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A b s t r a c t

PHYSIOLOGICAL, BIOCHEMICAL, AND SURFACE STRUCTURAL 

STUDIES OF LETTUCE SEED GERMINATION

by

A le x a n d e r  D im i t r i j  P a v l i s t a

A d v iso rs  P r o f e s s o r  Ja c k  G. V a ld o v in o s

T hese i n v e s t i g a t i o n s  a t te m p t  to  c o r r e l a t e  a  c e l l  

w a ll  d e g ra d in g  enzyme— e n d o g lu c a n a s e — and endosperm  

w eakening  to  th e  g e r m in a t io n  o f  l e t t u c e  s e e d s .

L e ttu c e  s e e d s  ( a c h e n e s ) ,  L a c tu c a  s a t i v a  L . ,  w ere 

im bibed  in  w a te r  a t  o p tim a l c o n d i t i o n s .  G erm in a tio n  was 

o b se rv e d  a f t e r  13 h r  from  th e  s t a r t  o f  im b ib i t io n  and  th e  

r a t e  o f  g e rm in a tio n  was maximum a f t e r  16 h r .  F re sh  w e ig h t 

in c re a s e d  r a p id l y  d u r in g  th e  f i r s t  3 h r  to  1? 3& o f  t h a t  o f  

u n w etted  s e e d s .  Betw een 3 an d  18 h r  from  th e  s t a r t  o f  

im b ib i t io n ,  f r e s h  w e ig h t re m a in e d  c o n s ta n t ,  e x c e p t  f o r  a 

s l i g h t  r i s e  a t  1 3 -1 ^  h r .  D ry w e ig h t rem ain ed  c o n s ta n t  

th ro u g h o u t th e  f i r s t  18 h r  from  th e  s t a r t  o f  im b ib i t io n ,  

E ndog lucanase  a c t i v i t y  was d e te rm in e d  i n  e x t r a c t s  

from 0 to  12 h r  im b ib ed  s e e d s  w ith  low s a l t  c o n ta in in g  

b u f f e r  (low  s a l t  e x t r a c t )  an d  w ith  t h i s  b u f f e r  f o r t i f i e d  

w ith  1 M NaCl (h ig h  s a l t  e x t r a c t ) .  The enzyme a c t i v i t y  in  

h ig h  s a l t  e x t r a c t s  re m a in e d  c o n s ta n t  th ro u g h o u t th e  e x p e r i ­

m e n ta l p e r io d .  How ever, th e  a c t i v i t y  i n  low s a l t  e x t r a c t s
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f l u c tu a t e d  i n  tim e , g iv in g  a  minimum a f t e r  6 h r  an d  a  p eak  

a f t e r  9 to  10  h r  from  th e  s t a r t  o f  im b ib i t io n  p r i o r  to  th e  

o n se t; o f  g e rm in a t io n . T hese a c t i v i t i e s  w ere fou n d  to  a r i s e  

from  th e  s e e d s  and n o t  from  m ic r o b ia l  c o n ta m in a t io n .  U n lik e  

e n d o g lu c a n a se  a c t i v i t y ,  p r o t e i n  c o n te n t  i n  low  s a l t  e x t r a c t  

d id  n o t  f l u c t u a t e  b u t  rem a in ed  r e l a t i v e l y  c o n s t a n t .  . The 

r e l a t i v e  am ounts o f  e n d o g lu c a n a s e ( s )  i n  th e  low  s a l t  e x t r a c t s  

w ere d e te rm in e d . O p tim al a s s a y  c o n d i t io n s  f o r  th e  low s a l t  

e x t r a c te d  a c t i v i t y  from  0 , 6 , an d  9 h r  im b ib ed  s e e d s  w ere  

d e te rm in e d  to  be te m p e ra tu r e s  b e tw een  40 and  50°C and pHs 

betw een  5 .2  and  6 . 1 . I t  was a l s o  d e te rm in e d  t h a t  th e  6 h r  

minimum in  low  s a l t  e x t r a c t e d  a c t i v i t y  was p ro b a b ly  n o t  due 

to  th e  p re s e n c e  o f  an  enzyme i n h i b i t o r ( s )  b u t  m ig h t be 

e x p la in e d  by  a  le a c h in g  o f  th e  enzym es o u t  o f  th e  s e e d s  

i n to  th e  sow ing  medium, E n d o g lu can ase  a c t i v i t y  w as m easured  

i n  th e  medium o f  6 an d  9 .h r  w e t te d  s e e d s .

The e f f e c t s  o f  r i b o n u c le i c  a c id  s y n th e s i s  i n h i b i t o r s ,  

i . e . ,  6-m e th y l p u r in e  and a c tin o m y c in  D, and  a  p r o t e i n  

s y n th e s i s  i n h i b i t o r ,  c y c lo h e x im id e , w ere d e te rm in e d  on i n t a c t  

and  p u n c tu re d  s e e d s . The r e s u l t s  s u g g e s t  t h a t ,  i n  o rd e r  

to  o b ta in  low  s a l t  e x t r a c t a b l e  e n d o g lu c a n a se  a c t i v i t y ,  r i b o ­

n u c l e i c  a c id  s y n th e s i s  i s  r e q u i r e d  betw een  to  7 h r  o f  

im b ib i t io n  an d  p r o t e in  s y n th e s i s  i s  r e q u i r e d  betw een  to  

9 h r  o f  im b ib i t io n .  H igh s a l t  e x t r a c t a b l e  e n d o g lu c a n a se  

a c t i v i t y  do es n o t  seem to  depend  on e i t h e r  r i b o n u c le i c  a c id  

o r  p r o t e in  s y n t h e s i s .

E x t r a c t s ,  b o th  low s a l t  an d  h ig h  s a l t ,  w ere ch ro m a to -



g rap h ed  on colum ns c o n ta in in g  e i t h e r  S ephadex  G-100 o r  G-200 

g e l s .  Low s a l t  e x t r a c t s  o f  0 and 9 h r  im b ib ed  s e e d s  had  3 

enzyme p ea k s  (E l ,  E2, E3) w h ile  th o s e  o f  6 and  12 h r  im bibed  

s e e d s  each  h ad  a  p red o m in an t peak  (E l) a n d  a  r e l a t i v e l y  sm a ll 

p eak  (E 2 ). H igh s a l t  e x t r a c t s  o f  0 , 6 , 9 a n  d 12 h r  im bibed  

s e e d s  had  f o u r  p eak s (E l, E2, E4, E 5). The medium ( l e a c h a t e )  

o f  9 h r  im b ib ed  se e d s  had two p re d o m in a n t p e a k s  (E l , E3) and 

a  r e l a t i v e l y  s m a ll t h i r d  p eak  (E 2 ); r e l a t i v e l y  l i t t l e  

p r o t e i n  le a c h e d  from  th e s e  s e e d s .  The m o le c u la r  w e ig h ts  ( in  

D a lto n s )  o f  th e s e  enzymes w ere  d e te rm in e d  to  b e :  E l -  4 8 0 ,0 0 0 ,

E2 -  2 8 0 ,0 0 0 , E3 -  4 0 ,0 0 0 , E4 -  5 ,000  a n d  E5 -  1 ,8 0 0 . T h e re fo re ,  

E3 enzyme may be a s s o c ia te d  w ith  th e  s e e d s '  p r e p a r a t i o n s ) 

f o r  g e m i n a t i o n .

To f u r t h e r  c h a r a c t e r i z e  th e s e  enzym es (E l , E2 and E 3), 

t h e i r  p o s s i b l e  s u b u n i t  c o m p o s itio n  and i s o e l e c t r i c  p o in t s  w ere 

e s t im a te d .  S e p a ra te  f r a c t i o n s  c o r r e s p o n d in g  t o  th e  E l, E2 and 

E3 p eak s w ere  p o o le d , t r e a t e d  w ith  sodium  d o d e c y l s u l f a t e  p lu s  

m ercap to  e th a n o l  and r e  ch rom atog raphed . E l f r a c t i o n s  had th e  

fo l lo w in g  s u b u n i t  p e a k s : 280 ,000  (E 2), 2 0 0 ,0 0 0  (S 2 ) , 9 0 ,000  (S 3 ) ,

5 5 .0 0 0  ( S 4 ) , 4 0 ,0 0 0  (E3), 1 8 ,0 0 0  (S6 ) a n d  1 1 ,0 0 0  (S 7 ) ; E2 h a d :

200 .000  (S 2 ) ,  90 ,000  (S3), and 55 ,000  (S 4 ) j  E3 h a d : 1 8 ,0 0 0  (S 6 ) 

and  1 1 ,0 0 0  (S 7 ) .  One i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s  s u g g e s ts  

t h a t  E l i s  com posed o f  1 E2 and 5 E3, E2 i s  com posed o f  2 S3 and 

2 S4 and E3 i s  composed o f  1 S6 and 2 S7» The i s o e l e c t r i c  p o in t s  

w ere d e te rm in e d  by g e l  e l e c t r o p h o r e s i s  u s in g  b u f f e r s  a t  d i f f e r e n t  

pHS and m e a su r in g  a c t i v i t i e s  a t  th e  o r i g i n  an d  m oving s e c t i o n s

o f  each  g e l .  By t h i s  m ethod, th e  i s o e l e c t r i c  p o in t  f o r  E l was
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e s t im a te d  to  be  betw een  pH 5 .0  and 5 .1»  f o r  E2 b e tw een  4 .4

an d  4 .6  and f o r  E3 b e tw een  4 .0  and 4 .2 .

Bulk low  s a l t  and h ig h  s a l t  e x t r a c te d  e n d o g lu c a n a se  

a c t i v i t i e s  a s  w e l l  a s  m o le c u la r  w e i g h t - d i f f e r e n t i a t e d  endo­

g lu c a n a s e  a c t i v i t i e s  w ere d e te rm in ed  on s u r g i c a l l y  s e p a r a te d  

p a r t s  o f  0 -1  an d  9 -10  h r  im b ibed  s e e d s . Low s a l t  e x t r a c t e d  

e n d o g lu c a n a se s  i n  0 -1  im b ib ed  se e d s  w ere found  i n  th e  r a d i c l e  

end  (E l ,  E2, E3) and c o ty le d o n  end (E l, E 2 ). The enzym es in

t h e  r a d i c l e  end w ere a l l  found  in  th e  em bryonic a x i s  an d  in

t h e  endosperm  p r e s e n t  a t  th e  r a d i c l e  end ( s u r ro u n d in g  th e  

em bryon ic  a x i s ) .  In  9-10  h r  im bibed  s e e d s , th e  e n d o g lu c a n a se  

d i s t r i b u t i o n  i s  s u b s t a n t i a l l y  d i f f e r e n t .  A ll  low  s a l t  e x t r a c te d  

e n d o g lu c a n a se s  (E l, E2, E3) in  th e s e  se ed s  w ere fou n d  to  be in  

t h e  endosperm  in  th e  r a d i c l e  en d  (s u rro u n d in g  th e  em b ry o n ic  

a x i s )  an d  n o t  i n  e i t h e r  t h e  em bryonic a x is  o r t h e  c o ty le d o n  en d . 

The e n d o g lu c a n a se  a c t i v i t y  peak  m easured  p r i o r  to  t h e  o n s e t  o f  

g e rm in a t io n  seem s to  be due to  th e  s y n th e s is  o f  new e n d o g lu c a n a s e s  

i n  th e  endosperm  o f  th e  r a d i c l e  end . High s a l t  e x t r a c t e d  endo­

g lu c a n a s e s  w ere  fou n d  to  b e  p re d o m in a n tly  in  t h e  r a d i c l e  end 

o f  0-1  and 9-10  h r  im b ib ed  s e e d s .

Low and  h ig h  s a l t  e x t r a c te d  e n d o g lu ca n a se  a c t i v i t i e s  

o f  9 h r  im b ibed  s e e d s  w ere  d e te rm in ed  in  se e d s  sown i n  

d i f f e r e n t  l i g h t  and  d i f f e r e n t  te m p e ra tu re  t r e a tm e n t s .  H igh 

s a l t  e x t r a c t e d  a c t i v i t i e s  w ere n o t  a f f e c t e d  by  e i t h e r  f a r  re d  

l i g h t  t r e a tm e n t  o r  c o n tin u o u s  d a rk n e s s . In  c o n t r a s t ,  low  s a l t  

e x t r a c t e d  e n d o g lu c a n a se  a c t i v i t i e s  w ere lo w e re d  by e x p o s u re  to  

c o n t in u o u s  d a rk n e s s ,  s h o r t  ex p o su re  to  f a r  r e d  l i g h t  an d  h ig h e r
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t e m p e r a tu r e s .  The c h a n g e s  in  en d o g lu can ase  a c t i v i t i e s  i n  9 h r  

im b ib ed  se e d s  c o r re s p o n d  w ith  th e  changes i n  g e rm in a t io n  a s  

m e asu re d  a f t e r  2^ h r .  A t 35°C, a c t i v i t y ,  a l th o u g h  l e s s  com pared 

to  20 and  2^°C , was s t i l l  e x t r a c te d  (low s a l t )  from  l i g h t  

t r e a t e d  se e d s  b u t a c t i v i t y  was n o t  m easured  i n  e x t r a c t s  from 

d a rk  t r e a t e d  s e e d s .  T hese  r e s u l t s  su g g e s t t h a t  low  s a l t  e x t r a c te d  

e n d o g lu c a n a se  a c t i v i t i e s  in  c o r r e l a t i o n  w i th  g e r m in a t io n  i s  a t  

l e a s t  p a r t i a l l y  r e g u l a t e d  by l i g h t  and te m p e ra tu r e  t r e a tm e n t s .

