y c e r o l 
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phosphate i n two steps to h i s t i d i n o l which i s converted 

d i r e c t l y to h i s t i d i n e . The enzymes c o n t r o l l i n g these 

r e a c t i o n s have been c h a r a c t e r i s e d (Ames and M i t c h e l l , 19 5 5 

Ames, 1957a, b; Ames and Horecker, 1956). Work with 

E. c o l i suggests a s i m i l a r pathway (Westley and Ceithaml, 

1956). I t has a l s o been shown t h a t the amide nitrogen 

of glutamine i s incorporated p r e f e r e n t i a l l y i n t o Nl of 

h i s t i d i n e , while N3 o r i g i n a t e s most r e a d i l y from adenine 

(Neidle and Waelsh, 1959). I n Salmonella typhimurium 

i m i d a z o l e g l y c e r o l phosphate i s s i m i l a r l y converted to 

h i s t i d i n e and i s shown to be formed i n a number of steps 

from phosphoribosyl AMP (Ames and Martin, 1964). I n t h i s 

c a s e , a l l ten steps of the s y n t h e s i s have been i d e n t i f i e d 

with one of the nine genes of the h i s t i d i n e operon. 

L i t t l e i s known of h i s t i d i n e b i o s y n t h e s i s i n higher p l a n t s 

except t h a t h i s t i d i n o l (Dougall and Fulton 1967b) and 

imidazoleglycerol phosphate would appear to be intermediate 

( S e i g e l and G e n t i l e , 1966; Davies, 1971). 

Aromatic amino a c i d b i o s y n t h e s i s has r e c e n t l y been 

reviewed by Yoshida (1969). The b i o s y n t h e t i c pathway i n 

microorganisms i s w e l l e s t a b l i s h e d . Condensation of 

phosphoenolpyruvate and e r y t h r o s e phosphate ( a r i s i n g from 

glutamate breakdown) give s r i s e i n a number of steps to 

s h i k i m i c a c i d , chorismic a c i d and then prephenic a c i d . 

Conversion of prephenic a c i d to phenyl pyruvic a c i d or 

p-hydroxyphenylpyruvic a c i d , followed by transamination, 

g i v e s r i s e to phenylalanine or t y r o s i n e r e s p e c t i v e l y . 

Tryptophan a r i s e s from chorismic a c i d v i a a n t h r a n i l i c a c i d 

and i n d o l e - 3 - g l y c e r o l phosphate. Considerable evidence 
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f o r the operation of t h i s pathway i n p l a n t s has been 

published (McCalla and Neish, 1959; Gamborg and Neish, 

19 59; Yoshida and Towers, 1963) and a number of the 

enzymes concerned have been i d e n t i f i e d (Yoshida, 1969; 

M i f l i n , 1973). There i s , however, evidence t h a t t h i s 

i s not the only pathway to t y r o s i n e and phenylalanine 

i n p l a n t s , and the involvement of q u i n i c a c i d i n the 

a l t e r n a t e b i o s y n t h e s i s has been demonstrated (Weinstein 

et a l , 1961). Dihydroxyphenylalanine, which i s present 

i n l a r g e q u a n t i t i e s i n V i c i a faba i s formed from t y r o s i n e , 

probably by d i r e c t hydroxylation c a t a l y s e d by phenolase. 

The r e a c t i o n has not been studied i n d e t a i l and other 

pathways from t y r o s i n e may a l s o be operat i v e (Pridham, 1965). 

The sulphur containing amino a c i d s , c y s t e i n e and 

methionine, a r e sy n t h e s i s e d i n microorganisms by the 

combination of sulphide o r , perhaps, t h i o s u l p h a t e with 

s e r i n e or homoserine. The c y s t e i n e or homocysteine 

produced give s r i s e to methionine. (Nakamura and Sato, 

1960; Horowitz, 1947; Meister, 1965). Cysteine can be 

formed by pl a n t enzymes by the r e a c t i o n of o - a c e t y l 

s e r i n e with H^S. Serine i s r e l a t i v e l y i n a c t i v e i n t h i s 

r e a c t i o n ( G i o v a n e l l i and Mudd, 1967, 1968; Morris and 

Thompson, 1968). The formation of o - a c e t y l s e r i n e has 

not been demonstrated. A number of pathways to methionine 

have been demonstrated i n p l a n t s . T r a n s s u l p h u r a t i o n of 

e i t h e r o~acetylhomoserine or o - s u c c i n y l homoserine to 

c y s t a t h i o n i n e , followed by i t s conversion to homocysteine 

has been demonstrated i n spinach e x t r a c t s by G i o v a n e l l i 

and Mudd (1966, 1971). The d i r e c t sulphuration of o~ 
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acetylhomoserine to homocysteine has a l s o been shown 

to take place i n spinach e x t r a c t s . ( G i o v a n e l l i and 

Mudd, 1967). 

The pathway of i s o l e u c i n e and v a l i n e b i o s y n t h e s i s 

was e s t a b l i s h e d using mutants of E. c°li and N. e r a s s a 

(Wagner et a l , 1958), and the same sequence of 

intermediates demonstrated f o r i s o l e u c i n e s y n t h e s i s i n 

Phaseolus r a d i a t u s s e e d l i n g s (Satyanarayana and 

Radhakrishnan, 1962). The deamination of threonine 

by threonine deaminase y i e l d s a-ketobutyrate which 

condenses with acetaldehyde and, i n a number of ste p s , 

y i e l d s i s o l e u c i n e . Analogous r e a c t i o n s where pyruvate 

r e p l a c e s the aketobutyrate y i e l d v a l i n e . Leucine i s 

syn t h e s i s e d from otketoisovalerate, the immediate 

prec u r s o r of v a l i n e . T h i s c l o s e metabolic r e l a t i o n s h i p 

between l e u c i n e and v a l i n e has been of t e n demonstrated 

i n p l a n t s , the formation of v a l i n e and l e u c i n e from 

l a b e l l e d a c e t a t e being a common occurrence. 

(Arreguin e t a l , 1951). The enzymatic evidence f o r 

these b i o s y n t h e t i c pathways i n p l a n t s i s summarised by 

M i f l i n (1973). 

S e r i n e and g l y c i n e are r e a d i l y i n t e r c o n v e r t i b l e 

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

and c a t a l y s e d by s e r i n e hydroxymethylase. ( B l a k l e y , 1958 ;• 

Huennekens e t a l , 1958). G l y c i n e i s sy n t h e s i s e d i n 

p l a n t s from g l y c o l i c a c i d . The enzyme which r e v e r s i b l y 

o x i d i s e s g l y c o l i c a c i d to g l y o x y l i c a c i d i s present i n 

a wide v a r i e t y of p l a n t s , but absent i n dark grown p l a n t s 

and i n r o o t s . ( Z e l i t c h and Ochoa, 1953; T o l b e r t and 
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Cohen, 1953). I n wheat and b a r l e y the major products 

of g l y c o l i c a c i d metabolism are g l y c i n e and s e r i n e 
r l 4 ~t 

( T o l b e r t and Cohen, 1953). Experiments with [ C j -
r l 4 *i . • 

formate and [ CJ g l y c i n e m wheat p l a n t s i n d i c a t e t h a t 

s e r i n e i s formed by condensation of formate, or i t s 

carbon atom, with g l y c i n e , or i t s C-2. (McConnell and 

B i l i n s k i . 1959). T o l b e r t (1955) a l s o demonstrated 

i n c o r p o r a t i o n of carbon from [^C]-formate i n t o the 

B-carbon of s e r i n e . Numerous workers r e p o r t t h a t s e r i n e 

and g l y c i n e are r e a d i l y l a b e l l e d i n [ ^ C] - CO^ 

photosynthesis, and t h a t e i t h e r s e r i n e or g l y c i n e can 

be l a b e l l e d f i r s t . T h i s i n d i c a t e s t h a t s e r i n e cannot 

always be s y n t h e s i s e d from g l y c i n e . T o l b e r t (196 3) 

demonstrated t h a t both s e r i n e and g l y c i n e a r e sy n t h e s i s e d 

from photosynthetic intermediates by the g l y c o l a t e 

pathway, or, more d i r e c t l y , from phosphoglycerate and 

g l y c e r a t e . The two routes are p a r t l y l o c a t e d i n l e a f 

peroxisomes and form a carbon c y c l e from and back to the 

photosynthetic carbon c y c l e . As much as h a l f of the 

carbon f i x e d i n photosynthesis may flow through t h i s 

system, en route to sugars ( T o l b e r t , 1963). The 

peroxisomes are permeable to s e r i n e and g l y c i n e , and 

the g l y c i n e - s e r i n e i n t e r c o n v e r s i o n enzymes are found 

elsewhere i n the c e l l . 

These b i o s y n t h e t i c pathways can account completely 

fo r the observed l a b e l l i n g of amino a c i d s i n the present 

work, and are summarised diagrammatically i n F i g s . 11-1 

and 11-2. 

L a b e l l e d carbon was introduced i n t o the bean l e a v e s 



by a l l o w i n g photosynthesis -to occur i n the presence of 
r l 4 ~t 

[ CJ - CO2' The products of such photosynthesis, 

p a r t i c u l a r l y i n the short term, have been e x t e n s i v e l y 

studied. ( C a l v i n and Benson, 1948, 1949; Bassham et a l , 

1950; Vernon and Aronoff, 1950; Aronoff and Vernon, 1950; 

Aronoff, 1951; Gibbs, 1951; Kandler and Gibbs, 1956). 

I n the present work, s e r i n e and g l y c i n e were always 

among the f i r s t s o l u b l e l e a f amino a c i d s to be l a b e l l e d , 

and remained s t r o n g l y l a b e l l e d during the [ 1 4 C ] - CO^ 

feeding period. T h i s i s i n agreement with t h e i r 

b i o s y n t h e s i s from intermediates of the photosynthetic 

carbon f i x a t i o n c y c l e . The c h a n n e l l i n g of almost h a l f 

the p h o t o s y n t h e t i c a l l y f i x e d carbon through g l y c i n e and 

s e r i n e v i a the g l y o x y l a t e c y c l e would account fo r the 

uniformly high a c t i v i t i e s of these amino a c i d s . A s p a r t i c 

a c i d l a b e l l e d i n l e a v e s could have a r i s e n from Krebs 

c y c l e intermediates l a b e l l e d through sugar breakdown, 
ri 4 i 

or from d i r e c t f i x a t i o n of [ CJ - 00^ into o x a l a c e t i c 

a c i d from phosphoenolpyruvate. Tyrosine and phenylalanine, 

always s t r o n g l y l a b e l l e d , would a l s o a r i s e from 

phosphoenol-pyruvate. Threonine must have acquired i t s 

l a b e l from a s p a r t i c a c i d , c y s t e i n e i n d i r e c t l y from s e r i n e , 

and p r o l i n e , glutamine and y ^ i n o b u t y r i c a c i d from 

glutamic a c i d , and dihydroxyphenylalanine from t y r o s i n e 

by the pathways a l r e a d y d e s c r i b e d . 
1 4 

I n c o r p o r a t i o n of C i n t o l e a f amino a c i d s was not 

constant, but v a r i e d under the d i f f e r e n t experimental 

co n d i t i o n s employed. Dihydroxyphenylalanine was l a b e l l e d 

i n mature l e a v e s photosynthesising outdoors (Table 7-3) 
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but not i n younger, but f u l l y expanded, l e a v e s on s i m i l a r 

p l a n t s on the same day. (Table 7-1). Dihydroxyphenylalanine 

was never l a b e l l e d i n l e a v e s on glasshouse grown p l a n t s . 