In  o r d e r  to  c o r r e l a t e  en d o g lu can ase  a c t i v i t i e s  to  

endosperm  w eak en in g , ch an g es i n  th e  a p p e a ra n c e  o f  th e  endo­

sperm  a t  th e  r a d i c l e  end w ere d e te rm in ed  u s in g  a  s c a n n in g  

e l e c t r o n  m ic ro sc o p e  (SEM). U ngerm inated s e e d s  im b ib ed  f o r  0 -  

20  h r  w ere d e c o a te d  and th e  em bryos w ith  t h e i r  s u r ro u n d in g  

endosperm s w ere  p r e p a r e d  f o r  o b s e rv a t io n  w i th  an  SEM. The 

s u r f a c e  a p p e a ra n c e  o f  th e  endosperm  o f  d ry  s e e d s  an d  6 h r  

im b ib ed  s e e d s  was sm o o th , w ith o u t  d i s r u p t i o n s .  W ith i n c r e a s in g  

im b i b i t io n  tim e  from  8 t o  12 h r ,  th e r e  was an  i n c r e a s in g  

d e g re e  o f  d i s r u p t i o n  o r  d e g ra d a tio n  o f  th e  endosperm  i n  th e  

m ic ro p y la r  r e g io n .  C rack s  and p i t s  w ere e v id e n t  and  th e  t i p  

o f  th e  m ic ro p y la r  r e g io n  o f  some seed s  had  a  l a r g e  b re a k  or 

a n  o p e n in g . The num ber o f  se e d s  w ith  th e s e  o p e n in g s  in c r e a s e d  

to  a  p eak  a f t e r  12 h r .  The s i z e  o f  th e s e  o p e n in g s  i n  u n g e rm in a te d  

s e e d s  in c r e a s e d  w i th  in c r e a s in g  im b ib i t io n  t im e . A t t h e  1 0 th  

h r ,  t h r e e - f o u r t h s  o f  a l l  se e d s  w ere su rro u n d e d  by  a n  endosperm  

c h a r a c t e r i z e d  a s  b e in g  w eakened a t  th e  m ic ro p y la r  r e g io n .  The 

p e r c e n ta g e  o f  s e e d s  w i th  c ra c k s  o r  w ith  o p e n in g s  d e c l in e d  a f t e r

12 h r  due t o  g e rm in a t io n .  The p e r c e n t  g e rm in a t io n  a f t e r  2k h r
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was th e  same a s  th e  p e r c e n ta g e  o f  se e d s  d i s p la y in g  endosperm  

d e g r a d a t io n .  The peak  o f  S E M -observab le  endosperm  d e g ra d a t io n ,  

w h ich  i s  p re c e d e d  by a  peak  in  en d o g lu c a n a se  a c t i v i t y ,  i s  

c o r r e l a t e d  w ith  th e  p o s s i b l e  r o l e  o f  th e  endosperm  a s  a  

m e c h a n ic a l  r e s t r a i n t  on  embryo e x p a n s io n .

S E M -observab le  endosperm  d e g ra d a t io n  was a l s o  

d e te rm in e d  i n  12 h r  s e e d s  im b ib ed  i n  f a r  r e d  l i g h t ,  d a rk n e s s  

an d  a t  te m p e r a tu r e s  o f  2k  o r  35°C . F ar r e d  l i g h t  g r e a t l y  

i n h i b i t e d  b o th  endosperm  d e g r a d a t io n  (12 h r )  and  g e rm in a tio n  

{2k  h r ) ?  d a rk n e s s  was l e s s  e f f e c t i v e .  I m b ib i t io n  o f  se e d s  

i n  d a rk n e s s  a t  2k°G f u r t h e r  d e c re a s e d  g e rm in a tio n  and endo­

sperm  w eak en in g  a s  com pared to  l i g h t - t r e a t e d  se e d s  a t  2k°C.  

E ndosperm  w eaken ing  w as n o t  o b s e rv e d  in  therm o dorm ant se e d s  

{Ofo g e r m in a t io n )  sown i n  d a r k n e s s .  Endosperm w eakening was 

o b s e rv e d  i n  therm o d o rm an t se e d s  sown in  w h ite  l i g h t ,  a l th o u g h  

t h e  p e r c e n ta g e  o f  s e e d s  w ith  w eakened  endosperm s was re d u c e d  

com pared  to  s e e d s  sown a t  lo w e r  te m p e ra tu re s .  T h is  s u g g e s ts  

t h a t  l i g h t  and  te m p e ra tu re  may p l a y  a  r o l e  in  endosperm  

w ea k en in g  i n  a d d i t i o n  to  e n d o g lu c a n a se  a c t i v i t y .  A c o r r e l a ­

t i o n  b e tw e en  endosperm  w eak en in g  a f t e r  12 h r  and en d o g lu c an a se  

a c t i v i t i e s  a f t e r  9 h r  w ith  g e rm in a t io n  a f t e r  2k h r  i s  

s u g g e s te d .

E n d o g lu can ase  a c t i v i t y  an d  endosperm  w eakening  may 

h av e  a  r o l e  i n  f a c i l i t a t i n g  th e  g e rm in a tio n  o f  l e t t u c e  s e e d s .  

I t  was d e te rm in e d  t h a t  a  s e p a r a t i o n  o f  embryo e lo n g a t io n  an d  

endosperm  r u p tu r e  was p o s s i b le  w i th  is o c y a n u ra te  t r e a tm e n t  

o f  s e e d s .  A bout h a l f  o f  th e  s e e d s  sown in  5 mg/ml o f  i s o c y a n -
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u r a t e  in d ic a t e d  t h a t  t h e  em bryonic  a x i s  e lo n g a te d  w ith o u t  

r u p tu r in g  th ro u g h  t h e  endosperm . (T hese s e e d s  a r e  te rm ed  a s  

"b u ck led "  s e e d s . )  H ow ever in  some c a s e s ,  a t y p i c a l  g e rm in a tio n , 

i . e . ,  r u p tu r in g  o f  endosperm  a t  e i t h e r  c o ty le d o n  end o r  m id­

s e e d , was o b s e rv e d . I s o c y a n u r a t e - t r e a t e d  s e e d s  d id  n o t  have 

e i t h e r  e n d o g lu c a n a se  a c t i v i t y  o r  S E M -observab le  endosperm  

w eaken ing . T h ese  r e s u l t s  s u g g e s t  t h a t  some i s o c y a n u r a te  

c o n c e n tr a t io n s  i n h i b i t  th e  p o s s i b l e  e n d o g lu c a n a se -p ro m o te d  

w eakening  o f  t h e  en d o sp erm  a t  th e  r a d i c l e  (m ic ro p y la r )  end .
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INTRODUCTION

The embryo i n  th e  l e t t u c e  a c h en e  i s  su r ro u n d e d  by 

a n  endosperm , p re d o m in a n tly  two c e l l  l a y e r s  t h i c k  and  up 

to  f o u r  c e l l  l a y e r s  t h i c k  i n  th e  r a d i c l e  end (m ic ro p y la r  

r e g io n )  (B o rth w ick  and  R o b b in s , 1928? F o ard  and  H aber, 1 9 6 6 ; 

J o n e s , 1 9 7 4 ) . When th e  endosperm  i s  s u r g i c a l l y  rem oved o r  

p u n c tu re d ,  t h e r e  i s  a n  in c r e a s e  i n  g e rm in a t io n  (E v e n a r i  and  

Neumann, 1952; Ikuma and Thim ann, 1959 f 1 9 6 3 a ; S p e e r , 1 9 7 4 ) . 

Damage o f  th e  endosperm  by  d e u te r o n  r a d i a t i o n  a l s o  c a u s e s  

in c r e a s e d  g e rm in a t io n  (K le in  an d  P r e i s s ,  1 9 5 8 a ; P r e i s s  and  

K le in ,  1 9 5 8 ) . T h is  f i n d in g  h a s  b ee n  w id e ly  i n t e r p r e t e d  a s  

i n d i c a t i n g  t h a t  th e  endosperm  ( b u t  n o t  th e  in te g u m e n ta ry  

e p id e rm is  (G lo b e rso n  e t  a l • ,  1 9 7 4 ))  a c t s  a s  a  m e c h a n ic a l 

r e s t r a i n t  ( R o l le r  e t  a l . ,  1 9 6 2 ; Amen, 196 8 ) and  may be a  s i t e  

o f  phy toch rom e a c t i o n  (Ikum a an d  Thim ann, 1963a ;  Ikum a, 1 9 6 4 ) , 

and  p o s s i b ly  g i b b e r e l l i c  a c id  (B ew ley and  F o u n ta in ,  1972) a c t i o n s  

i n  a d d i t i o n  to  th e  embryo (K le in  and  P r e i s s ,  1958b; Ikuma and 

Thim ann, 1959; Ikum a, 1 9 6 4 ) . T hese i n t e r p r e t a t i o n s  a r e  n o t  

u n i v e r s a l l y  a c c e p te d  b e c a u se  l i g h t  r e q u ir e m e n t  f o r  g e rm in a ­

t i o n  i s  r e i n s t a t e d  i n  h a l f  s e e d s  and  i s o l a t e d  em bryos sown in  

g r o w t h - in h ib i t in g  c o n c e n t r a t i o n s  o f  o s m o tic a — s u b s ta n c e s  w h ich  

e x e r t  a n  o sm o tic  p r e s s u r e  e x t e r n a l  to  th e  s e e d s — (S c h e ib e  and 

L ang, 1965 , 1967 ; N abors an d  L ang , 1 9 7 1 a , b ) .  However, th e



o s m o tic a , i n  a d d i t i o n  to  th e  c u t t i n g  o f  s e e d s ,  may n o t  be 

i n e r t  an d  may c a u se  dam age. T h ere  i s  a l s o  t h e  p o s s i b i l i t y  

t h a t  t h e s e  s u b s ta n c e s  may a l t e r  v a r io u s  sy s te m s  (Khan, I960? 

K a rs se n , 1 9 7 0 a; B e r r ie  e t  a l . ,  197^? S p e e r ,  197^? R ey n o ld s ,

1 9 7 5 ) . Lang and h i s  c o l le a g u e s  i n t e r p r e t e d  t h e i r  r e s u l t s  a s  

an  i n d i c a t i o n  t h a t  l i g h t  and g i b b e r e l l i n s  a f f e c t  th e  em bryo.

But l i g h t  an d  some g ro w th  r e g u l a t o r s  may a f f e c t  b o th  endo­

sperm  w eak en in g  an d  embryo e x p a n s io n ; h ig h  e x t e r n a l  o sm o tic  

p r e s s u r e s  may i n h i b i t  o n ly  th e  l a t t e r .  The m e c h a n ic a l 

r e s t r a i n t  o f  th e  l e t t u c e  endosperm  may be overcom e by two 

m echan ism s: (1 ) m e c h a n ic a l f o r c e  o f  t h e  g ro w in g  embryo 

p u s h in g  a g a i n s t  t h e  endosperm  (N abors and  L ang, 1971a» b ) 

and (2 ) a  c h e m ic a l (e n z y m a tic )  w eak en in g  o f  th e  endosperm , 

e s p e c i a l l y  a t  th e  r a d i c l e  end (Ikum a an d  Thim ann, 1963a ;

J o n e s , 197*1-). S im i la r  s u g g e s t io n s  h a v e  b e e n  made f o r  o th e r  

s e e d s ,  d a r k - i n h i b i t e d  and d a rk -p ro m o te d  (Chen and  Thim ann,

196*1-; Chen, 1968 , 1970; B ask in  and  Q u arte rm an , 1969 ; Oegema 

and F l e t c h e r ,  1 9 7 2 ) , The endosperm  o f  l e t t u c e  s e e d s  sown 

i n  i s o c y a n u r ic  a c id  seem s to  be c a p a b le  o f  r e s i s t i n g  th e  

e lo n g a t io n  o f  th e  em bryo, r e s u l t i n g  i n  embryo e x p a n s io n  w i th ­

o u t  endosperm  r u p tu r e  ( " b u c k l in g  phenom enon” ) and  in  p r o t r u s i o n  

a t  th e  c o ty le d o n a ry  end o r  a lo n g  th e  s i d e  ( " a t y p i c a l  g e rm in ­

a t i o n ” ) ( P a v l i s t a  and H aber, 1 9 7 0 ) . T h e r e f o r e ,  i t  was o f  

i n t e r e s t  w h e th e r  enzymes w hich may p a r t i a l l y  d e g ra d e  th e  

endosperm  c e l l  w a l l s  o c c u r  p r i o r  to  embryo e x p a n s io n — th e  

p r e g e r m in a t io n  p e r io d .



W eakening o f  th e  endosperm  w ould in v o lv e  a  p a r t i a l  

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

s i t u a t i o n  h a s  b een  o b s e rv e d  w ith  a b s c i s s io n  zo n es  (R asm ussen 

an d  Bukovac, 1 9 6 9 ; V a ld o v in o s  an d  J e n s e n , 19685 V a ld o v in o s  

e t  a l . , 197*1*; W eb ste r, 1 9 6 8 , 1970 , 1 9 7 3 ) . E n d o g lu c a n a se  (e n d o - 

c e l l u l a s e ,  c a r b o x y m e th y lc e l lu la s e )  w hich  i s  a  t r u e  c e l l u l a s e  

c a p a b le  o f  a c t i n g  on p l a n t  c e l l  w a l l s  (Lew is e t  a l . ,  197**-; 

S o b o tk a  and S t e l z i g ,  197*J*; F in c h e r  e t  a l . , 1 9 7 6 ) , h a s  b ee n  

fo u n d  t o  p la y  a  r o l e  i n  t h e  c e l l  lo o s e n in g  o r  s e p a r a t i o n  

p r o c e s s  in  a b s c i s s i o n  z o n e s  (H o rto n  and O sborne, 1 9 6 7 ; A b e le s , 

1 9 6 9 ; Lew is and  V a rn e r , 1970} L in k in s  e t  a 2 . ,  1 9 7 3 ; R e id  e t  a l . ,  

197*1*; R a tn e r  e t  a l . , 1 9 6 9 ; G reen b erg  e t  a l , ,  1 975 ; G oren  and  

Huberm an, 1 9 7 6 ) , E n d o g lu ca n ase  h as  a l s o  b een  d e m o n s tra te d  to  

h av e  a  r o l e  in  c e l l  e x p a n s io n  o f  s h o o t c e l l s  (M a c la c h la n  and  

P e r r a u l t ,  196*1*; Fan an d  M a c la c h la n , 1 9 6 6 ; R idge and  O sb o rn e , 

1 9 6 9 ; F e r r a r i :and  A rn is o n , 197*h Bryne e t  a l . ,  1 9 7 5 ; B al e t  

a l . . 1 9 7 6 ) . T h e r e f o re ,  t h i s  enzyme may p la y  a  r o l e  i n  se e d  

g e m i n a t i o n ,  e i t h e r  i n  t h e  w eaken ing  o f  endosperm , i n  c e l l  

e x p a n s io n , o r  i n  b o th . A c t i v i t y  o f  t h i s  enzyme h a s  b e e n  

r e p o r t e d  i n  c o ty le d o n s  o f  k id n e y  b ean s  (Lew and  L ew is , 197*0 

an d  i n  a  p r e l im in a r y  s tu d y  on l e t t u c e  (Ikum a and  T him ann,

1963a ) . I n  th e  l a t t e r  s tu d y ,  c e l l u l a s e s  w ere  i n v e s t i g a t e d  

o n ly  a f t e r  g e r m in a t io n  an d  r a d i c l e  g row th  o c c u r s .

The fo rm a tio n  o f  t h e  s e e d  an d . f r u i t  c o a t s  d u r in g  

f r u i t  d ev e lo p m en t h a s  b e e n  r e p o r te d  (D av is , 192*1*; B o rth w ick  

and  R o b b in s , 1 9 2 8 ) . C y to lo g ic a l  ch an g es o c c u r r in g  in  em bryon ic  

a x e s  and  c o ty le d o n  c e l l s  d u r in g  g e m in a t io n  and  r a d i c l e  g row th



h ave b ee n  d e s c r ib e d  (P a u ls o n  and  S r iv a s ta v a ,  1968} S r iv a s ta v a  

and P a u ls o n , 1968 ; D as, 1 9 7 3 ) . Jo n e s  (197*0 r e p o r t e d  an  

u l t r a s t r u c t u r a l  s tu d y  o f  endosperm  c e l l s  and  h e  r e p o r t e d  a  

l i g h t  m ic ro s c o p y  s tu d y  o f  th e  ch a n g e s  o c c u r r in g  in  t h e  t h i c k ­

n e s s  o f  endosperm  c e l l  w a l l s  d u r in g  g e r m in a t io n .  The c r o s s -  

s e c t i o n a l  s t r u c t u r e  o f  th e  endosperm  was c o r r e l a t e d  w ith  

i t s  r e s t r i c t i v e  r o l e ,

A p h y s i o l o g i c a l  an d  b io c h e m ic a l  s tu d y  on  a  c e l l  w a l l  

d e g ra d in g  enzyme su c h  a s  e n d o g lu c a n a se  ( c a r b o x y m e th y lc e l lu la s e )  

d u r in g  th e  p e r io d  p r i o r  to  g e rm in a t io n  seem ed a p p r o p r i a t e .

Due to  th e  l i m i t a t i o n s  o f  l i g h t  and  t r a n s m is s io n  e l e c t r o n  

m ic r o s c o p ie s ,  a  t im e  c o u r s e  s tu d y ,  u s in g  s c a n n in g  e l e c t r o n  

m ic ro s c o p y , on  th e  s u r f a c e  a p p e a ra n c e  o f  th e  endosperm  w ould 

com plem ent t h e  e n z y m a tic  s t u d i e s .  An o b j e c t i v e  o f  t h i s  w ork 

i s  to  f u r t h e r  c l a r i f y  th e  r o l e  o f  th e  endosperm  a s  a  m e c h a n ic a l 

r e s t r a i n t  an d  th e  rem o v a l o f  t h i s  r e s t r a i n t  d u r in g  l e t t u c e  

s e e d  g e m i n a t i o n .
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G e o rg ie  S ta rb u c k  G a lb r a i th  ( I9 6 0 )

Im proved  s e e d  g e r m in a t io n ,  s e e d  v i g o r ,  em ergence and 

e a r l y  s e e d l in g  g ro w th  i s  o f  m a jo r  im p o r ta n c e  i n  t h e  d e v e lo p ­

m ent o f  a g r i c u l t u r e  b o th  n a t i o n a l l y  (U. S.  D ep a rtm en t o f  

A g r i c u l tu r e ,  1 9 6 1 ) an d  i n t e r n a t i o n a l l y  ( I n t e r n a t i o n a l  Seed 

T e s t in g  A s s o c ia t i o n  an d  A s s o c ia t i o n  o f  O f f i c i a l  S eed  A n a ly s ts )  

(W oodstock , 1 9 7 3 ) .  F o r  a  g e n e r a l  d i s c u s s io n  o f  th e s e  t o p i c s ,  

th e  r e a d e r  may w is h  t o  r e f e r  to  th e  many e x c e l l e n t  books 

(M ayer and  P o lja k o f f -M a y b e r ,  1 9 6 3 ; K o z lo w sk i, 1 9 7 2 a , b , c ;  

H ey d eck er, 1 9 7 3 ) and  r e c e n t  re v ie w  a r t i c l e s  (M ayer and S h a in , 

1 9 7 ^ ; Amen, 1 9 7 ^ ; M ayer, 1 973 i Chen and  V a rn e r , 197 3 ; W areing  

and  S a u n d e rs , 1 9 7 1 ; B la c k , 1 9 6 9 ; Amen, 1 9 6 8 ; W areing , 1 9 6 6 ; 

1 9 6 5 a ; b ; V e g is ,  196*M R o l l e r  e t  a l . , 1962  a n d  T o o le  e t  a l . . 

1 9 5 6 ) . T h is  l i t e r a t u r e  re v ie w  d e a l s  w i th  t h e  m a jo r m echanism s 

f o r  s e e d  g e r m in a t io n  a n d , c o n v e r s e ly ,  s e e d  dorm ancy , a s  th e s e

5



6

apply to lettuce seeds. In order to discuss germination, it 
is important to interpret how germination is defined. A seed 
is commonly considered to have germinated when the embryonic 
axis has protruded through the outer coverings. However, such 
a scoring method inherently implies and assumes that growth 
processes and developmental- processes are synonymous in seed 
gemination (ikuma, 1 9 6 2 * Evenari, 1965; Haber, 1967? Ketring, 
1973? Thevenot and C6me, 1 9 7 3 ) .  Gemination has also been 
divided into different phases, variously named according to 
the points of view of the authors (e.g., Ikuma, 1962? Amen, 
1968* Ching, 1973; Katoh and Esashi, 1975? Tissaoui and Come, 
1 9 7 5 ) .  With our increasing knowledge of the gemination 
phenomena, it is becoming more clear that seed gemination 
and active growth of the embryonic axis are probably different 
and a seed is primed or made ready for embryo growth. In 
lettuce, this may suggest an early hydration phase, a trig­
gering phase for developmental processes, a developmental or 
gemination phase, a triggering phase for growth processes and 
an axis growth phase.

The separation of lettuce seed germination into two 
processes, developmental or germination and growth of the 
embryonic axis, has been increasingly favored (Evenari, 1965? 

Haber, 1 9 6 7 ) .  On the grounds of respirational studies,
Evenari (1965) reported an early rise in respiration in 
seeds due to hydration (Phase I), after which respiration 
is level from about the fourth to sixteenth hour from the



s t a r t  o f  im b ib i t io n  (P h a se  I I ) .  Up to  t h i s  p o i n t ,  t h e r e  i s  no 

d i s c e m a b l e  d i f f e r e n c e  i n  r e s p i r a t i o n  b e tw een  s e e d s  w hich  w i l l  

o r  w i l l  n o t  g e rm in a te .  D u rin g  t h i s  p e r io d  o f  t im e , E v e n a ri 

s u g g e s ts  t h a t  d e v e lo p m e n ta l o r  g e r m in a t io n  p r o c e s s e s  a r e  fu n c ­

t i o n i n g  w i th in  th e  s e e d  w h ich  w i l l  g e rm in a te  an d  t h a t  th e s e  

p r o c e s s e s  w i l l  r e s u l t  i n  a  r e s p i r a t o r y  s w itc h  and  e lo n g a t io n  

o f  th e  r a d i c l e  (P h ase  I I I ) .  T h is  i n t e r p r e t a t i o n  was s u p p o r te d  

b y  th e  u s e  o f  su ch  i n h i b i t o r s  a s  a r s e n a t e  (S p e e r ,  1 9 7 3 )• H aber 

( 196?)» a f t e r  s t u d i e s  on  th e  t r i c a r b o x y l i c  a c i d  c y c le  and 

o th e r  b io c h e m ic a l e v e n ts  (H aber and  T o lb e r t ,  1 9 5 9 a) and  c y to -  

l o g i c a l  ch a n g es  (H aber an d  L u ip p o ld , 1 9 6 0 a 1 b )  s i m i l a r l y  

s u g g e s te d  a  s e p a r a t i o n  o f  d e v e lo p m e n ta l and  g ro w th  p r o c e s s e s .  

T h is  s u g g e s t io n  h a s  a l s o  b ee n  p ro p o s e d  f o r  o t h e r  s e e d s ,  e . g . . 

a p p le  ( P i r u s  m alus L . ) (T h e v en o t an d  Come, 1 9 7 3 l T is s a o u i  and  

Come, 1 9 7 5 ) . Ikuma (1 9 6 4 ) d iv id e d  l e t t u c e  s e e d  g e rm in a tio n  

i n t o  f o u r  p h a s e s  b a s e d  on  h i s  s t u d i e s  on  th e  l i g h t  r e q u ire m e n t 

f o r  g e rm in a t io n !  1 )  P r e - i n d u c t i o n  in v o lv e d  h y d r a t io n  o f  th e  

s e e d .  2 ) I n d u c t io n  i s  d e f in e d  a s  t h e  tim e  o f  r e d / f a r  r e d  

l i g h t  s e n s i t i v i t y  b a s e d  on  th e  h y p o th e s i s  t h a t  th e  phy tochrom e 

sy s tem  i s  th e  t r i g g e r  m echanism  f o r  g e r m in a t io n .  ( I t  sh o u ld  

b e  n o te d ,  how ever, t h a t  o t h e r  t r i g g e r i n g  m echanism , e . g . . a  

te m p e ra tu re -d e p e n d e n t  sy s te m  (T ak eb a  an d  M a tsu b a ra , 1976) and  

a  n o n -p h y to ch ro m e , p ig m e n t sy s te m  (N egb i e t  a l . , 1 9 6 8 ) may 

a c t  i n  a d d i t i o n  and  may a l s o  s u p e rc e d e  th e  p h y toch rom e 

sy s tem — r e f e r  to  l a t e r  d i s c u s s i o n s . )  3 )  P o s t - i n d u c t i o n  i s  

d e s c r ib e d  by  Ikuma a s  t h e  d a rk  p r o c e s s  r e l a t e d  to  t h e  e sc a p e  

from  l i g h t  c o n t r o l .  (H ow ever, t h i s  p h a s e  p r o b a b ly  c o m p rise s



a l l  th e  d ev e lo p m e n ta l p r o c e s s e s  t h a t  c o n t r o l  dorm ancy, 

a l lo w  th e  se e d  to  p r e p a r e -  f o r  th e  em bryo*s g ro w th  and  p r o ­

t r u s i o n  to  th e  o u t s i d e  w o r ld  and  may in c lu d e  a  s y s te m (s )  

t r i g g e r i n g  th e  n e x t  p h a s e . )  and  *0 V i s ib l e  g e rm in a t io n  i s  

th e  p r o t r u s io n  o f  t h e  r a d i c l e  th ro u g h  t h e  s e e d  c o a t s  and  i s  

th e  g row th  p h a s e ,

I .  Anatomy o f  L e t tu c e  S eed s

In  o rd e r  to  a n a ly z e  l e t t u c e  s e e d  g e r m in a t io n ,  i t  would 

be h e l p f u l  to  b e g in  w i th  a  d e s c r i p t i o n  o f  th e  s e e d ' s  s t r u c t u r e .  

I n  a  s t r i c t  s e n s e ,  w h a t i s  commonly c a l l e d  t h e  l e t t u c e  se e d  i s  

a c t u a l l y  an  ac h en e  (H ayw ard, 1938? E sau , 1 9 5 3 ) .  The s t r u c t u r e  

o f  th e  l e t t u c e  s e e d  o r  " a c h e n e "  h a s  b een  d e p ic te d  by  a  number 

o f  a u th o r s  ( B o rth w ick  and  R o b b in s , 1928? E v e n a r i  and  Neumann, 

1952? E sau , 1 9 6 5 ) . M o rp h o lo g ic a l ly ,  t h e  l e t t u c e  em bryo, a  

d ic o ty le d o n o u s  p l a n t ,  i s  s u r ro u n d e d  by  t h r e e  l a y e r s  i n  th e  

m a tu re  se e d  (B o rth w ick  and  R o b b in s , 1 9 2 8 ) :  1 )  The o u te rm o s t

i s  th e  p e r ic a r p ?  2 ) The m id d le  m o rp h o lo g ic a l  l a y e r  i s  t h e  

in te g u m e n t w hich  c o n s i s t s  o f  o u te r  e p id e rm is  w i th  th e  rem n an ts  

o f  c ru s h e d  d i s o r g a n iz e d  c e l l s  and  a  c o n s p ic u o u s  s u b e r iz e d  

l a y e r  w hich  may be se m ip e rm e a b le  and  b e lo n g s  t o  t h e  w a l l  o f  

th e  in n e r  e p id e r m is ;  an d  3 ) The l a y e r  c l o s e s t  to  th e  embryo 

i s  th e  endosperm  ( r e f e r  t o  F ig u re  1 i n  M a te r i a l s  and M ethods 

s e c t i o n ) .  The endosperm  c o n s i s t s  o f  t h i c k  w a l le d  c e l l s ,



p o s s i b l y  a n a lo g o u s  to  t h e  a l e u r o n e  l a y e r  i n  g r a in s  a n d  i t  i s  

p re d o m in a n tly  two c e l l  l a y e r s  t h i c k  (B o rth w ick  an d  R o b b in s , 

1 9 2 8 | Jo n e s , 197*0. H ow ever, a t  t h e  r a d i c l e  end th e  endo­

sperm  may be th r e e  and  f o u r  c e l l s  t h i c k  (B o rth w ic k  a n d  R obbins 