C y s t e i n e w<ss detected l a b e l l e d i n only one experiment 

(Table 9-2) but, being present i n the l e a f i n very small 

q u a n t i t i e s , i t s l a b e l could r e a d i l y have been undetectable 

without a l a r g e d i f f e r e n c e i n i t s s p e c i f i c a c t i v i t y . 

T h i s i s so f o r a l l the amino a c i d s present i n l e a v e s i n 

low concentration - methionine, l e u c i n e , i s o l e u c i n e , 

a r g i n i n e and h i s t i d i n e . However, asparagine, glutamine, 

v t . i i n e , l y s i n e and dihydroxyphenylalanine were present 

i n the s o l u b l e l e a f f r a c t i o n s i n high c o n c e n t r a t i o n s , 

were r a r e l y detected l a b e l l e d , and then only weakly. 

I f these substances were sy n t h e s i s e d i n these l e a v e s , 

the s y n t h e s i s must have taken place a t a point very remote 

from carbon f i x a t i o n i n photosynthesis. Mature l e a v e s 

import very l i t t l e , i f any, a s s i m i l a t e from other p a r t s 

of the p l a n t shoot (Thrower, 1962; Thaine, Ovenden and 

Turner, 1959) and so, under normal c o n d i t i o n s of growth, 

they must s y n t h e s i s e or conserve any necessary substances 

not provided by the xylem sap. I n the bean the sap 

contains l a r g e q u a n t i t i e s of a s p a r t i c a c i d , asparagine 

and glutamine, and i t may be that the asparagine and 

glutamine i n the sap i s s u f f i c i e n t to supply the needs 

of the l e a f and to prevent t h e i r s y n t h e s i s i n the l e a f . 

L y s i n e , v a l i n e and dihydroxyphenylalanine are a l s o present 

i n sap, i n lower c o n c e n t r a t i o n s , and i t i s p o s s i b l e t h a t 

the same argument a p p l i e s . The l i t e r a t u r e c o n t a i n s 

d e s c r i p t i o n s of a number of such s i t u a t i o n s . Vernon and 
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Aronoff (1950) showed t h a t i n soybean l e a v e s , short 

term photosynthesis l a b e l s a l a n i n e , s e r i n e and g l y c i n e , 

and t h a t although the p l a n t s contain l a r g e amounts of 

asparagine or a s p a r t i c a c i d (depending on the h i s t o r y 

of the p l a n t ) these do not become l a b e l l e d . Pate (1966) 

showed f o r f i e l d pea p l a n t s t h a t l e a f photosynthesis 

i n [ 1 4 C j - C0 2 introduced l a b e l i n t o l e a f p r o t e i n c h i e f l y 

i n g l y c i n e , s e r i n e and a l a n i n e , and t h a t these amino 

a c i d s were not l a b e l l e d when the "^C was supplied 

through the t r a n s p i r a t i o n stream i n the normal components 

of the bleeding sap. S i m i l a r l y , i n the shoot apex of 

f i e l d pea, amino a c i d s i n the t r a n s p i r a t i o n stream 

supplied carbon to p r o t e i n through a set of amino a c i d s 

e s s e n t i a l l y complementary to those supplied by the 

photosynthesising upper l e a v e s of the p l a n t . Oaks (1966) 

showed f o r maize root t i p s t h a t asparagine normally 

supplied to the root t i p from the endosperm v i a the 

t r a n s p o r t system was not s y n t h e s i s e d i n the root t i p 

although e x t e n s i v e l y incorporated i n t o p r o t e i n t h e r e . 

I n a l l these c a s e s , c o n t r o l of the s y n t h e s i s of 

asparagine i s i m p l i c a t e d . The r e s u l t s do not d i s t i n g u i s h 

between feedback i n h i b i t i o n of enzyme a c t i v i t y and 

feedback r e p r e s s i o n of enzyme s y n t h e s i s as the c o n t r o l 

mechanism. I s o l a t i o n and c h a r a c t e r i s a t i o n of the enzymes 

involved would be necessary to d i s t i n g u i s h between these 

mechanisms, and such work has not been done f o r 

asparagine s y n t h e s i s . L y s i n e and v a l i n e have been shown 

to be s u b j e c t to feedback i n h i b i t i o n i n some p l a n t s 

( M i f l i n , 1973). 
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P r o t e i n s y n t h e s i s during photosynthesis has 

been demonstrated by a number of workers i n c l u d i n g 

Racusen and Aronoff (1954), I n the bean, s y n t h e s i s 

of l e a f p r o t e i n was very evident, and a l l the amino 

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

a l s o l a b e l l e d i n the p r o t e i n . However, v a l i n e , methionine, 

p r o l i n e , l e u c i n e , l y s i n e and a r g i n i n e were l a b e l l e d i n 

l e a f p r o t e i n before they were detected l a b e l l e d i n 

the s o l u b l e f r a c t i o n * T h i s suggests t h a t e i t h e r these 

amino a c i d s are incorporated i n t o p r o t e i n as soon as 

they are s y n t h e s i s e d ( c . f . Steward, Bidwel l and Yemm, 

1956) or t h a t the amino a c i d pool from which amino 

a c i d s are taken fo r p r o t e i n s y n t h e s i s i s very small 

and i s o l a t e d from the r e s t of the s o l u b l e l e a f pool 

of t h a t amino a c i d . I t a l s o demonstrates t h a t these 

s i x amino a c i d s are s y n t h e s i s e d i n the l e a f which does 

not, than, depend on the t r a n s p i r a t i o n stream fo r i t s 

whole supply of these compounds. The data suggests 

thct photosynthesis s u p p l i e s the l e a f with v a l i n e , 

methionine, p r o l i n e , l e u c i n e 9 l y s i n e and a r g i n i n e f o r 

p r o t e i n s y n t h e s i s , and the t r a n s p i r a t i o n stream or 

p r o t e i n breakdown i n the l e a f s u p p l i e s these amino 

a c i d s , or t h e i r p r e c u r s o r s , to the s o l u b l e l e a f pool. 

A very small p a r t of the t o t a l l e a f amino a c i d s 

i s l a b e l l e d by photosynthesis i n [^C] - CO^ i n t h e j e 

experiments. I n the young p l a n t , (Table 6-3), s e r i n e , 

g l y c i n e and a l a n i n e appeared to r e a c h maximum s p e c i f i c 

a c t i v i t y a f t e r 60 min |j*'4C] - uptake. A s p a r t i c 

a c i d , glutamic a c i d , t y r o s i n e and phenylalanine were 
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s t i l l i n c r e a s i n g i n a c t i v i t y a t 3h, These l e a v e s , 

at node 3, had two l a r g e l e a f l e t s and were green and 

healthy although pale i n comparison with the l e a v e s 

a t node 10 on the o l d e r p l a n t s described i n Table 9-1. 

Both l e a v e s would have reached ["^C] - s a t u r a t i o n i n 

1000-1500 min of [ l t +C] - (X>2 uptake, but the l e a v e s on 

the o l d e r p l a n t would have contained 2 5-30 times as 

much "^C per mg l e a f , a t s a t u r a t i o n . T h i s d i f f e r e n c e 

i s perhaps i n enhanced d e n s i t y of c h l o r o p l a s t s and 

t h e r e f o r e photosynthetic c a p a c i t y of the older l e a f , 

but d i r e c t measurements of photosynthetic r a t e would 

be necessary to confirm t h i s , I n any c a s e , the time 

course of l a b e l l i n g i n the two s e t s of l e a v e s appears 

to be comparable, and so s e r i n e , g l y c i n e and a l a n i n e 
14 

i n the mature l e a f should have been saturated with C 

a t SO min or a t l e a s t soon a f t e r . At t h i s time, l e s s 

than 1% of the t o t a l s o l u b l e pools of s e r i n e , g l y c i n e 

and a l a n i n e were l a b e l l e d . T h i s i s a very d i f f e r e n t 

r e s u l t from t h a t of Smith, Bassham and K i r k (1961) f o r 
a l g a l c u l t u r e s . They found t h a t a l a n i n e became satu r a t e d 

14 
with C from photosynthesis i n 20-30 min and at t h i s 

time, n e a r l y h a l f the s o l u b l e a l a n i n e pool was l a b e l l e d . 

The d i f f e r e n c e r e f l e c t s , perhaps, the more complex pool 

s t r u c t u r e of the l e a v e s of higher p l a n t s . I n the algae, 

amino a c i d s represented 32% of carbon f i x a t i o n , but i n 

the bean i t was not more than 10%. Other workers, who 

have fed [ 1 4 C ] - C0 2 to l e a v e s f o r comparable time 

i n t e r v a l s , e i t h e r have not i n v e s t i g a t e d the s o l u b l e l e a f 

f r a c t i o n (Pate, 1966) or have not expressed t h e i r r e s u l t s 
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i n a form such that-the proportion of the amino a c i d 

pool a f f e c t e d by the l a b e l can be c a l c u l a t e d 

( H e l l e b u s t and Bidwell 1963a, 1963b, 196<4). 

At the end of [ 1 4 C ] - C0 2 uptake, l a b e l i n both 

s o l u b l e and i n s o l u b l e f r a c t i o n s i n l e a v e s decreased 

q u i c k l y . ( F i g . 7-4, Table 9-1). T h i s suggests r a p i d 

r e s p i r a t i o n or export from the l e a f of newly formed 

photosynthate. There are numerous r e p o r t s i n the 

l i t e r a t u r e which demonstrate t h a t a s s i m i l a t e exported 

from l e a v e s i s always from r e c e n t photosynthesis 

( H e l l e b u s t and B i d w e l l , 1963b; E s c h r i c h 1966; Khan and 

Sagar, 1969), and t h i s doubtless accounts f o r p a r t of 

the decrease i n the s o l u b l e f r a c t i o n , R e s p i r a t i o n of 

newly formed sugars and conversion of s o l u b l e to 

i n s o l u b l e compounds must account fo r the r e s t of the 

"^C l o s s from sol u b l e f r a c t i o n s . I n d i v i d u a l s o l u b l e 

amino a c i d s a l s o showed r a p i d l o s s of "^C (Table 10-3). 

i n d i c a t i v e of t h e i r high r a t e s of turnover. T h i s decreas 
r 14 -» . i n [ Cj - s o l u b l e ammo a c i d s was not p a r a l l e l e d by an 

1 4 • i n c r e a s e i n A C i n the corresponding p r o t e i n amino a c i d . 

I n f a c t , the p r o t e i n amino a c i d s l o s t l a b e l almost as 

s t e e p l y as the s o l u b l e f r a c t i o n at t h i s time (Table 10-4) 

L a t e r i n the experiment, between 5h and 6h from the 
14 14 s t a r t of C uptake, a t r a n s f e r of . C from the soluble 

to the i n s o l u b l e f r a c t i o n was evident, and suggests 

i n c o r p o r a t i o n of f r e e amino a c i d s i n t o p r o t e i n . Steward, 

B i d w e l l and Yemm (1958) demonstrated f o r c a r r o t root 

t i s s u e c u l t u r e s t h a t the f r e e amino a c i d s of the t i s s u e 

ai^e not the immediate p r e c u r s o r s of p r o t e i n , p r o t e i n 
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amino acids being synthesised from carbohydrate and 
n i t r o g e n residues a t the s i t e o f t h e i r i n c o r p o r a t i o n 
i n t o p r o t e i n . However, Oaks (196 5b) showed t h a t 
l e u c i n e i s incorporated i n t o maize r o o t t i p p r o t e i n 
at the expense o f soluble l e u c i n e , and Z i e l k e and 
F i l n e r (1971) demonstrated r e i n c o r p o r a t i o n of amino 
acids i n t o p r o t e i n a f t e r they had been released i n t o 
the soluble amino acid pool. These d i f f e r e n c e s i n 
i n t e r p r e t a t i o n must r e f l e c t d i f f e r e n c e s between t i s s u e s 
i n the sizes o f the p r o t e i n precursor amino aci d pools. 
^ery small, i s o l a t e d p r o t e i n precursor pools would 
account f o r the r e s u l t s o f Steward (1958) and also f o r 
the l e a f p r o t e i n which was r a p i d l y l a b e l l e d and 
destroyed i n the present leaves. Larger p r o t e i n precursor 
pools must have been present i n the r o o t t i p s studied 
by Oaks and f o r the p r o t e i n synthesis observed i n the 
bean l e a f between 5 and 6h a f t e r the s t a r t o f "̂ C uptake. 

14 
These r e s u l t s suggest t h a t C from photosynthesis 

i s i ncorporated i n t o two types o f p r o t e i n - one which 
i s synthesised and broken down very r a p i d l y , and another 
which t u r n s over much more slowly. The f i r s t appears 
t o be l a b e l l e d r a t h e r d i r e c t l y from newly formed 
photosynthate, perhaps i n the c h l o r o p l a s t ; the second 
i s formed from the soluble amino a c i d pool o f the l e a f , 
p o s s i b l y a t a p o i n t i n the c e l l remote from the synthesis 
of the f i r s t . Turnover o f p r o t e i n i n leaves and other 
t i s s u e s has been f r e q u e n t l y r e p o r t e d . E a r l i e r work gave 
evidence f o r the existence o f a p r o t e i n cycle ( C h i b n a l l , 
1954; C h i b n a l l and W i l t s h i r e , 1954; Steward, Bidwell 
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and Yemm, 1956; Steward, Thompson and P o l l a r d , 1958)„ 
Later work has attempted t o determine turnover r a t e s 
of p r o t e i n , Mandelstam (1960) showed t h a t p r o t e i n 
turnover i n growing b a c t e r i a was very s m a l l s but could 
be increased a t l e a s t 5 - f o l d by t r a n s f e r r i n g the c u l t u r e 
t o a medium unsu i t a b l e f o r r a p i d growth. Racusen and 
Foote (1962) determined p r o t e i n turnover r a t e s i n aged, 
detached bean leaves and found turnover o f 0.7% per h 
and 1.1% per h f o r p r o t e i n , g l y c i n e and serine r e s p e c t i v e l y . 
Hellebust and B i d w e l l (1963b, 1964) c a l c u l a t e d turnover 
r a t e s f o r growing and nongrowing leaves o f wheat, 
snapdragon and tobacco. Turnover was shown t o be higher 
f o r r a p i d l y glowing leaves than f o r nongrowing leaves -
the opposite t o the s i t u a t i o n found i n b a c t e r i a . They 
found turnover r a t e s o f 0.i+-0.5% f o r r a p i d l y growing 
secondary wheat leaves, 0.2-0.3% f o r nongrowing primary 
wheat leaves, 0.1-0.15% f o r expanding tobacco leaves, 
and n e g l i g i b l e turnover o f p r o t e i n i n mature tobacco 
leaves. Turnover r a t e s of i n d i v i d u a l p r o t e i n s have been 
determined f o r i n d u c i b l e enzymes such as n i t r a t e reductase 
(Schrader e t a l , 1968; Heimer and F i l n e r , 1971; 
Z i e l k e and F i l n e r , 1971) and invertase (Bacon et a l , 1965; 
Edelman and H a l l , 136 5; Glasziou e t _ a l , 1966). N i t r a t e 
reductase appears t o have a h a l f l i f e o f about >4h9 and 
invertase i s shown t o have a h a l f l i f e o f 2h i n sugar 
can t i s s u e and r a t h e r more (0.5-1.0 days) i n washed 
s l i c e s o f beet and a r t i c h o k e r o o t s . 

Trewavas (1972) determined the r a t e s o f p r o t e i n 
synthesis and degradation i n Lemna minor by measuring 
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amounts of methionine bound t o RNA and t o p r o t e i n , 
and showed t h a t the h a l f l i f e o f p r o t e i n methionine 
under optimum growth c o n d i t i o n s i s about 7 days. 
A l t e r a t i o n of the growth medium from the optimum 
markedly increased the r a t e o f p r o t e i n turnover 
and the h a l f l i f e of p r o t e i n methionine was reduced 
t o about 2 days. These r e s u l t s are d i r e c t l y comparable 
w i t h Mandelstam's conclusions f o r b a c t e r i a , but q u i t e 
u n l i k e those f o r p l a n t leaves (Hellebust and B i d w e l l , 
1963b, 1954) where r a p i d growth i s associated w i t h 
r a p i d p r o t e i n turnover. This may r e f l e c t d i f f e r e n c e s 
i n the metabolism of the organisms used. I t has been 
suggested t h a t i n b a c t e r i a mRNAs t u r n over r a p i d l y 
and p r o t e i n s l o w l y , whereas, i n p l a n t s mRNA i s stable 
and p r o t e i n s t u r n over f a s t e r . A l t e r n a t i v e l y , p r o t e i n 
turnover associated w i t h photosynthesis may be under 
d i f f e r e n t c o n t r o l than t h a t associated w i t h metabolic 
pools permeable t o exogenous substrates. Trewavas's 
work demonstrates unequivocally t h a t r a t e s of p r o t e i n 
turnover vary markedly w i t h the c o n d i t i o n s o f growth 
c f the organisms, and t h i s may account f o r discrepancies 
between r a t e s observed by d i f f e r e n t workers. 

I n the present work, the turnover r a t e of p r o t e i n 
serine during photosynthesis i s about 0.1% per h. 
This i s a minimum estimate since i t i s c a l c u l a t e d from 
Table 10-4, assuming t h a t the serine i n p r o t e i n has a 
s p e c i f i c a c t i v i t y equal t o t h a t o f the source carbon 
d i o x i d e , an assumption based on the d e r i v a t i o n o f t h i s 
p r o t e i n from new photosynthate. The turnover r a t e o f 
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the more slowly l a b e l l e d p r o t e i n i s very much less than 
0.1%. These r e s u l t s i n d i c a t e t h a t , even i n mature 
leaves, some p r o t e i n turnover does occur, at l e a s t 
under the co n d i t i o n s of the present experiments. This 
turnover would, however, be undetectable i n samples 

r l U ~ i 
c o l l e c t e d much more than l h a f t e r the end o f [ CJ - C0^ 
photosynthesis, and t h i s may account f o r the lack o f 
d e t e c t i o n o f p r o t e i n turnover i n mature leaves by 
Hellebust and B i d w e l l (1963b). They subjected t h e i r 
leaves t o l h r e s p i r a t i o n a n a l y s i s a t the end o f the 
period o f photosynthesis i n ["^C] - CÔ . The samples 
f o r a n a l y s i s were c o l l e c t e d a f t e r t h i s t i m e , and as i n 

14 
the present experiments, the p r o t e i n C was very low. 
The s p e c i f i c a c t i v i t y o f the carbon d i o x i d e c o l l e c t e d 
i n r e s p i r a t i o n a n a l y s i s was higher than t h a t o f any o f 
the substances e x t r a c t e d from the l e a f i n the f i r s t sample. 
They suggested t h a t the r e s p i r e d carbon d i o x i d e must have 
come from an i s o l a t e d pool of high s p e c i f i c a c t i v i t y 
sugars, but the present work i n d i c a t e s t h a t p r o t e i n 
l a b e l l e d i n photosynthesis probably also c o n t r i b u t e d 
"̂ C t o the carbon d i o x i d e . The c o n t r i b u t i o n o f p r o t e i n 
carbon t o r e s p i r e d carbon d i o x i d e i s repo r t e d by a 
number o f workers i n c l u d i n g Yemm (1950) and Steward et a l 
(1958). 

I n the l a s t experiment described here (Tables 9-1, 
10-3, 10-4) [^C] - CO2 uptake was terminated prematurely, 
presumably due t o stomatal closure. Labelled carbon 
d i o x i d e from r e s p i r a t i o n would have been unable t o escape 
from the l e a f , and would thus be expected t c be 
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metabolised. There i s l i t t l e conclusive evidence o f 
t h i s i n the data. I t i s possible t h a t f i x a t i o n o f 

rl 4 i 

endogenous ] " CJ *- C 0 2 i n t o a s p a r t i c acid accounts f o r 
the r a t h e r slow (by comparison w i t h other amino acids) 

14 14 loss o f C from a s p a r t i c a c i d , a f t e r the end o f C 
uptake, but without more d e t a i l e d k i n e t i c data t h i s 
suggestion cannot be s u b s t a n t i a t e d . A s p a r t i c and 
glutamic acids behaved r a t h e r d i f f e r e n t l y from the 
other l a b e l l e d amino acids. They were both r a p i d l y 
l a b e l l e d i n the f i r s t 90 min o f photosynthesis, a f t e r 1 

which a c t i v i t y i n a s p a r t i c a c i d decreased more slowly 
than i n the other amino a c i d s , and a c t i v i t y i n glutamic 
a c i d continued t o increase u n t i l 330 min, Glutamic a c i d 
may have been l a b e l l e d v i a hexose r e s p i r a t i o n . Leaf 
hexose was always s t r o n g l y l a b e l l e d i n the l e a f and t h i s 
may have accounted f o r the prolonged uptake o f "̂ C 
i n t o glutamate. Neither a s p a r t i c nor glutamic acids 

14 
showed r a p i d uptake of C i n t o p r o t e i n , Slow l a b e l l i n g 
of p r o t e i n a s p a r t i c and glutamic acids from l e a f 

-1 4 
photosynthesis i n Cj - C 0 2 was reported by Heliebust 
and B i d w e l l (1963a). They suggested t h a t t h i s 
r e f l e c t e d the slow r a t e s o f l a b e l l i n g o f the p r o t e i n 
precursor pools o f these amino a c i d s 3 due t o t h e i r 
formation v i a Krebs cycle intermediates, remote from the 
photosynthetic process. Both a s p a r t i c and glutamic acid 
were incorporated i n small amounts i n t o l e a f p r o t e i n 
d u r i n g the f i r s t 90 min o f the present experiment. 
Their a c t i v i t y i n p r o t e i n then remained constant but 
began t o r i s e again a t 300 min. I f the plateau between. 
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90 and 300 min ( F i g . 10-1) was not an e f f e c t o f the 
prevention o f l e a f photosynthesis s then i t suggests 
t h a t a s p a r t i c and glutamic acids are f i r s t incorporated 
i n t o a small pool o f p r o t e i n , and t h a t p e n e t r a t i o n i n t o 
another compartment of the c e l l was necessary before 
more p r o t e i n could be l a b e l l e d . 