1 9 2 8 | Foard  an d  H aber, 1 9 6 6 ) , P h y s io lo g ic a l ly ,  h o w ev e r, t h e  

em bryo may be c o n s id e r e d  to  b e  s u r ro u n d e d  by  two la y e r s *  1 ) 

t h e  p e r i c a r p  p lu s  t h e  o u t e r  e p id e rm is  an d  re m n a n ts  o f  d i s o r ­

g a n iz e d  c e l l s  o f  th e  in te g u m e n t an d  some o f  th e  w a l l s  o f  th e  

i n n e r  e p id e rm is ,  and  2) t h e  endosperm  p lu s  p o s s i b ly  some o f  

t h e  w a l l s  o f  th e  in n e r  e p id e r m is  o f  th e  in te g u m e n t (B o rth w ick  

a n d  R obb ins, 1928* Ikum a an d  Thim ann, 1963a* p e r s o n a l  o b s e r ­

v a t i o n s ) ,  E v id en ce  s u g g e s ts  t h a t  th e  endosperm  an d  n o t  th e  

p e r i c a r p  o r  th e  in te g u m e n ta ry  re m n a n ts  may have a  r o l e  in  

g e rm in a t io n  (E v e n a r i an d  Neumann, 1952* G lo b e rso n  e t  a l .« 

1 9 7 * 0 . A lth o u g h  th e  p e r i c a r p  an d  th e  in te g u m e n t do n o t  p la y  

a  r o l e  i n  th e  g e rm in a t io n  o f  t h e  m a tu re  l e t t u c e  s e e d ,  th e y  

do p la y  a  r o l e  in  th e  d e v e lo p m e n t o f  t h e  seed* f u r th e r m o r e ,  

t h e  endosperm  in  th e  im m atu re  s e e d  i s  com posed o f  m any c e l l s  

w h ich  a r e  d ig e s te d  and  a b s o rb e d  by  th e  embryo ( J o n e s ,  1927; 

B o rth w ick  and  H e n d r ic k s , 1928* E sa u , 1965; F a h r , 1 9 6 7 ) .  T h is  

g e n e r a l  s t r u c t u r e  i s  fo u n d  i n  p l a n t s  i n  many f a m i l i e s  (Hayward 

1 9 3 8 ) and some o f  t h e s e  s e e d s  h av e  b een  s tu d i e d  i n  a  s i m i l a r  

way a s  l e t t u c e  w ith  r e s p e c t  t o  t h e  r o l e  o f  th e  endosperm  

(C om positae  ( C ic h o r ie a e ) ,  L a c tu c a  s a t i v a ) ( e . g . .

H y d ro p h y lla c e a e , P h a c e l ia  t a n a c e t i f o l i a  a n d  N em ophila  

i n s  i g n i s * C om positae  ( H e l i a n t h e s e ) ,  H e l ia n th u s  a n n u s *
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S c r o p h u la r ia c e a e ,  S t r i g a  l u t e a t L a b ia ta ,  S ta c h y s  a l p i n a ) .

I I .  E n v iro n m e n ta l F a c to r s  A f f e c t in g  L e t tu c e  S eed  G e rm in a tio n

A. L ig h t  E f f e c t s  on L e t tu c e  S eed  G e rm in a tio n *

B o rth w ick  and R o b b in s  (1 9 2 8 ) o b s e rv e d  t h a t  p u n c tu r in g  

o r  c u t t i n g  th e  se e d  c o a t  o f  l e t t u c e  s e e d s  i n c r e a s e s  t h e  

p e r c e n ta g e  an d  r a t e  o f  g e r m in a t io n .  O th e r  i n v e s t i g a t o r s  

(Bohm er, 1 9 2 8 i r e f e r  t o  Ikum a, 1 9 6 2 i Chen an d  Thim ann, 196*1-1 

C hen, 1 9 7 0 ) fo u n d  s i m i l a r  r e s u l t s  w i th  P h a c e l i a  t a n a c e t i f o l i a * 

s e e d s .  I n  f a c t ,  rem o v a l o f  t h e  endosperm — r e s u l t i n g  i n  a  

n a k e d  em bryo— a llo w s  th e  em bryo to  grow a t  h ig h e r  te m p e ra ­

t u r e s  an d  t o  even  e s c a p e  p h y to ch ro m e  r e g u l a t i o n  (E v e n a r i  and  

Neumann, 1952; 1953&; Ikum a an d  Thim ann, 1 9 6 * 0 . A lth o u g h  

t h i s  s u g g e s ts  a  p h o to s e n s i t i v e  s i t e  i n  t h e  endosperm , t h i s  

may n o t  be  th e  c a s e  (ikum a an d  Thim ann, 1 9 5 9 1 Ikum a, 196*b 

S c h e ib e  an d  L ang, 1 9 6 5 ) . I n  h i s  s tu d y  on t h e  t im in g  o f  

g e r m in a t io n  and g ro w th  an d  th e  e f f e c t s  o f  l i g h t ,  Ikum a 

(1962; 196*0 r e p o r t e d  t h a t  t h e  f i r s t  s i g n  o f  r a d i c l e  e lo n g a ­

t i o n  i n  n a k e d  em bryos c o r r e s p o n d s  e x a c t l y  w i th  th e  tim e  o f
o

v i s i b l e  g erm in a tio n . U sin g  25 C, th e  o p tim a l tem perature  

f o r  s e p a r a t in g  red  l ig h t-p r o m o te d  from f a r  red  l i g h t -  

in h ib i t e d  g erm in a tio n , Ikuma m easured th e  grow th o f  r a d ic l e s ,  

and d id  n o t  f in d  any d i f f e r e n c e  in  e lo n g a t io n  w ith  r e s p e c t  

to  l i g h t  tr e a tm en t. T h is f in d in g  was a l s o  tr u e  o f  growth  

a t  o th en ^ tem p eratu res. However, Ikuma (196*1-) d id  n o te  th a t



h ig h er  tem p era tu res (30  and 35°C ) prom ote grow th o f  r a d ic le s  

in  g erm in a tin g  s e e d s ,  b u t i n h i b i t  th e  number o f  s e e d s  w hich  

g erm in a te . At lo w er  tem p era tu res  (below  25°C ) r a d ic le  growth  

r a te  o f  nakedeem bryos i s  d e c r e a se d  b u t dark g erm in a tio n  i s  

in c r e a s e d . Furtherm ore, r e d / f a r  red  e f f e c t  on g erm in a tio n  

becomes l e s s  pronounced a t  th e  lo w er  tem p e ra tu r es . At a l l  

o f  th e s e  tem p e ra tu r es , grow th o f  r a d ic l e s  i s  u n a f fe c te d  by 

l i g h t  tr ea tm en t (Ikuma, 1 962j 1 9 6 * 0 , T h er e fo re , Ikuma 

su g g e s te d  t h a t  germ in ation /d orm an cy  phenomenon and growth  

phenomenon a re  d i s s im i la r  and t h a t  phytochrom e t r ig g e r s  

d evelop m en ta l p r o c e s s e s  w hich  overcom e dormancy mechanisms 

and p rep a res th e  s e e d  fo r  u lt im a te  embryo ex p a n sio n  ( r e f e r  

t o  fo l lo w in g  s e c t io n  on m ech a n ica l r e s t r a i n t ) .  Furtherm ore, 

Ikuma and Thimann (196*0 r e p o r te d  th a t  oxygen  i s  r e q u ired  

fo r  th e  r e a c t io n  o f  P fr  w ith  some r e a c ta n t  w hich  i s  n e c e s sa r y  

fo r  g e r m in a tio n . They found t h a t  n itr o g e n  atm osphere b lo ck s  

t h i s  r e a c t io n  and, in  a d d it io n ,  f a c i l i t a t e s  a dark co n v er s io n  

o f  Pfp-’.•to pr  (A ppendix B, S ch ed u le  I ) ,  M a n c in e ll i  and 

Borthw ick (196*1-) su g g e s te d  a  s im i la r  m odel.

A lthough i t  i s  w e l l  e s t a b l i s h e d  t h a t  naked l e t t u c e  

embryos esca p e  phytochrom e r e g u la t io n ,  S ch e ib e  and Lang 

(1965) found a  phytochrom e c o n t r o l  o p e r a t in g  in  h a l f  seed s  

o s m o t ic a l ly - in h ib i t e d  w ith  m a n n ito l. However, in  t h i s  work, 

th e  a u th o rs M easured "germination** by th e  appearance o f  

g e o tr o p ic  c u r v a tu r e , w hich  i t s e l f  may be under some p hyto­

chrome r e g u la t io n  (W ilk in s  and G old sm ith , 196*1-). S econ d ly ,



th e  osm oticum , m a n n ito l, may n o t  be i n e r t  and may, a lo n g  

w ith  th e  c u t t in g  o f  s e e d s ,  ca u se  damage to  th e  h a l f  s e e d s .  

There i s  a l s o  th e  p o s s i b i l i t y  t h a t  th e  su b s ta n ce  may a l t e r  

v a r io u s  sy stem s (Khan, I9 6 0 ;  K arssen , 1970a; b; B e rr ie  e t  a l .  

1 97*0 . S ch eib e  and Lang (1 9 6 7 ) ,  aware o f  a p o s s ib l e  p h yto ­

chrome e f f e c t  on g e o tr o p ic  c u r v a tu r e , r e in v e s t ig a t e d  t h e ir  

f in d in g  by m easuring s t r a i g h t  grow th o f  r a d ic l e s  in  th e  same 

osm oticum . They n o ted  t h a t  t h e i r  b a tc h e s  d i f f e r e d  m arkedly  

w ith  r e s p e c t  to  g er m in a tio n  r a t e s  in  th e  dark a t  20°C. Far 

red  l i g h t ,  a lth o u g h  in h ib i t o r y ,  d id  n o t p rev e n t g erm in a tio n . 

In  t h i s  s tu d y  by S ch e ib e  and Lang, th e r e  was no d if f e r e n c e  

in  th e  grow th r a te  w ith  r e s p e c t  to  l i g h t  tr ea tm en t once the  

le n g th  o f  th e  r a d ic le  in c r e a s e d  to  more than  0.27mm, However 

r a d ic l e s ,  g r e a te r  than  0.20ram in  le n g t h ,  do show a  r e d /fa r  

red  e f f e c t  on p erc en ta g e  o f  r a d ic l e s  grow ing and on growth  

r a t e .  But i t  sh ou ld  be n o te d  th a t* '  a )  There i s  a  h igh  

p ercen ta g e  o f  embryos grow in g  a f t e r  fa r  red  ex p o su re , b) 

D if fe r e n c e s  in  embryo grow th  due to  l i g h t  tr e a tm e n t appear 

a f t e r  more than  27 hr a t  w hich  tim e m ost s e e d s  w ould have  

a lr e a d y  germ in ated , c )  S ig n i f i c a n t  d i f f e r e n c e s  due to  l i g h t  

do n o t appear ex cep t when r a d ic l e s  have e lo n g a te d  to  0.20mm. 

d) The g r a p h ic a lly -p r e s e n te d  grow th r a t e  o f  embryos appears  

to  be d i f f e r e n t ,  b u t th e  s ig n i f i c a n c e  o f  th e  d i f f e r e n c e s  i s  

unknown. The growth r a t e  may be in f lu e n c e d  by l i g h t  in  a 

narrow grow th range w h ich  o cc u r s  a f t e r  th e  o n s e t  o f  growth  

and p r io r  to  l a t e r  s e e d l in g  grow th (S ch e ib e  and Lang, 1 9 6 7 ) .



L ang, N abors and  t h e i r  c o l l e a g u e s  i n t e r p r e t e d  t h e i r  r e s u l t s  

a s  i n d i c a t i v e  o f  a  l i g h t  in f lu e n c e  on  i n i t i a l  g ro w th  in  

c o n t r a d i c t i o n  to  t h e  d a t a  o f  Ikuma (1962; 1 9 6 * 0 . The 

s i g n i f i c a n c e  o f  S c h e ib e  an d  L a n g 's  d a t a  may a c t u a l l y  b e  

w i th  r e s p e c t  to  e a r l y  p e n e t r a t i o n  th ro u g h  s o i l ,  o r  a s  an  

in t e r im  f o r  l i g h t  to  t r i g g e r  t h e  s t a r t  o f  l a t e r  s e e d l in g  g row th  

th ro u g h  s o i l  o r  i n  a i r  a s  a  p r e c a u t io n  a g a i n s t  g ro w th  a t ,  f o r  

i n s t a n c e ,  n ig h t  t im e  (e m e rg e n c e ) . T h is  l a t t e r  h y p o th e s is  

a g r e e s  w ith  th e  s t u d i e s  on  th e  b reakdow n o f  fo o d  r e s e r v e s  

f o r  s e e d l in g  g ro w th  ( r e f e r  to  s e c t i o n  on fo o d  r e s e r v e s ) .

I n  f u r t h e r  s t u d i e s  on  t h e  p h y to ch ro m e sy s te m  in  

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

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

( M a n c in e l l i  and  B o rth w ic k , 196*1-; N egbi e t  a l , ,  1 9 6 8 ; Blaauw - 

J a n s e n  and B laauw , 1 9 7 6 ) .  T hrough  s t u d i e s  on t h e  i n t e r ­

a c t i o n s  o f  g i b b e r e l l i n s ,  p ro lo n g e d  f a r  r e d  l i g h t  and  d a rk  

s to r a g e  (Ikum a an d  Thim ann, I9 6 0 ; N egbi e t  a l , ,  1968; Bewley 

e t  a l , ,  1 9 6 8 ; B u r d e t t ,  19?2a; V id av e r and  H s ia o , 197**'), a  

m odel (A ppendix  B, S c h e d u le  I I )  may be d e v is e d  w hich  i s  

b a se d  on a  two p ig m e n t sy s te m  (N egbi e t  a l , ,  1 9 6 8 ; V id av e r 

an d  H s ia o , 197*0 , one o f  w h ich  i s  p h y to ch ro m e and  th e  

o th e r  a  d a r k - a c t iv e  p ig m e n t, a p p e a r in g  a f t e r  6 h r  w h ich  may 

i n t e r a c t  w i th  t h e  fo rm e r a t  a  p a th w ay  j u n c t io n  and w h ich  

may b e  th e r m o s e n s i t iv e  ( B e r r i e ,  1 9 6 6 ) .  S u p erim p o sed  on t h i s  

m odel a r e  s u g g e s t io n s  on  t h e  i n c o r p o r a t i o n  o f  some horm onal 

e f f e c t s  and  th e  m odel o f  Ikum a (196*1-) (A ppend ix  B, S ch ed u le
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B. T em p era tu re  E f f e c t s  on L e t tu c e  S eed  G erm in a tio n s

The g r e a t e r  num ber o f  i n v e s t i g a t i o n s  on  e n v iro n m e n ta l 

f a c t o r s  a f f e c t i n g  g e r m in a t io n  h a s  b ee n  w ith  l i g h t ,  s p e c i f i ­

c a l l y  p h y to c h ro m e - r e la te d  e f f e c t s .  M ost o f  t h e  s tu d i e s  on 

phytochrom e h av e  b een  done w ith  d a rk  grow n p l a n t s ,  w hich  do 

n o t  h av e  any  o b v io u s  u s e  f o r  th e  p ig m e n t and  d a rk  g row ing  i s  

n o t  a  common phenom enon (B unn ing , I9 6 0 ;  H o ld sw o rth , 1 9 7 2 ) .