The r a p i d turnover o f soluble amino acids without 
t h e i r i n c o r p o r a t i o n i n t o p r o t e i n ( F i g s . 10-2, 10-3, 
10-4) has not been accounted f o r . These amino acids 
could be converted i n t o other substances» e.g* serine 
and g l y c i n e converted t o carbohydrate v i a the g l y o x y l a t e 
c y c l e , and these substances exported from the l e a f or 
r e s p i r e d . They could be exported from the l e a f w i thout 
conversion. 

There are numerous r e p o r t s i n the l i t e r a t u r e o f 
the presence of amino acids i n phloem exudate. 
Eschrich (1963) found asparagine^ a s p a r t i c a c i d , g l y c i n e , 
glutamine, glutamic a c i d , a l a n i n e , a r g i n i n e and c i t r u l l i n e 
i n phloem sap from Cucurbita f i c i f o l i a . Peel and 
Weatherley (1959) demonstrated the presence o f t e n 
amino acids i n phloem sap of S a l i x v i m i n a l i s and showed 
t h a t these v a r i e d w i t h the time o f year. Tarnmes and 
Van Die (1966) determined n i t r o g e n i n phloem sap o f 
Yucca f l a c c i d a and showed t h a t i t moved c h i e f l y as amino 
acids and amides. Phloem sap was not i n v e s t i g a t e d i n 
the present work, but e x t r a c t s o f p e t i o l e s o f leaves 
photosynthesising i n [ l l +C] - C0 2 d i d c o n t a i n r a d i o a c t i v e 
serine and g l y c i n e . These were the most h e a v i l y l a b e l l e d 
soluble amino acids i n the l e a f , and thus the absence 
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of other l a b e l l e d amino acids I n the p e t i o l e e x t r a c t s 
may merely r e f l e c t t h a t t h e i r r a d i o a c t i v e concentration 
there was too low f o r d e t e c t i o n by the methods used. 
Since amino acids are known c o n s t i t u e n t s o f phloem 
exudate, and have been shown t o move out o f leaves i n the 
phloem (Eschrich and Hartman, 1969), the serine and 
g l y c i n e l a b e l l e d i n these p e t i o l e s i s assumed t o be 
moving out of the l e a f . This t r a n s l o c a t i o n would, thon, 
c o n t r i b u t e t o the decrease i n soluble l e a f amino acids. 
This assumption i s supported by the e a r l y appearance of 
l a b e l l e d serine i n the f r u i t a t the same node as the 
fed l e a f , along w i t h other amino acids which are s t r o n g l y 
l a b e l l e d i n the l e a f . (Table 9-2). I f the serine had 
been formed i n the f r u i t from l a b e l l e d , t r a n s l o c a t e d 
sugars, then amino acids more c l o s e l y r e l a t e d t o sugar 
metabolism (e.g. glutamic a c i d , giutamine) would be 
expected t o be l a b e l l e d a l s o , and t h i s was not the case. 
Recently, Pate has shown t h a t phloem sap c o l l e c t e d from 
p e t i o l e s and stems of pea contains high l e v e l s o f amino 
acids i n almost c o r r e c t l y balanced p r o p o r t i o n s f o r d i r e c t 
i n c o r p o r a t i o n i n t o p r o t e i n . This stream o f amino 
compounds i s regarded as being an important source o f 
n i t r o g e n . f o r the p l a n t meristems (Pate, 1968), developing 
seeas ( F l i n n , 196 9 ) , and the d i s t a l r e g i o n o f the r o o t 
system (Oghoghorie and Pate, 1972). 

The p e t i o l e s o f leaves photosynthesising i n 
L " CJ - C0 2 contained l a b e l l e d sucrose, f r u c t o s e and 
glucose as w e l l as amino acids and these also were among 
the f i r s t l a b e l l e d substances t o appear i n the f r u i t 
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(Table 5-3). These three l a b e l l e d sugars have also 
been reported i n the stems of soybean p l a n t s photosynthesis 
ing i n [ 1 4 C ] - C0 2, and t h e i r t r a n s l o c a t i o n away from 
the labelled, l e a f was described (Vernon and Aronoff, 
1951). However, analyses of sieve tube exudates, 
obtained from bleeding p l a n t s and from aphid s t y l e t s , 
demonstrate t h a t hexoses are not tra n s p o r t e d i n the phloem 
and t h a t sucrose i s the p r i n c i p a l form o f carbohydrate 
t r a n s l o c a t e d by most p l a n t s . (Zimmerman, 1960; Eschrich, 
1970). The glucose and f r u c t o s e l a b e l l e d i n the p e t i o l e 
must then have been s t a t i o n a r y t h e r e , and formed from 
the sucrose i n the p e t i o l a r c e l l s . S i m i l a r l y , the 
glucose and f r u c t o s e i n the f r u i t must have been formed 
from t r a n s l o c a t e d sucrose on a r r i v a l i n the f r u i t . Such 
i n v e r s i o n o f sucrose by acid i n v e r t a s e has been described 
by many authors. The enzyme appears t o be located i n 
the c e l l w a l l t i s s u e o f many p l a n t s and p l a n t organs 
(Eschrich, 1970) i n c l u d i n g corn c o l e o p t i l e s ( K i v i l a a n 
et a l , 1967), f r u i t s t a l k t i s s u e o f Zea mays (Shannon, 
1972; Shannon and Dougherty, 1972) and bean pod t i s s u e 
of Phaseolus v u l g a r i s where an i n t r a - c e l l u l a r a l k a l i n e 
i n t e r t a s e was also found (Sacher, 1966). The present 
r e s u l t s suggest t h a t i n v e r s i o n o f sucrose occurs i n 
p e t i o l e s and i n stem t i s s u e as w e l l as i n the developing 
f r u i t o f V i c i a faba. 

Exchange o f substances i n the t r a n s l o c a t i o n channels 
w i t h the t i s s u e s through which they are being t r a n s l o c a t e d 
has been c o n v i n c i n g l y demonstrated. H i l l (1963) found 
t h a t the stem o f Sa l i x c u t t i n g s t e m p o r a r i l y stored 
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l a b e l l e d t r a n s l o c a t e , and l a t e r released i t back i n t o 
the phloem t i s s u e . Ho and Peel (1969) showed t h a t 
the storage c e l l s o f the w i l l o w stem c o n t r i b u t e d between 
10 and 25% o f moving sugars, depending on the degree o f 
previous accumulation i n the storage c e l l s , Biddulph 
and Cory (1965) demonstrated r a d i a l loss o f l a b e l l e d 
a s s i m i l a t e from the phloem o f the red kidney bean p l a n t , 
using autoradiography o f stem t i s s u e . Fleshy stems and 
p e t i o l e s , such as rhubarb and sugar beet p e t i o l e s are 
major sinks f o r t r a n s l o c a t e d a s s i m i l a t e , w i t h about 3% 
of the t r a n s l o c a t e being absorbed by the p e t i o l a r t i s s u e . 
(Geiger et_ a.1, 1969). Much smaller p r o p o r t i o n s o f 
t r a n s l o c a t e , about 0.8%9 are found t o leak from the 
phloem t i s s u e i n the stem o f the soybean p l a n t (Evans 
et a l , 1963), which i s l i k e l y t o be comparable w i t h the 
present work. The f u n c t i o n o f such storage o f t r a n s l o c a t e 
i n stem and p e t i o l e t i s s u e i s suggested by Geiger et a l 
(1969) t o be the b u f f e r i n g o f the sucrose concentrations 
i n the phloem duri n g times of f l u c t u a t i n g a s s i m i l a t i o n . 
Such b u f f e r i n g has been demonstrated by H i l l (1963) who 
showed t h a t stem c e l l s near the base of a w i l l o w stem 
released sugars i n t o the phloem t o compensate f o r losses 
from the phloem caused by aphids feeding on the stem 
near the t o p . 

The f a t e o f a s s i m i l a t e t r a n s l o c a t e d from leaves 
has been studied i n some d e t a i l , and shown t o be r e l a t e d 
t o the p r o x i m i t y o f 'sinks'. The present work shows 
considerable t r a n s f e r of carbon from the bloom node l e a f 
t o i t s subtended pod, a phenomenon which has been reported 
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by many workers, and i n many p l a n t speeias^ '-Linck 
and Sudia (1962) showed t h a t 90% o f carbon t r a n s l o c a t e d 
from the bloom node l e a f of Pisum sativum was recoverable 
from the growing, 12 day o l d , carpel and ovules. Carr 
and Wardlaw (1965) found t h a t 19% o f the carbon 
a s s i m i l a t e d by the f l a g l e a f blade o f wheat moved t o 
the g r a i n , d u r i n g the time o f maximum g r a i n expansion. 
T r a n s l o c a t i o n of a s s i m i l a t e s i n t o growing c o t t o n b a l l s 
has been demonstrated by Maskell and Mason (1928, 1930) 
and Brown (1968). Hansen (1970) has described the 
t r a n s l o c a t i o n of s o r b i t o l from the f r u i t spur l e a f t o 
the f r u i t o f apple, and the subsequent r a p i d metabolism 
of the t r a n s l o c a t e . F l i n n and Pate (1970) showed t h a t 
developing f i e l d pea seeds are dependent on t h e i r bloom 
node leaves f o r about one t h i r d o f t h e i r t o t a l supply 
o f carbon. I t i s , then, g e n e r a l l y accepted t h a t the 
l e a f a t the bloom node supplies carbon d i r e c t l y t o the 
f r u i t a t t h a t node w i t h other leaves probably also 
c o n t r i b u t i n g carbon i n smaller q u a n t i t i e s . None o f 
these leaves are t o t a l l y committed t o the f r u i t , as they 
e.lso export a s s i m i l a t e t o the r e s t o f the p l a n t . 
( F l i n n and Pate, 1970). Mature leaves import very l i t t l e 
o f t h i s a s s i m i l a t e , u n l i k e developing leaves which export 
nothing and import lar g e amounts o f carbon u n t i l they 
a::a at l e a s t h a l f expanded. (Thaine et a l , 1959; 
Thrower, 1962). A s s i m i l a t e exported by leaves near the 
p l a n t apex supplies the apex almost e x c l u s i v e l y . Leaves 
near the p l a n t base export p r i n c i p a l l y t o the r o o t s , 
and the leaves i n between t r a n s l o c a t e some a s s i m i l a t e 
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i n each d i r e c t i o n , (Thaine et a l , 1959; Thrower, 1962; 
Biddulph and Cory, 1965; Pate, 1966). This p a t t e r n 
o f t r a n s l o c a t i o n accounts f o r the observation i n the 
present work, t h a t s i m i l a r amounts of l a b e l are recovered 
i n sap from 3 t o 4 l e a f p l a n t s fed [ 1 4 C ] - C0 2 through 
the lowest l e a f and through the whole p l a n t top. 