W ith l e t t u c e  se e d  g e r m in a t io n  s p e c i f i c a l l y ,  l e t t u c e  g row ers 

and seedmen i n  s o u th w e s t  U .S .A . and  o th e r  a r e a s  a r e  n o t  

c o n c e rn e d  w ith  l i g h t / d a r k  r e a c t i o n s  a s  m ost i n v e s t i g a t o r s  

a r e .  But th e s e  g ro w e rs  a r e  h a v in g  d i f f i c u l t y  g e t t i n g  

l e t t u c e  seed s  to  g e rm in a te  a t  h ig h  te m p e r a tu r e s  (K o o s tra ,

1973; G ray, 1975; H eydecker and J o s h u a , 1 9 7 6 ) . L e t tu c e  

s e e d s  a r e  p la n te d  n o rm a l ly  on o r  n e a r  th e  s u r f a c e  o f  th e  

s o i l  w here l i g h t  may n o t  be a  m a jo r  a g r i c u l t u r a l  f a c t o r ;  

how ever, rev ie w s  o f  te m p e r a tu r e  e f f e c t s  on s e e d  g e rm in a tio n  

a r e  r a r e  and a r e  u s u a l l y  in c o r p o r a te d  w i th in  re v ie w s  on l i g h t  

e f f e c t s '  (T oole e t  a l . ,  1 9 5 6 ; T o o le  e t  §&_., 1957 ; K o l le r  e t  a l . . 

1962 ; T o o le , 1 9 7 3 ; M ayer, 1 9 7 3 ) .

Among th e  f i r s t  s t u d i e s  on th e  e f f e c t s  o f  te m p e ra tu re  

on s e e d s  was on c o c k le b u r ,  i n  w h ich  C ro ck e r  (1906) demon­

s t r a t e d  t h a t  th e  u p p e r  and  lo w e r  s e e d s  in  t h e  b u r  g e rm in a te  

i n  d i f f e r e n t  te m p e r a tu r e  r a n g e s .  H igh te m p e ra tu r e  i n h i b i ­

t i o n  o f  g e rm in a tio n  o f  l e t t u c e  s e e d s  (therm odorm ancy) and 

th e  l o s s  o f  p h y to ch ro m e c o n t r o l  and  v a r i a b l e  i n c r e a s e s  i n  

d a rk  g e rm in a tio n  o f  d i f f e r e n t  b a tc h e s  and v a r i e t i e s  o f
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l e t t u c e  seed s  ( t h e r m o s e n s i t iv i t y )  has been r e p o r te d  by 

many au th o rs (D a v is , 192*M Borthw ick and R obbins, 1928*

Shuck, 1935J E venari, 1952? E venari and Neumann, 1953b?

Toole e t  a l . ,  1 9 5 7 ) . P h o t o s e n s i t i v i t y  seems to  be a  fu n c t io n  

o f  tem perature o r  a su pp lem ent to  tem perature (E ven ari and 

Neumann, 1953a? B e r r ie , 1966? V idaver and H sia o , 1975?

C arp ita  and Nabors, 1 9 7 6 a ) .

As h as been n o ted  e a r l i e r ,  lo w e r in g  th e  tem perature  

a t  w hich se e d s  or naked embryos a re  sown d e c r e a s e s  th e  r a te  

o f  growth w h ile  in c r e a s in g  th e  p erc en ta g e  o f  g er m in a tio n , 

and l i g h t  exp osu re has no e f f e c t  (Ikuma, 1962? 1 9 6 * 0 . Ikuma 

concluded  th a t  l i g h t  d o es  n o t  a f f e c t  r a d ic le  grow th a t  

low er tem peratures but t h a t  th e s e  low er tem p era tu res may 

a l t e r  the endosperm, th e  p r e se n c e  o f  w hich i s  re q u ir e d  fo r  

l i g h t  in d u c tio n  o f  s e e d s  sown in  w ater  ( c f .  E v en a r i and 

Neumann, 1 9 5 2 ) . Thus, g e r m in a tio n  may be f a c i l i t a t e d ,  p o s s ib ly  

by enzym atic w eakening t o  break  a  m ech an ica l r e s t r a in t  (Ikuma 

and Thimann, 1963a ) .  He fu r th e r  su g g e s te d  (Ikuma, 1962;

196*f? Ikuma and Thimann, i 9 6 0 ? 1963b , 196*0 t h a t  th e  two 

phenomena— g erm in a tio n  and r a d ic le  grow th— a re  d i f f e r e n t ,  

d i f f e r in g  in  t h e ir  r e s p o n s e s  to  th e  environm ent and to  

growth r e g u la to r s .  E v en a r i (1961) w rote* "G erm ination i s  a  

s e q u e n t ia l  ch a in  o f  p h y s io lo g ic a l  e v e n ts  le a d in g  t o  th e  

b eg in n in g  o f  grow th. When grow th s t a r t s ,  th e  g erm in a tio n  

p r o c e ss  i s  o v er ."

Gibber e l l  in s  were r e p o r te d  to  b y -p a ss  any l i g h t
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re q u ir e m e n t f o r  g e r m in a t io n  an d  to  overcom e some o f  th e  

te m p e ra tu re  b lo c k s  t o  g e r m in a t io n  (T o o le  an d  C a th e y , 1961} 

Ikuma an d  Thim ann, i 9 6 0 ) .  The p r e s e n c e  o f  g i b b e r e l l i n s  

d u r in g  h e a t  t r e a tm e n t  i n h i b i t s  th e  d e v e lo p m e n t o f  f u l l  

the rm o  dorm ancy t i n  f a c t ,  when r e d  l i g h t  and  g i b b e r e l l i n  

t r e a tm e n t s  a r e  com bined p r i o r  to  a  lo w e r in g  o f  te m p e r a tu r e ,  

t h e  t r e a tm e n t s '  e f f e c t  i s  a d d i t i v e  (P o lja k o f f -M a y b e r  e t  a l . .  

1 9 5 8 ) . S tu d ie s  on th e  e f f e c t s  o f  c y t o k in i n s ,  s p e c i f i c a l l y  

k i n e t i n ,  and  g i b b e r e l l i n ,  w i th  r e s p e c t  to  d i f f e r i n g  

te m p e r a tu r e s ,  i n d i c a t e  t h a t  th e s e  g ro w th  r e g u l a t o r s  p ro m o te  

g e rm in a t io n  i n  d i f f e r e n t  r a n g e s  o f  te m p e r a tu r e s  (H aber and  

T o lb e r t ,  1 9 5 9 b ). T hese  f i n d in g s  s u g g e s t  a n  in te rd e p e n d e n c y  

b e tw een  e f f e c t s  o f  g ro w th  r e g u l a t o r s  an d  l i g h t  e x p o s u re s  

and  th e  te m p e ra tu r e s  a t  w h ich  th e s e  e f f e c t s  a r e  s tu d i e d .  

R eyno lds and Thompson (1 9 7 1 )» u s in g  th e rm o g ra d ie n t  b a r s ,  

d e te rm in e d  low  an d  h ig h  te m p e r a tu r e  i n h i b i t i o n  o f  g e rm in a t io n  

and tim e  o f  i m b i b i t i o n .  From th e s e  s t u d i e s ,  th e  a u th o r s  

s u g g e s te d  two p a r a m e te r s — low  te m p e ra tu r e  a n d  h ig h  te m p e ra ­

t u r e  c u t - o f f  p o i n t s .  D i f f e r e n t  c o n c e n t r a t i o n s  o f  k i n e t i n  

and  a b s c i s i c  a c id  a l t e r  t h e s e  two p a r a m e te r s .  T hese d a t a  

w ere  f u r t h e r  e x te n d e d  a n d  e l u c i d a t e d  f o r  k i n e t i n ,  g i b b e r e l ­

l i n s ,  a b s c i s i c  a c i d ,  v a r io u s  re g im e s  o f  l i g h t  an d  t h e i r  

i n t e r a c t i o n s  (R ey n o ld s  an d  Thompson, 1973) (A ppendix  B, 

S c h ed u le  I I I ) .  A lth o u g h  m o st o f  t h i s  w ork h a s  d e a l t  w i th  

o n ly  A r c t ic  "King an d  G rand  R ap id s  c u l t i v a r s  o f  l e t t u c e  and  

s e e d  g e rm in a t io n ,  G ray  (1 9 7 5 ) d e te rm in e d  th e  same f in d in g s



w ith  r e s p e c t  to  h ig h  tem p eratu re  c u t - o f f  p o in t s  fo r  b oth  

g erm in a tio n  and e a r ly  em ergence fo r  a  la r g e  number o f  

l e t t u c e  v a r i e t i e s .  R eynolds (1975) r e c e n t ly  rep o r ted  th a t  

d i f f e r e n t  o sm o tica  c o n c e n tr a t io n s  in  w hich  se e d s  are sown 

a ls o  a l t e r  th e  h ig h  tem p eratu re  c u t - o f f  p o in t  in  l i g h t  and 

dark . I n v e r s e ly ,  th e  o sm o tic  p o t e n t ia l  o f  th e  e x te r n a l  

medium r e q u ir e d  to  i n h i b i t  g erm in a tio n  i s  changed by th e  

tem perature a t  w hich  th e  s tu d y  i s  done. T h is  l a t t e r  f in d in g  

s u g g e s t s  a n o th er  param eter to  be c o n s id e r e d  in  in te r p r e t in g  

grow th r a t e  o f  l e t t u c e  embryos in  o s m o t ic - in h ib it io n  s t u d ie s  

(S ch e ib e  and Lang, 1967* Nabors and Lang, 1971a) in  w hich  

grow th r a t e s  o f  embryos a re  o b serv ed  to  be d i f f e r e n t  w ith  

p la n t in g  tem p era tu res (Ikuma, 196^1 S ch e ib e  and Lang, 1967)#  

The d a ta  (R eynolds and Thompson, 1971* 1973* R eynolds, 1975)  

in d ic a t e  t h a t  th e  tem p eratu re  o f  25° C w hich  m ost in v e s t ig a *  

t o r s  u se  in  t h e i r  s t u d ie s  o f  l i g h t  e f f e c t s  on l e t t u c e  seed  

g erm in a tio n  i s  n ear  th e  h ig h  tem perature c u t - o f f  p o in t .  

L e ttu c e  se e d s  g e m in a te d  a t  a p p r o x im a te ly  25°C seem to  be 

p a r t ic u la r ly  s u s c e p t ib le  to  prom otion  and in h ib i t io n  

r e s u l t i n g  in  p o t e n t i a l l y  erron eou s in t e r p r e t a t io n s .

C. T em p eratu re-L igh t I n te r a c t io n s *

The ab ru p t change in  g e m in a t io n  ( f u l l  to  none) over  

a sh o r t  tem p eratu re ran ge s u g g e s t s  a  s w itc h  or a t r ig g e r in g  

mechansim in f lu e n c e d  by tem p eratu re (R ey n o ld s, 1 9 7 3 ) .

E venari (1 9 6 1 ) su g g e s te d  t h a t  th e r e  may be a t  l e a s t  two 

e n v ir o n m e n t- s e n s it iv e  b lo c k s  to  g e m in a t io n *  one i s



removed by p h otom ech an ism (s) and th e  o th e r  by thermomecha- 

n is m (s ) ,  In  t h e i r  g er m in a tio n  s t u d ie s  on l e t t u c e  s e e d s ,  

e s p e c ia l l y  New York a s  w e l l  a s  o th e r  c u l t i v a r s ,  Takeba and 

M atsubara (1 9 7 6 ) s u g g e s te d  t h a t  tem p eratu re  a f f e c t s  a 

th e r m o -la b ile  p r o c e s s  w hich  i s  r e g u la te d  by a  th e r m o -la b ile  

f a c t o r .  They h y p o th e s iz e d  th a t  t h i s  f a c t o r  may undergo 

t h e r m o - r e v e r s ib i l i t y  w ith  tem p eratu res o f  20 and 30° C and 

may be in v o lv e d  w ith ,  f o r  exam ple, in a c t iv a t io n  o f  in h i b i ­

to r y  p r o c e s s e s  ( B e r r ie ,  1 966 ) or membrane p e r m e a b ility  

(E v en a r i, 1 9 6 1 ) and may in t e r r e l a t e  w ith  th e  phytochrom e 

system  in  a  number o f  ways (Takeba and M atsubara, 1 9 7 6 ) .  

B err ie  (1 9 6 6 ), b ased  on h i s  s t u d ie s  w ith  tem p eratu re  and  

l i g h t ,  r e p o r ted  t h a t  s e e d s  w hich  g erm in a te  a t  low  tem pera­

tu r e s  a re  n o t  a f f e c t e d  by l i g h t ,  b u t t h a t  s e e d s  which do 

n o t respond to  lo w  tem p eratu re  do resp ond  to  th e  c l a s s i c a l  

l i g h t  e f f e c t .  Tem perature e f f e c t s  w ere found to  in f lu e n c e  

th e  e a r ly  s t a g e s  o f  g e r m in a tio n . From h i s  s t u d ie s  and th o se  

o f  o th e r s ,  B e r r ie  ( I 9 6 6 ) su g g e s te d  t h a t  f o r  l e t t u c e ,  p h o to -  

b l a s t i c i t y  " is  in  f a c t  an a r t i f a c t  and though  i t  does  

s im u la te  some n a t u r a l ly  p h o t o b la s t ic  s e e d s  i n  i t s  b eh a v io r , 

th e  r e a l  b e n e f itu d d r iv e d  from s t u d ie s  w ith  su ch  se e d s  i s  

th a t  p o s s ib ly  a  m echanism  o f  g er m in a tio n  can  be fo rm u la ted ."  

I t  i s  n oted  a g a in  t h a t  dark g er m in a tio n  d o es o cc u r . The 

developm ent o f  l i n e s  o f  Grand R apids l e t t u c e  se e d s  by 

g e n e t ic  in b r e e d in g  h as r e s u l t e d  in  in c r e a s e d  dark germ ina­

t io n ,  even a t  25°C (G lob erson  e t  a l . , 1 9 7 3 ) > h ig h  dark
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g e rm in a t io n  h a s  becom e m ore an d  m ore common i n  a g r i c u l t u r e .  

B e r r ie  (1966) t h e r e f o r e  p ro p o s e d  a  schem e (A ppend ix  B, 

S ch ed u le  IV) s u g g e s t in g  tw o p a th s  i one  p h o to s e n s i t i v e  

and  th e  o th e r  t h e r m o s e n s i t i v e .  I n  t h i s  schem e, t h e  p h y to ­

chrom e sy s tem  w ou ld  b e  ev o k ed  a s  a  s p e c i a l  r e s p o n s e  to  

h ig h e r  te m p e r a tu r e s .  B e r r i e  s u g g e s te d  a n  i n h i b i t o r  accum u­

l a t i o n  a s  a  p r o c e s s  i n  t h i s  m o d e l. The th e r m o la b i l e  sy s tem  

may be r e l a t e d  t o  a  s e c o n d  p ig m e n t sy s te m  (N eg b i e t  a l . .

1968) (Appendix B, S ch ed u le  I I ) .  T h is  model may a ls o  

p a r t i a l l y  a cco u n t f o r  th e  e th y le n e  e f f e c t s  and m ight  

e x p la in  why p u n c tu r in g  a lo n e  o f  s e e d s  may in c r e a s e  dark 

g erm in a tio n  (S p ee r , 197*0» p o s s ib ly  by r e le a s in g  e th y le n e  

through  a  wounding r e s p o n s e . The s u g g e s te d  e f f e c t s  o f  

a c e to n e , a c e t o n e - k in e t in  and d ich lo ro m eth a n e p erm eation  

o f  l e t t u c e  se e d s  a r e  a l s o  c o n s i s t e n t  w ith  t h i s  m odel (Rao 

e t  a l . , 1 9 7 6 ) . F u rth er  su p p o rt f o r  a non-phytochrom e-  

r e la t e d ,  t e m p e r a tu r e -c o n tr o lle d  system  was p r e se n te d  

through tim e c o u r se  s t u d ie s  on se e d s  exp osed  to  f lu c t u a t in g  

tem p eratu res (20 and 35°C ) and l i g h t  tr e a tm e n ts  (C a rp ita  

and N abors, 1 9 7 6 a ) .

E venari (1 9 6 1 ) a tte m p tin g  to  c a l c u la t e  en th a lp y  and 

en trop h y  v a lu e s  f o r  t h e  h ig h  te m p e r a tu r e - in h ib it io n  o f  

g erm in a tio n  (Cohen, 1 9 5 8 ) ,  su g g e s te d  t h a t  tem perature may 

a f f e c t  membrane p e r m e a b i l i ty .  K oostra  (1 9 7 3 ) r e p o r ted  on 

s i m i l a r i t i e s  betw een  l i q u i d  c r y s t a l s ,  se ed  g er m in a tio n  and 

in  tu rn  membrane s t r u c t u r e  w ith  r e s p e c t  to  r e sp o n se  to  l i g h t ,



tem perature and m ech a n ica l s t r e s s .  He su g g ested  th a t  th e s e  

and o th e r  s i m i l a r i t i e s  in d ic a t e  an en v iron m en ta l e f f e c t  (and  

maybe horm onal e f f e c t )  on c e l l  membrane p e r m e a b ility .

S tu d ie s  on  th e  le a k a g e  o f  endogenous am ino a c id s  and  p e rh a p s  

an  i n h i b i t o r  fro m  l e t t u c e  (W areing  an d  Foda, 1956) s u g g e s t  

t h a t  t h e  g e r m i n a t i o n - i n h i b i t i n g  e f f e c t  o f  h ig h  te m p e ra tu re  

(30 t o  35°C) i n  d a rk n e s s  may in v o lv e  membrane i n t e g r i t y  

(H e n d ric k s  a n d  T a y lo r s o n ,  1 9 7 6 ) . As te m p e ra tu r e  i n c r e a s e s ,  

le a k a g e  o f  am ino a c i d s  i n c r e a s e ,  im p ly in g  a  l o s s  o f  membrane 

i n t e g r i t y .  B ecau se  t h e s e  a u th o r s  d id  n o t  t e s t  r e d / f a r  r e d  

l i g h t  e f f e c t s  o n  l e a k a g e ,  one may o n ly  s p e c u la te  a b o u t  t h e  

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

th e  i n t e g r i t y  o f  t h e  membrane an d  may c o u n te r a c t  o r  i n h i b i t  

th e  h ig h  te m p e ra tu re -p ro m o te d  m em brane d i s i n t e g r a t i o n  ( h ig h  

t e m p e r a t u r e - i n h i b i t e d  g e r m in a t io n ? ) .  T h e re fo re ,  r e d  l i g h t  

p ro m o tio n  o f  g e r m in a t io n  a t  25°C ( n e a r  th e  h ig h  te m p e ra tu r e  

c u t - o f f  p o i n t ,  R ey n o ld s  an d  Thompson, 1973— A ppendix B, 

S ch ed u le  I I I )  may be due  to  t h i s  m echanism  an d  w ould n o t  be  

i n  c o n f l i c t  w i th  B e r r ie * s  m odel (1 9 6 6 ) (A ppendix  B, S c h e d u le  

IV) and  h i s  s u g g e s t io n  t h a t  p h y to ch ro m e  e f f e c t s  a r e  a r t i -  

f a c t u a l  r e s p o n s e s  to  te m p e r a tu r e .  T h e re  i s  some s u p p o r t  

f o r  th e  s u g g e s t io n  o f  a  p h y to ch ro m e e f f e c t  on  membrane 

p e r m e a b i l i ty  fro m  o th e r  s t u d i e s  on  l e t t u c e  s e e d s  (B ew ley 

e t  a l . . 19681 B u r d e t t ,  1972a) an d  on  o th e r  sy s tem s (H e n d ric k s  

and B o rth w ic k , 1967? H au p t, 1 9 6 8 1 H au p t e t  a l . , 19691 T an ad a , 

19681 J a f f e ,  1 9 6 8 ) .  i n  summ ary, t h e  g e rm in a t io n  and  g ro w th
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re sp o n se s  o f  l e t t u c e  s e e d s  and embryos to  l i g h t ,  tem perature  

and o sm o tio a  a r e  v e r y  com plex and a r e  in t e r r e la t e d  w ith  each  

o th e r  a s  w e l l  a s  w ith  hormones— th e  c o n tr o ls  are  s t i l l  u n c le a r .

I I I .  M ech anica l R e s tr a in t

The anatom y o f  l e t t u c e  s e e d s  ( r e f e r  to  th e  e a r l i e r  

s e c t io n s )  in d i c a t e s  t h a t  th e  endosperm  en v e lo p es  th e  embryo 

a s  a s a c k - l ik e  s t r u c t u r e .  T h is o b s e r v a t io n  su g g e s ts  t h a t  

th e  endosperm may a c t  a s  a  r e s i s t i v e  fo r c e  to  embryo expan­

s io n  a s  w e l l  a s  a  b a r r ie r  ( r e f e r  to  e a r l i e r  s e c t io n s )  (T o o le  

e t  a l . ,  1 9 5 6 i K o lle r  e t  a l . ,  1 9 6 2 ) .  With r e s p e c t  to  th e  

p h ases o f  g er m in a tio n  p roposed  by Ikuma (19621 196*0, th e  

rem oval o f  th e  m ech a n ica l r e s t r a in t  may occur during th e  

p o s t in d u c t iv e  p h ase  i f  i t  i s  a  p r e r e q u is i t e  fo r  g er m in a tio n , 

b ut would o c c u r  d u r in g  th e  v i s i b l e  g erm in a tio n  phase i f  i t  

i s  a  r e s u l t  o f  embryo grow th. E ven ar i e t  a l .  (1957)  

rep o r ted  t h a t  m i t o s i s ,  th e  s t a r t  o f  c e l l u l a r  e lo n g a t io n  and 

r a d ic le  p r o tr u s io n , o c c u r s  to g e th e r  d u rin g  g e m in a t io n  

a f t e r  13 hr from  th e  s t a r t  o f  im b ib it io n . There i s  n o t  any  

s i g n i f i c a n t  d i f f e r e n c e  in  le n g th  o f  r a d ic le s  between 0 and  

12 h r . However, th e  le n g th s  o f  r a d ic l e s  a f t e r  1 2 , 13 , and 

1 4  hr from th e  s t a r t  o f  im b ib it io n , r e s p e c t iv e ly ,  are  

s i g n i f i c a n t l y  d i f f e r e n t  from each  o t h e r .  The la c k  o f

r a d ic le  e lo n g a t io n  p r io r  to  v i s i b l e  germ in ation  was a l s o  

ob served  by o th e r s  (Haber and L u ip p o ld , 1960a» Ikuma, 1962*
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196*0 . I f  th e  endosperm a c t s  a s  a  m ech an ica l r e s t r a in t ,  th en  

t h i s  r e s t r a i n t  may be removed by a  ch em ica l w eakening (Ikuma 

and Thimann, 1 9 6 3 a ) o r  by an in c r e a s e d  exp an sion  fo r c e  

(S ch e ib e  and L ang, 1 96?) or by b o th  means (K o lle r  e t  a l . .

1962* Chen and Thimann, 1966* W areing and Saunders, 1 9 7 1 ) .

A. Endosperm D isr u p tio n *

As e a r ly  a s  1 9 0 6 , Crocker r e p o r te d  t h a t  co ck leb u r  and 

i r i s  among o t h e r s ,  a re  in d u ced  to  g erm in ate  a f t e r  th e  se e d  

c o a ts  a r e  d is r u p te d  by c h ip p in g  o r  c u t t in g .  Randolph and 

Cox (19**3) co n firm ed  th e s e  r e s u l t s  w ith  i r i s .  Both la b o r a ­

t o r i e s  o b ser v ed  t h a t  g er m in a tio n  i s  m ost s u c c e s s f u l  when i t  

i s  done in  th e  h i l a r  r e g io n  o f  s e e d s  ex p o s in g  th e  r a d ic le  t i p .  

The s t im u la t io n  o f  g erm in a tio n  o f  v a r io u s  se e d s  by p r ic k in g ,  

ex p o s in g  th e  t i p  o f  th e  r a d ic le  o r  s c a r i f i c a t i o n ,  has b een  

ob served  in  many se e d s  (T o o le  e t  a l . . 1 9 5 6 i K o lle r  e t  a l . .

1962 \ Ikuma, 1962? B a lla r d , 1973)*  in c lu d in g  P h a c e lia  

t a n a c e t i f o l i a  (Bohmer, 1 9 2 8 ) , A ra ch is  hypogaea (T oo le  e t  a l . . 

196*0, O r v zo p s is  hym enoides (B arton  e t  a l . ,  1 9 7 1 ), A s c le p ia s  

s y r ia e a  (Oegema and F le tc h e r , 1 9 7 2 ) ,  Anemone co ro n a r ia  

(B ullow a e t  a l . , 1 9 7 5 ) , and Taxodium d istich u m  (Murphy and 

S ta n le y , 1 9 7 5 ) .  Many a u th o rs  in te r p r e te d  th e s e  s t u d ie s  a s  

in d ic a t iv e  o f  a  m ech a n ica l r e s t r a i n t  im posed by th e  c o a t s ,  

e . g . . P h a c e l ia  t a n a c e t i f o l i a  (Chen and Thimann, 196*h 1966;  

Chen, 1 9 7 0 ) , Nem ophila in s ig n ia  (Chen, 1 9 6 8 ) , A stra g a lu s  

te n n e s s e e n s i3  (B ask in  and Quarterman, 1 9 6 9 ) , S taohys a lp in a  

( P in f i e ld  e t  a l . , 197 2 ) and S tr lg a  lu t e a  (E g ley , 1 9 7 2 ) .



B o rth w ick  an d  R obb ins (1 9 2 8 ) o b se rv e d  a  s t i m u l a t i o n  o f  

g e r m in a t io n  w i th  l e t t u c e  s e e d s  when se e d s  w ere  p u n c tu re d  

and t h i s  h a s  b e e n  c o n f irm e d  b y  o th e r s  ( e .g .  , E v e n a r i  an d  

Neumann, 1 9 5 2 ) .  Ikuma and  Thim ann (1963a )  u s in g  d i s s e c t e d  

l e t t u c e  s e e d s  c o n c lu d e d  t h a t  t h e  endosperm  d o es  a c t  a s  

a  m e c h a n ic a l  r e s t r a i n t  an d  t h a t  i t  i s  w eakened by  e n z y m a tic  

r e a c t i o n s  ( d i s c u s s e d  l a t e r  i n  t h i s  s e c t i o n ) ,

B. Endosperm  a s  S i t e  o f  A c t io n :  C hem ical W eakening o f

R e s t r a i n t :

E v e n a r i  and  Neumann (1953b) o b se rv e d  w a te r  p e n e t r a ­

t i o n  o f  t h e  f r u i t  an d  s e e d  c o a t s  w i th in  3 m in  a f t e r  w e t t i n g .  