Developing r o o t s and apices, then, receive constant 
supplies o f photosynthate from proximal leaves, and i n 
many species t h i s photosynthate i s t r a n s l o c a t e d c h i e f l y 
as sucrose. I n the r o o t s the carbon from broken down 
sucrose combines, as a k e t o g l u t a r i c a c i d , w i t h n i t r o g e n 
f i x e d i n nodules or absorbed as n i t r a t e . The glutamic 
aci d and glutamine so formed transaminates w i t h o x aloacetic 
aci d forming a s p a r t i c a c i d and asparagine. These 
processes have already been discussed. Such r o o t 
b i o s y n t h e s i s , from photosynthate supplied by the shoot, 
must be responsible f o r a l a r g e p a r t o f the organic 
compounds supplied t o the shoot i n the xylem sap. 

Xylem sap i s c o l l e c t e d from herbaceous species 
as bleeding sap forced by r o o t pressure from the vessels 
of decapitated p l a n t s . Some of the work on xylem sap 
has been mentioned i n the I n t r o d u c t i o n t o t h i s t h e s i s , 
and so the present discussion w i l l be l i m i t e d t o the 
r e s u l t s obtained i n the present work, and l i t e r a t u r e 
r e l a t e d d i r e c t l y t o these r e s u l t s . 

Exudation o f sap from cut stumps shows a d i u r n a l 
p e r i o d i c i t y which has also been described f o r sunflower 
(Grossenbacher, 1939), tomato ( A r i s z et a l , 1951; 
van Andel, 1953; Van Die, 1959a) and f i e l d pea (Pate, 1962). 
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A number o f workers (Van Andel, 1953; Vaadia, 1960; 
Pate, 1962) have demonstrated a r e l a t i o n s h i p between 
t h i s p e r i o d i c i t y and the ion content o f the exudate, 
and have i m p l i c a t e d i o n s e c r e t i o n i n t o the xylem as 
the causative agent. The e f f e c t o f l i g h t i n enhancing 
exudation and c o n t r o l l i n g the t i m i n g o f the p e r i o d i c i t y 
vjas observed i n the present work and i s also discussed 
by Pate (1962). Considerable evidence supports the view 
t h a t exudation from r o o t systems i s r e l a t e d t o the 
s y n t h e t i c a c t i v i t i e s o f the r o o t and, i n a legume, the 
r o o t nodules. C o r r e l a t i o n s between i l l u m i n a t i o n of 
p l a n t tops and a c t i v i t y o f n i t r o g e n f i x a t i o n i n nodules 
have been drawn by many workers (Virtanen et a l 1955; 
Bach et a l , 1958; Bergersen, 1971) and the r o l e o f 
photosynthate t r a n s l o c a t e d from the p l a n t tops has been 
i m p l i c a t e d (Bach et a l , 1958; Virtanen et a l 195 5; 
Pate and Greig, 1964). 

The p e r i o d i c i t y i n volume o f sap exuded from the cut 
stump i s accompanied, but not always e x a c t l y matched, by 
a p e r i o d i c i t y o f amino acid concentration i n the exudate 
(Van Die 1959a, 1959b; Pate, 1962). These p e r i o d i c i t i e s 
are evident whether the sap i s c o l l e c t e d over a long 
period o f time from the one group o f p l a n t s , as i n the 
work o f Van Die, or i n short c o l l e c t i o n periods 
consecutively from a number o f groups o f plants,as i n the 
present work (Table 3-2) and t h a t o f Pate (1962). 
Removal of the p l a n t shoot removes t r a n s p i r a t i o n a l forces 
and any downward t r a n s l o c a t i o n o f metabolites i n t o the r o o t . 
Thus, a short c o l l e c t i o n p eriod i s more l i k e l y than a 
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long one t o produce exudate o f composition 
q u a l i t a t i v e l y s i m i l a r t o the sap o f the i n t a c t xylem. 
However, sap c o l l e c t e d over several days from one 
group o f p l a n t s r e v e a l s , by i t s changes i n composition, 
some o f the processes associated w i t h sap formation i n 
the i n t a c t p l a n t . Van Die (19 59b, 1960) demonstrated 
t h a t prolonged bleeding depleted a k e t o g l u t a r i c a c i d 
from the r o o t s and bleeding sap o f the tomato p l a n t , 
and t h a t disappearance o f a k e t o g l u t a r i c a c i d was 
c o r r e l a t e d w i t h decrease o f amino acids i n the sap. 
a k e t o g l u t a r i c a c i d d i d not decrease i n r o o t s w i t h no 
n i t r o g e n source, and sap amino acid concentration 
remained low. Some amino a c i d was always present i n 
the sap and t h i s e x h i b i t e d the usual p e r i o d i c i t y . 
Van Die suggested t h a t t h i s low l e v e l o f sap amino acid 
o r i g i n a t e d from p r o t e o l y s i s i n r o o t c e l l s . He 
demonstrated t h a t glutamine and p r o l i n e i n sap, r o o t s 
and stem increased w i t h i n c r e a s i n g ammonium f e r t i l i s a t i o n 
o f the r o o t s , and t h a t the concentrations o f other amino 
acids d i d not change (Van Die, 1961). This suggested 
t h a t glutamine and p r o l i n e were synthesised using the 
app l i e d n i t r o g e n , and the other amino acids o r i g i n a t e d 
i n another manner. Labelled photosynthate introduces 
l a b e l i n t o a s p a r t i c a c i d , asparagine and glutamine i n 
bleeding sap from V i c i a faba and i n t o these amino acids 
and homoserine i n the f i e l d pea (Pate, 1962). Other sap 
amino acids are not l a b e l l e d . I f t h i s i s not a 
concen t r a t i o n e f f e c t , then i t too suggests d i f f e r e n t 
o r i g i n s f o r the l a b e l l e d and the u n l a b e l l e d amino acids. 
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The absence o f l a b e l i n glutamic acid must imply t h a t 
the pool o f glutamate i n t o which n i t r o g e n i s f i x e d 
i n the r o o t nodules i s small and i s o l a t e d from the amino 
a c i d exudation pool. D i r e c t evidence f o r the o r i g i n o f 
the u n l a b e l l e d amino acids has not been obtained, nor 
has evidence been produced f o r t h e i r existence i n xylem 
sap o f i n t a c t p l a n t s . 

There i s considerable evidence f o r the existence 
o f the major amino acid components o f xylem sap i n i n t a c t 
p l a n t s . Changes i n the glutamine concentration o f 
bleeding sap were c o r r e l a t e d w i t h changes i n glutamine 
i n stem t i s s u e f o r tomato p l a n t s . (Van Die, 1961). 
Appearance o f l a b e l i n amides and amino acids i n bleeding 
sap was c o r r e l a t e d w i t h appearance o f l a b e l i n the same 
compounds i n the nodules and lower porti.on of the stem 
of f i e l d pea (Pate, 1962; Pate, Walker and Wallace, 1965). 
I n the present work, the absence o f l a b e l l e d asparagine 
i n the stem near the l e a f photosynthesising i n ["^C] - CC^ 
a f t e r 3h exposure t o the l a b e l , and i t s presence 21h 
l a t e r (Table 5-2) c o r r e l a t e s w i t h the usual appearance 
by t h i s time o f l a b e l l e d asparagine i n the bleeding sap 
( F i g . 4-1). Lesser components o f the sap Which do not 
become l a b e l l e d from photosynthate, and which show l i t t l e 
v a r i a t i o n i n concentration are not possible t o demonstrate 
i n t h i s manner. I t i s i n t e r e s t i n g t o note the presence 
i n the r o o t exudate from V i c i a faba o f dihydroxyphenylalanine, 
an amino a c i d which occurs i n high concentration i n most 
pa r t s o f the broad bean p l a n t . 
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I n the present work, non amino substances i n sap 
were i n v e s t i g a t e d only i f they became l a b e l l e d from 
photosynthate. The u n i d e n t i f i e d n i n h y d r i n negative 
substance i n the sap could have been e i t h e r an organic 
a c i d , or a sugar present i n very low c o n c e n t r a t i o n . 
The presence of organic acids i n bulk sap was demonstrated 
by q u a l i t a t i v e t e s t s , but no attempt a t i d e n t i f i c a t i o n 
was made. Van Die (1959b) found a number of organic 
acids i n bleeding sap from tomato r o o t s , a k e t o g l u t a r i c 
a c i d was present as a major component i n sap from newly 
cut stumps, but had decreased markedly i n concentration 
a f t e r s i x hours bleeding from a stump. This decrease 
was accompanied by a decrease i n the r o o t a k e t o g l u t a r a t e 
pool and i n the sap amino acids. Kating and Eschrich 
(1964) also noted t h i s decrease i n a k e t o g l u t a r a t e and 
amino acids i n xylem sap from Cucurbita sp„ They applied 
\^^C] -bicarbonate t o the p l a n t r o o t s and, r a p i d l y , 
l a b e l appeared i n amino acids and organic acids o f the 
sap. The l a b e l decreased w i t h longer sap c o l l e c t i o n 
times. The a k e t o g l u t a r a t e was suggested t o a r i s e from 
sucrose t r a n s l o c a t e d from leaves (Van Die, 1960). 
Other sap organic acids were present i n the tomato p l a n t 
i n smaller amounts, and t h e i r concentrations v a r i e d 
very l i t t l e d u r i n g prolonged bleeding. 

I n herbaceous p l a n t s , xylem sap i s g e n e r a l l y accepted 
as being f r e e , or almost f r e e , o f carbohydrate (Pate, 1962)* 
I n the present work i t r e q u i r e d repeated spraying o f 
i n c r e a s i n g l y concentrated samples o f sap before the 
sugars, glucose, f r u c t o s e and sucrose, could be i d e n t i f i e d . 
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These substances were present i n very low concentrations, 
although h i g h l y r a d i o a c t i v e , c o n t a i n i n g almost h a l f the 

l i t 
sap C9 and i t i s suggested t h a t they represent r e c e n t l y 
formed photosynthate and i t s d e r i v a t i v e s . Their presence 
i n the sap i s supposed t o be derived from exudation from 
cut c e l l s , probably phloem t i s s u e , o f the stem, and 
the l i k e l i h o o d o f t h e i r being xylem-transObcated substances 
seems very small. 