P h o t o s e n s i t i v i t y  m a n i f e s t s  i t s e l f  i n  5 to  8 m in  a f t e r  w e t t i n g .  

T hese  a u th o r s  s u g g e s te d  t h a t  p h o t o s e n s i t i v i t y  i s  l o c a l i z e d  

in  t h e  o u te rm o s t  l i v i n g  t i s s u e ,  endosperm  o r  t h e  o u te r  c e l l  

l a y e r s  o f  t h e  em bryo. When s e e d s  a r e  ex p o sed  to  d e u te ro n  

r a d i a t i o n  o f  d i f f e r e n t  i n t e n s i t y  and  p e n e t r a b i l i t y ,  d a rk  

g e r m in a t io n  i n c r e a s e s  i f  th e  d e u te ro n  r a d i a t i o n  d i s r u p t s  

th e  endosperm  w i th o u t  dam aging  th e  embryo (K le in  and P r e i s s ,  

1 9 5 8 a ) .  I r r a d i a t i o n  o f  t h e  f r u i t  c p a t  a lo n e  i s  n o t  s u f f i ­

c i e n t  t o  i n c r e a s e  g e r m in a t io n ,  w h ile  i r r a d i a t i o n  o f  t h e  

embryo m o d e ra te s  t h e  e f f e c t  an d  to o  much i s  l e t h a l .  The 

d e u te r o n  r a d i a t i o n  e f f e c t  on th e  endosperm  i s  n o t  r e v e r s e d  

by  f a r  r e d  l i g h t  (K le in  an d  P r e i s s ,  1958a ) .  M e asu rin g  t h e  

e n e rg y  l o s s e s ,  P r e i s s  an d  K le in  (1958) d e te rm in e d  t h a t  

i r r a d i a t i o n  o f  t h e  embryo i s  n o t  r e q u i r e d  to  overcom e th e  

d a rk  dorm ancy , b u t  t h a t  i o n i z a t i o n s  o c c u r r in g  i n  th e
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endosperm  may be n e c e s s a r y  and s u f f i c i e n t  fo r  in c r e a s in g  dark  

g e r m in a tio n . K le in  and P r e is s  (1958b) a ls o  s tu d ie d  l i g h t  

e x p o su r e . Seeds ir r a d ia te d  on one s id e  w ith  red  l i g h t  show  

r e d / f a r  red  r e v e r s i b i l i t y  i f  exp osed  to  fa r  red  l i g h t  on th e  

o th e r  s id e  s h o r t ly  t h e r e a f t e r .  T hese au th o rs su g g e s te d  t h a t  

th e  p h o to r e c e p to r s  (phytochrom e form s) are  p rob ab ly  a t  th e  

t i p  a t  th e  r a d ic le  end o f  e i t h e r  em bryonic a x is  o r  o f  th e  

endosperm , s in c e  t h e s e  w ould be th e  o n ly  p la c e s  t h a t  c o u ld  

have b een  exp osed  to  b o th  l i g h t s .

T ak in g  a  g e n e t i c  a p p ro a c h , G lo b e rso n  e t  a l .  (1 9 7 4 ) ,  

s tu d y in g  t h r e e  p u re  l i n e s  o f  l e t t u c e  and c r o s s i n g  th em , 

d e te rm in e d  t h a t  f a c t o r s  c o n t r o l l i n g  g e rm in a t io n  s e g r e g a te d  

i n  a  n o rm a l M e n d e lia n  m an n e r. Prom th e s e  s t u d i e s ,  t h e  a u th o r s  

c o n c lu d e d  t h a t  t h e  m e c h a n ic a l  r e s t r i c t i o n  i s  im posed  o n ly  b y  

t h e  en d o sp erm , a  c o n c lu s io n  w h ich  i s  i n  ag re e m en t w i th  t h a t  

o f  Ikum a and  Thim ann (1963a ) .  I n  t h i s  view^ a l th o u g h  p o s s i b l y  

a c t i n g  a s  a  p e r m e a b i l i t y  b a r r i e r  (K le in  e t  a l . , 1 9 7 1 ) , t h e  

in te g u m e n ta ry  e p id e rm is  on t h e  o u te r  s u r f a c e  o f  t h e  endosperm  

d o e s  n o t  p l a y  a  r o l e  i n  g e r m in a t io n .
o

S eed s sown a f t e r  gam m a -irra d ia tio n  a t  26 C or sown a t  

10°C germ in ate  w ith o u t m it o s i s  b e in g  e v id e n t .  That i s ,  

r a d ic l e  e lo n g a t io n  o c c u r s  by c e l l  ex p a n sio n  w ith o u t c e l l  

d i v i s i o n  (Haber and L u ip p o ld , 1960a ) .  M annitol tr e a tm e n t a t  

26° C p r e v e n ts  c e l l u l a r  ex p a n sio n  by in t e r f e r in g  w ith  w a ter  

u p tak e  (C le la n d  and Bonner, 1 9 5 6 ) .  L ik e w ise , i t  p r e v e n ts  

g e r m in a tio n  and c e l l  ex p a n sio n  b u t m a n n ito l does n o t  p r e v e n t



t h e  o cc u r ren ce  o f  m it o s is  in  l e t t u c e  s e e d s .  T h er e fo re , Haber 

and L u ip p old  co n clu d ed  t h a t  r a d ic l e  p r o tr u s io n  (embryo 

e x p a n sio n ) r e s u l t s  from c e l l u l a r  ex p a n sio n  a lo n e . T h is  

in v e s t ig a t io n  was ex ten d ed  fu r th e r  through s t u d ie s  by Foard  

and Haber (1 9 6 6 ) ,  In  a h i s t o l o g i c a l  s tu d y  o f  thermodormant 

l e t t u c e  s e e d s ,  th e y  d em onstrated  t h a t  l o c a l i z e d  c e l l  expan­

s io n  o cc u r s  even  though g er m in a tio n  does n o t  occur under t h e s e  

c o n d it io n s .  T hese a u th o rs  a l s o  n o te d  t h a t  c e l l u l a r  ex p a n sio n  

in  some p a r t s  o f  th e  r a d ic le  i s  accom panied by l o c a l i z e d  

c e l l u l a r  co m p ress io n . Foard and Haber in te r p r e te d  t h e s e  

r e s u l t s  a s  in d ic a t in g  t h a t  th e  en d o sp erm ,a ctin g  a s  a  m echan i­

c a l  r e s t r a i n t ,  co u ld  a cco u n t f o r  th e  p r e v e n t io n  o f  o v e r a l l  

ex p a n sio n  and co m p ressio n . In  a  p r e lim in a r y  s tu d y , P a v l i s t a  

and Haber (1 9 7 0 ) ex ten d ed  t h i s  work by s tu d y in g  th e  a f f e c t s  

o f  an s - t r i a z i n e  h e r b ic id e ,  sodium  d ic h lo r o is o c y a n u r ic  

a c id .  The embryo a x is  o f  some t r e a te d  se e d s  e lo n g a te s  a s  much 

a s  th r e e  f o ld  w ith o u t  r u p tu r in g  th e  endosperm . T h is s u g g e s t s  

t h a t  th e  endosperm  d oes a c t  a s  a m ech an ica l r e s t r a in t  in  a t  

l e a s t  some c ir c u m sta n c e s . Furtherm ore, w ith  a  sm a ll p e r ­

c e n ta g e  o f  s e e d s ,  th e  "buck led” embryos a re  f i n a l l y  a b le  to  

d ev e lo p  enough fo r c e  to  p ro tru d e  through  th e  endosperm . But 

when t h i s  o c c u r s , endosperm ru p tu r e  d ev e lo p s  e i t h e r  through  

th e  c o ty le d o n  end o r  sid ew ays (" a ty p ic a l"  g erm in a tio n , r e f e r  

b e lo w ) . I t  was a l s o  n o ted  t h a t  few  o f  th e  "buckled" and 

" a ty p ic a l ly "  germ in ated  se e d s  a r e  g re en , in d ic a t in g  c h lo r o ­

p h y l l  s y n t h e s i s  may o c c u r . T hese d a ta , a lo n g  w ith  t h a t  o f
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Haber and L u ip p o ld  (1960a) and Foard and Haber (1 9 6 6 ) i s  

in te r p r e te d  a s  s u g g e s t in g  th e  req u irem en t o f  a  ch em ica l 

w eaken ing o f  th e  endosperm . However, sh o r t  o f  a  c o r r e la t io n  

o f  se e d  g er m in a tio n  w ith  an enzyme s y s te m (s )  ca p a b le  o f  

w eaken ing th e  endosperm , t h i s  h y p o th e s is  rem ains s p e c u la t iv e .

Ikuma and Thimann (1963a )  d is s e c t e d  se e d s  in  v a r io u s  

w ays. As in v e s t ig a t o r s  b e fo r e  them, th e y  ob served  t h a t  

rem oval o f  th e  r e s t r a in in g  fo r c e  o f  th e  endosperm i s  

s u f f i c i e n t  t o  in d u ce n e a r ly  t o t a l  g erm in a tio n , i r r e s p e c t iv e  

o f  l i g h t  tr e a tm e n ts  (Ikuma and Thimann, 1959)* S in c e  l i g h t  

tr e a tm e n ts  do n o t  a f f e c t  th e  e lo n g a t io n  o f  th e  r a d ic l e  in  

d e co a ted  s e e d s ,  w hereas th e s e  tr ea tm en ts  a f f e c t  g e r m in a tio n  

a t  h ig h e r  tem p e ra tu res , r a d ic le  e lo n g a t io n  i t s e l f  i s  p ro b a b ly  

n o t  l i m i t i n g  in  th e  e a r ly  s t a g e s  o f  g erm in a tio n . Ikuma and 

Thimann deduced th a t  l i g h t  e f f e c t s  th e  m ech an ica l p r o p e r t ie s  

o f  th e  endosperm la y e r .  In  o b se r v in g  th e  s tr u c tu r e  o f  th e  

l e t t u c e  s e e d  (F ig u re  1 ,  M a te r ia ls  and M ethods), th e  r a d ic le  

end (m ic ro p y la r  r e g io n )  can  be n o ted  a s  b e in g  c o n s id e r a b ly  

narrow er th a n  th e  c o ty le d o n  en d . T h erefo re , when th e  embryo 

grow s—more s p e c i f i c a l l y ,  when th e  r a d ic le  e lo n g a te s — th e  

amount o f  f o r c e  o r  p r e s su r e  i s  g r e a t e s t  a g a in s t  th e  endosperm  

a t  th e  r a d ic le  end. However, to  p a r t i a l l y  c o u n te r a c t  t h i s  

p r e s s u r e , th e  endosperm i s  a l s o  t h ic k e s t  a t  th e  v e r y  t i p .

When Ikuma and Thimann (1963a )  c u t  se e d s  fa r  back in  th e  

c o ty le d o n  en d , th e y  found t h a t  dark g erm in a tio n  i s  l i t t l e  

a f f e c t e d  and th e  s e e d s  show r e d / f a r  red  l i g h t  r e v e r s i b i l i t y .
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But when s e e d s  a re  c u t  in  h a l f  o r  lo n g i t u d in a l ly ,  com plete  

( 90%) g er m in a tio n  o cc u r s  in  d ark n ess and th e s e  se ed s  a re  

u n a f fe c te d  by  red  o r  f a r  red  l i g h t .  Most germ in ation  o ccu rs  

" a ty p ic a lly "  (a  phenomenon f i r s t  o b serv ed  by C rocker, 1906  

w ith  Xanthium ) .  A ty p ic a l g er m in a tio n  i s  ob served  by th e  

r a d ic le  e lo n g a t in g — p u sh in g  th e  endosperm in  fr o n t  o f  i t  

( c o ty le d o n  p r o tr u s io n  o r  b ack -end  g e r m in a t io n ) . I n t e r e s t ­

in g ly ,  a lth o u g h  th e s e  s e e d s  a r e  s c o r e d  a s  a t y p ic a l ly  g erm in a ted , 

some r a d ic l e s  p e n e tr a te  through  th e  endosperm a s  w e ll  a s  

push them forw ard (Appendix B, S ch ed u le  V ). T h is i s  s i g n i f ­

i c a n t  s in c e  th e  embryo d oes n o t  have a  " spring  board" from  

w hich  i t  can  e x e r t  a  m ech a n ica l f o r c e .  T h erefo re , th e  

p r o tr u s io n  o f  th e  r a d ic le  through  th e  endosperm cannot be 

a cco m p lish ed  by m ech an ica l ex p a n sio n  fo r c e  caused  by th e  

embryo, b u t p ro b a b ly  by a c h e m ic a lly  weakened or degraded  

endosperm  w hich  o f f e r s  l i t t l e  o r  no r e s i s t a n c e  to  th e  r a d i c l e .  

S im ila r  r e s u l t s  have been  r e p o r te d  f o r  l i g h t - in h ib i t e d  

P h a c e lia  t a n a c e t i f o l i a  (honeybee p la n t )  (Chen and Thimann,

196*0 and f o r  c o ld -r e q u ir in g  S v r in g a  sp p . ( J u n t i l la ,  1973a ) .  

Speer (1 9 7 4 ) ob serv ed  t h a t  p u n c tu r in g  a lo n e  o f  l e t t u c e  s e e d s  

i s  a b le  t o  r a i s e  th e  l e v e l  o f  dark g erm in a tio n  w h ile  s t i l l  

l e t t i n g  th e  s e e d s  have r e d / f a r  red  r e v e r s i b i l i t y  e f f e c t s .