I n t r o d u c t i o n of l a b e l i n t o the sap o f a f r u i t i n g 
p l a n t and i t s recovery i n the f r u i t proved i m p r a c t i c a b l e 
i n the present experiments since, even w i t h a 6h feeding 

i l l 

p e r i o d , the amount o f C recovered from the p l a n t was 
too low f o r i n d i v i d u a l l a b e l l e d compounds t o be 
i d e n t i f i e d . Longer feeding periods were not attempted 
since t h i s would have r e q u i r e d the development o f a 
s u i t a b l e feeding chamber. The c o n t r i b u t i o n o f the 
xylem sap components t o the metabolism o f the shoot 
and f r u i t was not determined. Such an i n v e s t i g a t i o n f o r 
vege t a t i v e shoots has been c a r r i e d out by Pate, Walker 
and Wallace (1965) who fed l a b e l l e d , d i l u t e d bleeding 
sap t o detached p l a n t shoots and observed i t s subsequent 
metabolism. Pate (1966) showed t h a t t h i s c o n t r i b u t i o n 
t o the shoot o f carbon from xylem sap was e s s e n t i a l l y 
complementary t o the amino acid carbon synthesised i n s i t u a 

Reduction i n concentration of sap as i t ascends the 
stem i s suggested by the a c t i v i t i e s o f stem segments i n 
Table 4-5. Such a r e d u c t i o n i n concentration was 
demonstrated unequivocally by Brennan, Pate and Wallace 
(19 64) when they c o l l e c t e d bleeding sap from p e t i o l e s o f 
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f i e l d pea c Thoy c o n c e d e d t h a t a c onsiderable portion 
of the nitrogen i n the xylem sap i s absorbed by the 
t i s s u e s of the stem, and t h a t asparagine i s absorbed 
more i n t e n s i v e l y than other sap components, Thus 5 the 
xylem sap reaching a f r u i t high on the p l a n t may not 
have the same composition as t h a t c o l l e c t e d from the root 
system. 

We are now i n a p o s i t i o n to consider the v a r i o u s 

sources of carbon f o r a f r u i t developing on a broad bean 

p l a n t . The r e s p e c t i v e c o n t r i b u t i o n s of l e a f photosynthesis, 

f r u i t photosynthesis and root metabolism to the developing 

pod are summarised i n F i g . 11-3. Evidence f o r many of 

the points i l l u s t r a t e d , even i f only i n d i r e c t evidence, 

has been obtained i n the present work. However, the 

strongest evidence f o r the i l l u s t r a t e d i n t e r r e l a t i o n s 

of shoot and root i n carbon and nitrogen metabolism comes 

from the work of Pate et a l with the f i e l d pea 5 and has 

a l r e a d y been d i s c u s s e d . The carbon sources r e v e a l e d i n 

t h i s d i s c u s s i o n must form the b a s i s f o r any b i o s y n t h e t i c 

a c t i v i t y i n the growing f r u i t , and at l e a s t p o t e n t i a l l y , 

e x e r t a c o n t r o l over a l l such a c t i v i t y . 

When j j ^ C ] - CO^ was fed to the bloom node l e a f 

subtending young, phase I pods, sucrose, glucose and 

f r u c t o s e were the f i r s t l a b e l l e d substances to be detected 

i n the pod (Table 5-3). L a b e l l e d amino a c i d s were a l s o 

present i n the s o l u b l e f r a c t i o n of the pod, a t f i r s t i n 

t r a c e amounts and l a t e r i n higher concentrations 

(Table 5-2, Table 7-1). The low uptake of C by the pods 

growing outdoors as compared with those i n the glasshouse 
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E. sucrose and amino 
a c i d s exported from 
bloom node l e a f 
supply developing 
f r u i t s as w e l l as 
other p a r t s of plant 

CO^-photosynthesis 

F expanded l e a v e s near 
the apex export sucrose 
and amino a c i d s to the 
apex o 

sucrose and amino a c i d s 
exported from median 
lea v e s supply both root 
and apex as w e l l as 
developing f r u i t . 

CO 2-photo synthe s i s V | l 

C. sucrose metabolised 
i n the root and some 
of the carbon 
returned t o the 
snoot as amino 
a c i d s , amides 
and organic 
a c i d s i n the 
ti~ an s p i r a t ion 
stream 

' f t B 

CO^-photosynthesis 
sugars, a c i d s , s o l u b l e 
and p r o t e i n amino a c i d s 
photosynthesised i n the 
l e a f . 

sucrose and amino a c i d s exported 
from the l e a f „ Some absorbed by 
stem. Amino a c i d s important i n 
n u t r i t i o n of root system and 
are not returned to the shoot. 

F i g . 11-3, F r u i t i n g p l a n t of V i e i a faba 



ramt be a t t r i b u t a b l e i n p a r t to the d i f f e r e n t 

environmental c o n d i t i o n s , but the emphasis on 

dihydroxyphenylalanine metabolism i n the outdoor pods 

i n d i c a t e s t h a t t h i s i s not the only f a c t o r . 

Dihydroxyphenylalanine was g e n e r a l l y l a b e l l e d weakly 

i n other s o l u b l e pod f r a c t i o n s , but never more str o n g l y 

than t y r o s i n e . Dihydroxyphenylalanine metabolism i s 

r e l a t e d t o , although not d i r e c t l y involved i n , the 

metabolism of melanin i n these t i s s u e s , and melanin 

production occurs i n damaged or senescent t i s s u e . (Andrews 

and Pridham, 1967). As a l r e a d y suggested i n the R e s u l t s 

s e c t i o n , these pods were probably a b o r t i v e . The 

experiment was not repeated, and so, although the young 

pod i s e v i d e n t l y a c t i v e i n importing t r a n s l o c a t e from the 

bloom node l e a f , f u r t h e r conclusions as to the normal 

metabolism of such pods are not j u s t i f i e d -
14 

C uptake by the 35-day-old, phase I I I pods followed 

a r a t h e r d i f f e r e n t p a t t e r n . Leaves export photosynthate 

w i t h i n a short time of i t s s y n t h e s i s , or s t o r e i t u n t i l 

export during senescence, as d i s c u s s e d p r e v i o u s l y . I t 

m^y be seen from Table 7-3 t h a t the photosynthesising l e a f 

had exported a l l i t s l a b e l l e d photosynthate by 2h a f t e r 

the end of j ^ C ] - C0 2 feeding. Label appeared i n the pod 

w i t h i n 90 min of the s t a r t of ["^C] - CC^ photosynthesis 5 

and so one would expect t h a t the f r u i t would cease to 
11 

i n c r e a s e i n a c t i v i t y w i t h i n about Hh a f t e r the end of C 

uptake by the l e a f . The f r u i t a c t i v i t y did remain 

e s s e n t i a l l y constant between 2h and 8h a f t e r the end of 

"^C uptake, as expected, but then i t began to r i s e again. 
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14 The o r i g i n a l l o s s of C from the bloom node l e a r was 
not matched by an equal i n c r e a s e i n x i +C i n the pod, 
and some of the a c t i v i t y must have been l o s t from the 
system by r e s p i r a t i o n , or exported to other p a r t s of 
the p l a n t . The l a t e i n c r e a s e i n pod a c t i v i t y must then 
i n d i c a t e t h a t those other p a r t s of the p l a n t r e c e i v i n g 
"^C from the l e a f , l a t e r r e m o b i l i s e d them and supplied 
them to the pod. The l e a v e s were a t nodes 7-11 on 15 node 
p l a n t s , and would be expected to supply both the roots 
and the apex with some t r a n s l o c a t e , as a l r e a d y d i s c u s s e d . 
The apex r e t a i n s such carbon, over the time i n t e r v a l s 
being considered. The r o o t s reexport photosynthate i n 
the t r a n s p i r a t i o n stream. However, the observed i n c r e a s e 
i n pod carbon i s taking place between 23.00 and 7,00 
hours when the t r a n s p i r a t i o n of the p l a n t i s minimal 
and could not be expected to supply l a r g e amounts of 
carbon to the p l a n t shoot. The substances a r r i v i n g i n 
the pod and seeds during t h i s time 1were non-amino 
compounds E and t h i s a l s o supports the contention t h a t 
they were not supplied v i a the xylem. Such r e s u l t s can 
only i n d i c a t e t h a t l a b e l l e d sugars, stored elsewhere 
than i n the fed l e a f 5 , are r e m o b i l i s e d during the night 
to supply the f r u i t . That the stem might be the s i t e of 
such storage and r e m o b i l i s a t i o n i s i n d i c a t e d by the work 
of Peel and Weatherly (1962) who showed t h a t with the 
change from l i g h t to dark, the source of sugar f o r phloem 
t r a n s l o c a t i o n i n S a l i x sp. changed from l e a f to stem 
t i s s u e . T h i s i n d i c a t e s an important r o l e f o r the stem 
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i n the carbon economy of the p l a n t . Stems have a l s o 
been reported to accumulate nitrogen compounds from 
xylem sap, (Van Die, 1961; Brennan, Pate and Wallace, 
196"+) and i t i s p o s s i b l e t h a t these substances too 
c o n t r i b u t e to the carbon re m o b i l i s e d from stem t i s s u e 
during the n i g h t . Further experimental work i s necessary 
to confirm t h i s . 

That some of the carbon exported by the photo-

s y n t h e s i s i n g l e a f was incorporated i n t o the s o l u b l e and 

i n s o l u b l e f r a c t i o n s of the phase I I I seeds i s c l e a r l y 

shown i n F i g s . 7-3 and 7-5. However, l a b e l l e d carbon 

was not d e t e c t a b l e by autoradiography i n s o l u b l e and 

p r o t e i n amino a c i d s i n e x t r a c t s of these seeds, probably 

because of d i l u t i o n of radiocarbon by the a l r e a d y l a r g e 

seed pools of s o l u b l e and protein-bound amino a c i d s . 

Younger f r u i t s were i n v e s t i g a t e d i n order to e s t a b l i s h 

the seed s i z e i n which radiocarbon d i l u t i o n would be 

small enough t h a t the l a b e l l e d compounds could be detected 

by the present methods. The 25-30 day o l d , phase I I 

f r u i t s were found to be s u i t a b l e (Tables 7-5, 7-7). 

The phase I I f r u i t s studied during 6h import of 

photosynthate from a l e a f became l a b e l l e d i n both pod 

and seed i n s o l u b l e f r a c t i o n s between 10 min and 90 rain 
rl4 *~i . 

photosynthesis m [ CJ - CO^. I n both ca s e s s e r i n e 

and a l a n i n e were the most s t r o n g l y l a b e l l e d amino a c i d s . 

The e a r l y presence of l a b e l l e d s e r i n e i n the seed s o l u b l e 

f r a c t i o n s i n d i c a t e s t h a t t h i s amino a c i d may have been 

t r a n s l o c a t e d d i r e c t l y from the l e a f to the seed, passing 

through v a s c u l a r t i s s u e a l l the way. I n t h i s context 
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i t i s i n t e r e s t i n g t h a t Davis (1966) found no conversion 

of exogenously supplied g l y c i n e to s e r i n e i n the broad 

bean seed, although the conversion did take place i n the 

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

to the seed to i n h i b i t i t s s y n t h e s i s i n the seed. Alanine 

was not detected l a b e l l e d i n p e t i o l e e x t r a c t s , and so 

would be expected t o be only weakly l a b e l l e d i n the pod 

and seed t i s s u e i f i t were derived e n t i r e l y from 

t r a n s l o c a t e d a l a n i n e . Thus the a l a n i n e i s suggested 

to a r i s e by transamination of p y r u v i c a c i d formed from 

t r a n s l o c a t e d sugar which was present i n l a r g e q u a n t i t y 

i n both pod and seed. Glutamic a c i d , glutamine and 

t y r o s i n e , a l s o l a b e l l e d s t r o n g l y i n the e a r l y pod e x t r a c t s , 

must a r i s e s i m i l a r l y from sugar breakdown products. 

A l a n i n e , glutamic a c i d , t y r o s i n e and phenylalanine have 

been shown to be formed i n Datura seeds from a supply 

of sucrose and n i t r a t e . (Lewis e t a l , 1970), 

E a r l y seed s o l u b l e f r a c t i o n s contained l a b e l i n 

sugars, s e r i n e and a l a n i n e only, but a t 180 min, 90 min 

a f t e r the f i r s t l a b e l l e d sample, the s o l u b l e seed 

a c t i v i t y i n c r e a s e d s t e e p l y and almost a l l the amino 

a c i d s which were l a b e l l e d i n the pod became l a b e l l e d i n 

the seed. When 1 1 +G was fed d i r e c t l y to the pod, there 
14 

we.s a 75 mm delay before C was detected i n the seed 

( F i g . 8-3). T h i s i s comparable with the time between 

the f i r s t appearance i n the pod of l a b e l from the l e a f 

and the sudden i n c r e a s e i n the s o l u b l e seed a c t i v i t y i n 

the same experiment. I t i s suggested t h a t the numerous 

amino a c i d s l a b e l l e d i n the 180 min sample were derived 
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from the pod. T h i s being so, more than two t h i r d s of 

the carbon from the l e a f entered the seed a f t e r metabolism 

i n the pod. No amino a c i d s were l a b e l l e d i n the seed 

which were not a l s o l a b e l l e d i n the s o l u b l e or p r o t e i n 

f r a c t i o n of the pod. Thus i t i s not necessary to 

hypothesise any major metabolic conversions w i t h i n the 

seed, except perhaps the formation of a l a n i n e from sugars. 

Pod photosynthesis l a b e l l e d e s s e n t i a l l y s i m i l a r 

compounds i n the s o l u b l e pod f r a c t i o n as l e a f photosynthesis 

did i n the l e a f , but the pod exported d i f f e r e n t amino a c i d s 

to the seed, a t l e a s t over the time i n t e r v a l i n v e s t i g a t e d . 

j j ^ C ] - a s p a r t i c a c i d was the major l a b e l l e d amino a c i d 

appearing i n the seed during pod photosynthesis. Label 

i n glutamic a c i d , glutamine and a l a n i n e i n the seed 

i n c r e a s e d a t the expense of a s p a r t a t e carbon. The conversion 

of a s p a r t a t e to o x a l o a c e t a t e , followed by c y c l i n g of carbon 

i n the Krebs c y c l e i s the obvious pathway f o r the 

conversion ( F i g . 11-1). The r e s u l t s could e q u a l l y w e l l 

be accounted f o r by the i n c o r p o r a t i o n of a s p a r t a t e i n t o 

seed p r o t e i n simultaneously with accumulation i n the seed 

of other amino a c i d s from the pod or from sugar metabolism, 

but a s p a r t i c a c i d was only weakly l a b e l l e d i n seed p r o t e i n 

and hence the former explanation i s p r e f e r r e d . 

Q u a n t i t a t i v e a n a l y s i s would be necessary to r e s o l v e the 

problem. The seed, then appears to be capable of f a i r l y 

e x t e n s i v e i n t e r c o n v e r s i o n s of amino a c i d s , and p a r t i c u l a r l y 

those i n v o l v i n g r e s p i r a t o r y pathways (Krebs c y c l e , 

sugar metabolism). Seeds are known to have a high r e s p i r a t i o n 

r a t e ( F l i n n and Pate, 1970), the carbon dioxide so produced 



being r e c y c l e d i n the f r u i t by pod photosynthesis. 

Pod p r o t e i n became l a b e l l e d s t r o n g l y i n t y r o s i n e , 

phenylalanine, g l y c i n e , s e r i n e and a l a n i n e from both 

l e a f photosynthesis and pod photosynthesis. As i n the 

l e a f , glutamic and a s p a r t i c a c i d s and b a s i c amino a c i d s 

were l a b e l l e d only weakly, i n s p i t e of being present i n 

the p r o t e i n i n amounts s i m i l a r to the l a b e l l e d amino 

a c i d s . T h i s may be due, as suggested by H e l l e b u s t and 

B i d w e l l (196 3a) f o r l e a v e s , to l a r g e r p r o t e i n precursor 

pools f o r these amino a c i d s . I t i s tempting to wonder 

whether these p r o t e i n precursor pools are more r e a d i l y 

penetrated by amino a c i d s from xylem sap than by 

photosynthate. T h i s could apply e q u a l l y w e l l i n l e a v e s , 

and i s i n l i n e with the demonstration by Pate (1966) 

t h a t xylem sap provided carbon to p r o t e i n i n a p i c e s 

of f i e l d pea through amino a c i d s of the a s p a r t i c and 

glutamic a c i d f a m i l i e s . 

I t i s to be expected t h a t the amount of xylem sap 

e n t e r i n g an organ w i l l be d i r e c t l y r e l a t e d to the 

t r a n s p i r a t i o n r a t e of t h a t organ, and thus organs such 

as mature l e a v e s w i l l r e c e i v e an excess of substances 

from the xylem and must reexport a proportion of these, 

( B o l l a r d , 1960). The t r a n s p i r a t i o n r a t e of a seed 

.inclosed i n a pod cannot be high, and one would expect, 

then to f i n d very l i t t l e dependence of the seed on the 

xylem sap stream. T h i s seems to be borne out by the 

l a b e l l i n g of a s p a r t i c and glutamic a c i d f a m i l y amino 

a c i d s i n the seed from carbon taken up i n pod 
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photosynthesis. I n t h i s context, i t i s worthy of note 

t h a t the seed i s the only part of the V i c i a faba shoot 

which contains no dihydroxyphenylalanine. Dihydroxy--

phenylalanine i s present i n bleeding sap and, t h e r e f o r e , 

probably i n xylem sap. I f then, d i h y d r o x y p h e n y l a l a n i n e 

does enter the seed i n the xylem sap, i t must be e i t h e r 

reexported, or e l s e broken down. I t may be t h a t the 

xylem sap stream makes i t s c h i e f c o n t r i b u t i o n to the 

seed a f t e r i t s components have been r e c y c l e d i n the 

pod - i n the same way as some of the carbon from l e a f 

t r a n s l o c a t e appears to be metabolised i n the pod before 

e n t e r i n g the seed. 

Pod photosynthesis incorporated carbon i n t o seed 

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

t y r o s i n e , phenylalanine and g l y c i n e . Leaf photosynthesis 

l a b e l l e d s e r i n e , a l a n i n e , t y r o s i n e and phenylalanine 

most strongly» Threonine and p r o l i n e were the only amino 

a c i d s u n l a b e l l e d from e i t h e r carbon source, but v a l i n e , 

i s o l e u c i n e , and leucine, a l l present i n seed p r o t e i n i n 

amounts g r e a t e r than or equal to t y r o s i n e (see Appendix 3) 

were only weakly l a b e l l e d . Threonine and p r o l i n e are 

s y n t h e s i s e d from a s p a r t a t e and glutamate r e s p e c t i v e l y , 

and p o s s i b l y a r i s e from pod metabolism of xylem sap, 

along with some of the seed a s p a r t i c and glutamic a c i d s 

and t h e i r amides. I s o - l e u c i n e a r i s e s from threonine, 

and v a l i n e and l e u c i n e from pyruvate. The weak l a b e l 

i n the l a s t two, a t l e a s t , of these i s not r e a d i l y 

explained. There remains the p o s s i b i l i t y of p r i o r 

storage of these amino a c i d s i n , f o r example, the pod and 
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t h e i r m o b i l i s a t i o n f o r use i n seed p r o t e i n formation 

as r e q u i r e d . T h i s would suggest minimal turnover of 

these amino a c i d s , ( c . f . Oaks, 1966). Davis (1966) 

demonstrated t h a t , between day 26 and day 38 (phase I I ) 

i n broad bean f r u i t , there i s a decrease i n g l y c i n e , 

t y r o s i n e , l y s i n e and a r g i n i n e i n the pod concommitant 

with an i n c r e a s e of g l y c i n e , t y r o s i n e and l y s i n e i n the 

seed. I t i s reasonable to suppose t h a t these substances 

had been stored i n the pod f o r t r a n s l o c a t i o n to the 

developing seed. They are not, however, c l o s e l y r e l a t e d , 

m e t a b o l i c a l l y , to the u n l a b e l l e d amino a c i d s above. 

A l t e r n a t i v e s t o r e s of amino a c i d s could occur i n the 

seed coat or i n the developing cotyledons themselves. 

Any such s t o r e s might provide to the seed s u f f i c i e n t 

of an amino a c i d to i n h i b i t i t s s y n t h e s i s i n the seed. 

T h i s would not n e c e s s a r i l y preclude the occurrence of 

normal s y n t h e s i s of these amino a c i d s at other times i n 

the l i f e of the f r u i t . Of course, the present study 

views only a few hours i n the l i f e of the pod, during 

which time only c e r t a i n p r o t e i n s w i l l be s y n t h e s i s e d 

and only c e r t a i n s u b s t r a t e s used. The u n l a b e l l e d amino 

a c i d s i n the present experiment may be present i n low 

c o n c e n t r a t i o n i n the c u r r e n t l y s y n t h e s i s e d p r o t e i n , or 

i n high concentration i n temporary storage pools not 

d e t e c t a b l e i n s t u d i e s such as those of Davis (1966). 

I n the absence of d e t a i l e d q u a n t i t a t i v e data, such 

c o n c l u s i o n s from the present work must be considered 

with c a u t i o n . 

The p r o t e i n s being s y n t h e s i s e d i n these phase I I 

f r u i t s must be c h i e f l y albumins and must include some of 



the many enzymes a c t i v e i n the f r u i t a t t h i s time a 

Davis (1966) showed t h a t phase I I broad bean seeds 

s y n t h e s i s e a number of albumin p r o t e i n s , as r e v e a l e d 

by acrylamide gel e l e c t r o p h o r e s i s , and t h a t the number 

of these p r o t e i n s i n c r e a s e s to a maximum between day 

29 and day 49. F l i n n and Pate (1968) showed t h a t i n 

seeds of f i e l d pea, albumins are s y n t h e s i s e d i n l a r g e 

q u a n t i t y i n phase I I and g l o b u l i n s are not s y n t h e s i s a d 

u n t i l phase I I I . A s i m i l a r p a t t e r n was demonstrated 

f ° r Phaseolus v u l g a r i s seeds by H a l l e t a l , 197 2. 

The production of albumins i n q u a n t i t y during phase I I 

of seed growth i s i n d i c a t i v e of c onsiderable change i n 

the metabolism of the seed s and i s probably a s s o c i a t e d 

with p r e paration of vacuoles and s y n t h e t i c machinery 

f o r the d e p o s i t i o n of storage protein,, Numerous enzyme 

a c t i v i t i e s have been detected i n e x t r a c t s of developing 

and mature seeds (Dey and Pridham, 196 8; Rinne, 1969; 

Morris e t ^ a l , 1970; Moore, 1969), and i t i s l i k e l y t h a t 

the i n c r e a s e i n albumin p r o t e i n would be a s s o c i a t e d with 

i n c r e a s e i n a c t i v i t i e s of some of these p r o t e i n s . 

I n seeds of R i c i n u s communis, an enzyme c a t a l y s i n g 

the s y n t h e s i s of r i c i n o l e i c a c i d from o l e i c a c i d i s absent 

(or i n a c t i v e ) i n young developing seeds, mature seeds 

and germinating seeds, but present i n developing seeds 

o l d e r than about 2 5 days. (Yamada and Stumpf, 1964; 

G a l l i a r d and Stumpf, 1966). Although such r e s u l t s appear 

not to have been described f o r legumes, i t i s l i k e l y 

t h a t a s i m i l a r s i t u a t i o n e x i s t s . A combination of g e l 
14 

e l e c t r o p h o r e s i s and autoradiography of C - l a b e l l e d seed 
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p r o t e i n s might y i e l d i n t e r e s t i n g r e s u l t s i n t h i s 

s i t u a t i o n . 

I t i s evident t h a t the developing seed depends 

markedly on the r e s t of the p l a n t f o r i t s carbon s u p p l i e s . 

The seed i s green f o r most of i t s time of development, 

and i t i s thus p o t e n t i a l l y photosynthetic. F l i n n and 

Pate (1970) showed t h a t seeds of f i e l d pea were unable 

to photosynthesise s i g n i f i c a n t l y , but pointed out t h a t 

other leguminous seeds which c o n t a i n more c h l o r o p h y l l 

than those of f i e l d pea, may have a g r e a t e r photosynthetic 

e f f i c i e n c y . 

The present experiments were not designed with a 

view to i n v e s t i g a t i n g the amounts of carbon supplied 

to the seed from d i f f e r e n t sources, but the r e s u l t s may 

be used to obtain a very rough estimate of carbon t r a n s f e r . 

I f the a c t i v i t y r e s u l t s f o r the leaf-pod-seed systems 

(Table 9-1, F i g . 7-3) and the pod-seed system ( F i g . 8-1) 

are r e c a l c u l a t e d on a per l e a f and per pod b a s i s 

(Appendix 4 ) , r a t e of t r a n s f e r of carbon i n t o the seeds 

per pod can be c a l c u l a t e d . These are n e c e s s a r i l y 

minimum f i g u r e s , as thay assume t h a t the s p e c i f i c 

a c t i v i t y of the carbon e n t e r i n g the seed i s t h a t of the 

fed [ ^ C ] - C0 2, and while t h i s may be a reasonable 

approximation f o r new photosynthate, i n other cases i t 

i s l i k e l y t h a t the a c t u a l s p e c i f i c a c t i v i t y w i l l be 

r a t h e r s m a l l e r . These c a l c u l a t e d values are presented 

i n Table 11-1. I t i s i n t e r e s t i n g to note t h a t the stem 

at night feeds a comparable amount of carbon t o the seed 

as does the l e a f on the same p l a n t during the day. 
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Table 11-1. Carbon sources f o r the seed 

14 
Source of C 

14 C uptake i n t o the seeds per pod 
cpm/h pmoles/h 

( a ) pod photo­
s y n t h e s i s 
( F i g . 8-1) 

(b) l e a f photo­
s y n t h e s i s 
(Table 9-1) 

( c ) l e a f photo­
s y n t h e s i s 
( F i g . 7-3) 

stem, a t night 
( F i g , 7-3) 

2,300 

20,000 

3,000 

2,000 

0.002 

0.023 

0.005 

0.003 

The data were c a l c u l a t e d from the f i g u r e s and t a b l e s 
given, re-expressed on a per sample b a s i s i n Appendix H. 
They are maximum mean values i n each case, 
( a ) and (b) were p l a n t s grown indoors and under 
a r t i f i c i a l l i g h t s , ( c ) were p l a n t s grown outdoors, 
and which took up much l e s s [^Cfj - C0 2 than d i d the 
p l a n t s i n ( a ) and ( b ) . The value f o r the stem a t night 
i s l i k e l y to be low due to d i l u t i o n of t r a n s l o c a t e during 
storage i n the stem. 



The r e s u l t s i n d i c a t e t h a t , f o r the glasshouse grown 

p l a n t s , l e a f photosynthate s u p p l i e s a much l a r g e r 

proportion of carbon to the seed than does the pod. 

The pod i s s t i l l growing at t h i s time and i t i s 

t h e r e f o r e l i k e l y t h a t i t r e t a i n s a great d e a l of 

photosynthate f o r i t s own metabolism. 

Within the l i m i t s of accuracy of these r e s u l t s , 

they agree with the f i n d i n g s of other workers. Lewis 

et a l (1970, 1971) showed fo r Datura stramonium seeds 

t h a t the bulk of the amino a c i d s incorporated int o the 

seed p r o t e i n were derived from carbon exported by l e a v e s 

i n the proximity of the f r u i t . I n g e n e r a l , 6-10 times 

as much seed p r o t e i n amino a c i d was derived from l e a f 

photosynthesis as from metabolism of sucrose i n the f r u i t . 

F l i n n and Pate (1970) showed t h a t , during the l i f e of the 

f r u i t of the f i e l d pea, the l e a f l e t s supply a g r e a t e r 

proportion of the carbon r e q u i r e d by the seeds than do 

the pods. Pods were found to export no carbon when very 

young (up to 10 days) and to export s t e a d i l y i n c r e a s i n g 

amounts to the seed u n t i l l e v e l l i n g o f f at about 2 5 days. 

The pod never exported as big a proportion of i t s f i x e d 

carbon as did the l e a f . 

The c o m p l e x i t i e s of i n t e r r e l a t i o n s h i p s of the carbon 

sources f o r the seed have been i n d i c a t e d r a t h e r than 

analysed, suggested r a t h e r than proved. T h i s i s perhaps 

i n e v i t a b l e i n a p r e l i m i n a r y study which has attempted to 

broadly a s s e s s s e v e r a l aspects of the problem. I t i s 

hoped t h a t the present work w i l l form a b a s i s f o r f u r t h e r , 

more d e t a i l e d i n v e s t i g a t i o n s of the metabolism surrounding 

the development of the seed i n V i c i a faba. 
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APPENDIX 

1. Curve f i t t i n g 

2. Counting e r r o r s 

3. Sample an a l y s e s - pod and seed amino a c i d s 

4. A c t i v i t y r e s u l t s expressed per sample 



APPENDIX ONE Curve f i t t i n g 

S t r a i g h t l i n e , y = ax + b. 

For each value of x there i s an observed value of y„ 

On the s t r a i g h t l i n e , f o r each value of x there i s 

a c a l c u l a t e d value of y. For the best s t r a i g h t l i n e 

the sum of the squares of (y observed - y c a l c u l a t e d ) 

w i l l be minimum. 

y c a l c a x obs + b 

z ( y 0 b S - y c a l c ) 2 S(y, obs ~(ax obs +b))
2 

Z ( y i ~ a x i - b ) 2 

D i f f e r e n t i a t i n g with r e s p e c t to a, 

~ t ( y . - a x . - b ) 2 s E 2 ( y . - a x . - b ) ( - x . ) = 0 
o a x x x x x 

E x.(ax.+b-y•) 0 (1) 

D i f f e r e n t i a t i n g .'ith r e s p e c t to b, 

~ 2 ( y . - a x . - b ) 2 = E2(y.-ax.-b) = 0 

. * .2 ( y i - a x i - b ) = 0 

2 
from ( 1 ) , aSx. +t£x.~£x.y. = 0 

x x x J x 

(2) 
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from ( 2 ) , E y i - a£x i - b £ 1 = 0 

Ey. - aEx. 
J x x 

n 

n Z x i y i " Z x x ^ x 

nZx. 2 - ( E x ^ 2 
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APPENDIX TWO - Counting e r r o r s 

(Ref. Section 6 ( i ) + 6 ( i i ) s P r e l i m i n a r y R e s u l t s ) . 

COUNT = counts - background 

E r r o r i n COUNT = counts ± 2% - background ± 2% 

Then, the maximum e r r o r , E m a x » i s given by 

Emax = WO x + TOff B 

where x = counts, B = background. 

Then, the r e l a t i v e e r r o r , E, i s given by 

2, 
E = /100 (x-t-B).lOO 

x-B 

. 2(x+B) = (x-B)E 

2x + 2B = Ex-EB 

x (2-E) = -B(2+E) 

B _ „2ĵ E _ E>2 
x " ™2+E " E + 2 

Then, f o r x = 1.5B, E = 10% 

x = 2B, E = 6% 

x = 3B, E = 4% 

x = 4B, E = 3% 



APPENDIX THREE 

Table A l . Pod and seed a n a l y s e s 

POD 
SOLUBLE 

SEED 
SOLUBLE 

SEED 
INSOLUBLE 

ASP 0.729 0,200 0. 362 

THR 0.013 0.076 0.211 

SER 0.032 0.064 0.247 

GLU 0.113 0.351 0. 366 

PRO 0.008 0.141 0.156 
GLY 0.011 0.026 0.314 

ALA 0.031 0.557 0.314 

CYS 0.0 0.0 0.0 

VAL 0.012 0.044 0.241 ! 
I 

MET 0.0 0.0 0.049 I 

I L E 0.004 0.018 0.186 

LEU 0.0 0.010 0.398 
! 

DOPA 0.907 0.0 0.000 
i 

TYR 0.111 0.010 0.092 1 
i 

PHE 0.010 0.014 0.136 
i 

i 

yAB 0.009 0.523 0.000 | 
KIS 0.004 0.028 0.071 i i 

! 

LYS 0.006 0.061 0.225 t I j 
ARG 0.0 0.036 0.191 | 

Amino a c i d q u a n t i t i e s are i n umoles per sample, i . e . 

ymoles per pod, and ymoles per seeds per pod. The 

f r u i t s were a l l i n phase I I of growth and are the 

samples de s c r i b e d i n Table 9-1. Autoanalyser e r r o r s are 

± 2%. Since the analy-es are of 1-3 samples only, they 

are only r e p r e s e n t a t i v e of the population of samples with 

a c e r t a i n t y of ± 20%. 
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