I t  was su g g e s te d  by  t h i s  a u th o r  t h a t  a t  l e a s t  two mechanisms 

a r e  in v o lv e d  in d e p e n d e n tly  in  g er m in a tio n , one o f  w hich i s  

a c t iv a t e d  by p u n ctu r in g  a lo n e  and an o th er  by l i g h t .  These  

same o b s e r v a t io n s  were made w ith  s e e d s  sown under o sm o tic



s t r e s s  (K han, i 9 6 0 ) .  K in e t in  seem s to  a c t  on c o ty le d o n  

ex p a n s io n . Ikum a an d  Thim ann (1963b) d e te rm in e d  t h a t  some 

d ark  g e r m in a t io n  ( a t  25°C) may b e  b ro u g h t  a b o u t by  th e  

k in e t in - in d u c e d  ex p a n d in g  c o t y l e d o n 's  r u p tu r i n g  o f  th e  

endosperm . U nder t h e s e  c o n d i t i o n s ,  some s e e d s  g e rm in a te  

a t y p i c a l l y .  T h e r e f o re  i t  seem s t h a t  th o s e  se e d s  whose 

endosperm s a r e  w eak may b e  in d u c e d  to  g e rm in a te  a t y p i c a l l y  

in  t h e  d a rk  b y  k i n e t i n .  How ever, a n  im p o r ta n t  comment a b o u t 

a l l  t h e  s u r g i c a l  s t u d i e s  i s  t h a t  t h e  endosperm  i s  d i s r u p te d  

o r b ro k e n  a n d  t h i s  a c t  a lo n e  may— and d o e s— in d u c e  g e rm in a­

t i o n .  I t  i s  p o s s i b l e  t h a t  endosperm  d is tu r b a n c e s  may r e l e a s e  

a  s u b s ta n c e  w h ich  t r i g g e r s  g e rm in a t io n  and r a d i c l e  e lo n g a ­

t i o n ,  s p e c u l a t i v e l y ,  e th y le n e ,  w h ich  i s  known to  be r e l e a s e d  

by damaged c e l l s  ( r e f e r  to  re v ie w s  on a b s c i s s io n  and  f r u i t  

r ip e n in g )  a n d  w h ich  may p l a y  a  r o l e  i n  endogenous r e g u l a t i o n .  

T h is p o s s i b i l i t y  may b e  s p e c u la te d  from  s tu d i e s  on o th e r  

s e e d s , e . g . ,  s p e c i e s  o f  S v r in g a  ( J u n t i l l a ,  1973a) and  S t r i g a  

l u t e a  (w itch w ee d ) (E g le y , 1 9 7 2 ) . (R e fe r  to  D is c u s s io n  f o r  a  

p ro p o sed  m odel o f  l e t t u c e  s e e d  g e r m in a t io n ) .

W hile  th e  s c a n n in g  e l e c t r o n  m ic ro s c o p e  o b s e rv a t io n s  

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

w ere b e in g  s t u d i e d ,  Jo n e s  (197*0 i n v e s t i g a t e d  th e  endo­

sperm s u s in g  t r a n s m is s io n  e l e c t r o n  an d  l i g h t  m ic ro s c o p e s .

He o b s e rv e d  c e l l  w a l l  p r o t r u b e r a n c e s  and  t h i c k  c e l l  w a l ls  

w hich  m ig h t a c c o u n t  f o r  t h e  s t r u c t u r a l  r i g i d i t y  o f  th e  

t i s s u e  and  f o r  i t s  a b i l i t y  to  a c t  a s  a  m e c h a n ic a l r e s t r a i n t .



W ith l i g h t  m ic ro s c o p y , u s in g  p e r i o d i c  a c i d - S c h i f f  s t a i n i n g  

te c h n iq u e  ( J e n s e n ,  1 9 6 2 ) , J o n e s  o b s e rv e d  th e  o n s e t  o f  

d e g r a d a t io n  a s  e a r l y  a s  8 h r  from  th e  s t a r t  o f  im b ib i t io n  

(P a rk  an d  Chen, 1 9 7 4 ) an d  e x t e n s iv e  d i g e s t i o n ,  a s  m easu red  

by l o s s  o f  s t a i n ,  o f  th e  e n d o s p e rm 's  c e l l  w a l l s  a f t e r  1 2 - 1 5 c 

h r  from  th e  s t a r t  o f  im b i b i t i o n  i n  l i g h t .  A f te r  1 4  h r  from  

th e  s t a r t  o f  im b i b i t i o n ,  g e r m in a t io n ,  a s  m easu red  by  r a d i c l e  

p r o t r u s i o n ,  b e g a n . Jo n e s  a l s o  o b s e rv e d  t h a t  endosperm  

t i s s u e  rem oved from  s e e d s  im b ib ed  f o r  24 h r  p o s s e s s e s  v e r y  

l i t t l e  m e c h a n ic a l  r i g i d i t y  a s  m e asu red  by  t e a r i n g  w ith  

f o r c e p s  w h i le  t i s s u e  rem oved from  1 h r  im b ib ed  s e e d s  

o f f e r s  c o n s id e r a b le  r e s i s t a n c e  to  su c h  t e a r i n g .  T h is  

o b s e r v a t io n  c l e a r l y  i n d i c a t e s  t h a t  endosperm  d e g r a d a t io n  

o c c u r s ,  a t  l e a s t ,  j u s t  p r i o r  to  r a d i c l e  p r o t r u s i o n .  F u r th e r ­

m ore, i n  t h i s  s tu d y  Jo n e s  n o t i c e d  t h a t  th e  c e l l  w a l l s  a r e  

d e g ra d e d  fro m  w i th in  o u tw a rd ly ;  th e r e b y  s u g g e s t in g  t h a t  

d e g r a d a t io n  i s  a  r e s u l t  o f  enzym es form ed w i th in  t h e  endo ­

sperm  c e l l s .  T h is  s tu d y  i s  f u r t h e r  d is c u s s e d  i n  th e  

D is c u s s io n  o f  t h i s  t h e s i s .  C e l l  w a l l  b reakdow n, t h e r e f o r e ,  

i s  c o r r e l a t e d  w i th  r a d i c l e  p r o t r u s i o n  and  c a u s a l  r e l a t i o n ­

s h ip  w i th  g e r m in a t io n  i s  p o s s i b l e .

C. Bnbryo a s  S i t e  o f  A c t io n :  E x p an s io n  F o rc e  o f  th e  Em bryo: 

As w as d i s c u s s e d  i n  an  e a r l i e r  s e c t i o n  ( " L ig h t  e f f e c t s  

on l e t t u c e  s e e d  g e r m in a t io n " ) ,  d e c o a te d  l e t t u c e  s e e d s  sown 

i n  w a te r  a r e  n o t  a f f e c t e d  by  l i g h t  t r e a tm e n t s .  T h a t i s ,
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r a d ic le  e lo n g a t io n  o c c u r s  a f t e r 5dark , red  l i g h t  o r  fa r  red  

l i g h t  tr e a tm e n ts  a t  th e  same r a t e  and to  th e  same e x te n t  

(Ikuma, 196^  and o th e r s  l i s t e d  e a r l i e r ) .  However, a s  n o ted  

e a r l i e r ,  im b ib it io n  o f  h a l f  s e e d s  under h ig h  osm otic  p r e s su r e  

r e i n s t a t e s  th e  l i g h t  c o n t r o l ,  t h a t  i s ,  r e g u la t io n  o f  r a d ic le  

e lo n g a t io n  o f  l e t t u c e  (S c h e ib e  and Lang, 1965 , 196?) a s  w ith  

o th e r  s e e d s ,  e . g . ,  honeybee p la n t  (Chen, 1 9 7 0 ) , In  an  

e a r l i e r  s e c t i o n ,  o sm o tic  e f f e c t s  w ere b r i e f l y  rev iew ed  and 

commented upon. T h is in fo r m a tio n  i s  a l s o  r e le v a n t  h ere  

s in c e  th e  work on ex p a n sio n  fo r c e  o f  th e  embryo i s  based  

on r e s u l t s  o b ta in e d  from o sm o tic  tr e a tm e n t. Nabors and Lang 

(1971a )  sowed naked embryos in  v a r y in g  co n c e n tr a t io n s  o f  

m a n n ito l, g a la c to s e  and p o ly e th y le n e  g ly c o l  **000 (PEG ^ 0 0 0 ), 

C ontrary to  Ikuma (1 9 6 ^ ) ,  Nabors and Lang observed  a d i f f e r ­

en ce  in  w a ter  uptake w ith  r e s p e c t  to  l i g h t  trea tm en t. U sing  

th e  o sm o tic  te c h n iq u e , th e y  c a lc u la t e d  t h a t  r e d - l ig h t  t r e a t e d  

embryos have a  low er w a ter  p o t e n t ia l  (g r e a te r  osm otic  

p o t e n t ia l )  th a n  dark t r e a t e d  embryos 1 th e  d if f e r e n c e  b e in g  

e q u iv a le n t  t o  th e  p o t e n t ia l  o f  0 .3 0  m ola l m an n ito l s o lu t io n .  

These a u th o rs  a ls o  removed th e  endosperm o f  18 to  20 hr 

im bibed dark-sow n s e e d s  and, in s e r t i n g  in to  th e  endosperm  

h a l f  a g l a s s  rod  w ith  i t s  d i s t a l  end r e s t in g  on a  M e tt le r  

b a la n c e , th e y  p u lle d  th e  endosperm over th e  rod and reco rd ed  

th e  fo r c e  r e q u ir e d  to  break through  th e  endosperm . T h is  

f o r c e  i s  e q u iv a le n t  to  th e  o sm o tic  p o t e n t ia l  o f  m an n ito l 

s o lu t io n s  betw een  0 .1 6  to  0 .3 8  m o la l.  These au th ors



co n c lu d e d  t h a t  r e d  l i g h t  in d u c e s  a  d e c re a s e  i n  w a te r  p o te n ­

t i a l  w i th in  t h e  r a d i c l e  w h ich  e q u a ls  t h a t  r e q u i r e d  to  b re a k  

th e  e n d o s p e rm 's  r e s t r a i n t .  D ark sown s e e d s ,  on th e  o th e r  

hand , do n o t  h a v e  enough g ro w th  f o r c e  to  p e n e t r a t e  t h e  endo ­

sperm . In  d a rk  dorm ancy, th e  endosperm  i s  c a p a b le  o f  

r e s t r a i n i n g  t h e  e x p a n s io n  f o r c e  o f  t h e  em bryo. Note an y  

d i f f e r e n c e s  i n  m e c h a n ic a l r e s t r a i n t s  o f  endosperm  i n  d a rk  

and l i g h t  sown s e e d s  w ere  n o t  m e a su re d . Changes in  m e c h a n ic a l  

r e s t r a i n t  o f  t h e  endosperm  w hich  may o c c u r  a r e  n o t  known w ith  

r e s p e c t  to  im b i b i t i o n  tim e  n o r  on l i g h t  t r e a t e d  s e e d s .  T h ere  

a r e  a  num ber o f  com m ents, i n  a d d i t i o n  to  th o s e  on o s m o tic a  

r e f e r r e d  to  a b o v e , w ith  r e s p e c t  to  t h i s  w ork : a )  The

d i f f e r e n c e  i n  p o t e n t i a l  b e tw een  r e d  l i g h t  exposed  and  d a rk  

sown em bryos d o es  n o t  d e v e lo p  u n t i l  one h o u r a f t e r  th e  

r a d i c l e  h as  b eg u n  to  e lo n g a te .  T h is  seem s to  a g re e  w ith  

e a r l i e r  w ork (S c h e ib e  and  L ang, 1 9 6 7 ) commented on i n  th e  

e a r l i e r  s e c t i o n .  F u r th e rm o re , N abors and Lang r e p o r te d  

t h a t  t h e  f u l l  g ro w th  p o t e n t i a l  i s  r e a c h e d  a f t e r  15 h r ,  y e t  

g e rm in a t io n ,  i n  te rm s  Of r a d i c l e  g ro w th , i s  80 to  90fo by  

16 h r .  b ) The in c r e a s e d  p o t e n t i a l ,  r e p o r t e d ly  e q u iv a le n t  

to  0 , 3 0  m o la l  m a n n i to l ,  may n o t  be  enough to  overcom e th e  

endosperm  w hose " s t r e n g th "  i s  r e p o r t e d l y  w i th in  a  ra n g e  

e q u iv a le n t  t o  0 ,1 6  to  0 .3 8  m o la l  m a n n i to l .  c )  The m ethod 

o f  p u l l i n g  t h e  endosperm  upon th e  ro d  was n o t  d e s c r ib e d ,  

b u t t h i s  a c t  may c a u s e  a s s o r t e d  o th e r  f o r c e s  to  a c t  on 

th e  i s o l a t e d  endosperm , e . g . ,  s h e a r in g  and  p u l l  f o r c e s .



F u r th e rm o re , t h e  c u t t i n g  o f  t h e  endosperm  may h av e  c a u s e d  

ch a n g es  t o  o c c u r  w i t h i n  t h e  endosperm  c e l l s  ( a s  i n d i c a t e d  

b y  th e  p u n c tu r in g  e x p e r im e n ts  o f  Khan, i 960 and  S p e e r ,  197**a)» 

T h is  comment a l s o  a p p l i e s  to  h a l f  s e e d s .  A lso , t h e r e  may 

h av e  b een  d r y in g  o f  t h e  endosperm  c e l l s  d u r in g  p r e p a r a t i o n  

f o r  th e  r e s i s t a n c e  m e a su re m e n ts , d ) S u r g ic a l  damage may 

h a v e  o c c u r r e d  d u r in g  embryo i s o l a t i o n .  The o s m o tic a  may 

a l s o  damage em bryo c e l l s  an d  may p e n e t r a t e  w i t h i n ,  e )  The 

o s m o tic a  may c a u s e  p la s m o ly s i s  o f  c e l l s ,  w h ich  w ou ld  a l t e r  

t h e i r  p r o p e r t i e s ,  f )  I f  th e  e n d o s p e rm 's  m e c h a n ic a l  r e s t r a i n t  

i s  t h e  r e a s o n  f o r  d a rk  dorm ancy b e c a u se  o f  i t s  a b i l i t y  to  

w i th s t a n d  t h e  g ro w th  p o t e n t i a l  o f  th e  em bryo, th e n  o n e  m ig h t 

e x p e c t  t o  s e e  a  " b u c k l in g "  phenom enon to  some e x t e n t  ( P a v l i s t a  

an d  H ab e r, 1 9 7 0 ) . The e n d o s p e rm 's  m e c h a n ic a l r e s t r a i n t  i s  n o t  

n e c e s s a r y  when th e  r a d i c l e  i s n ' t  p ro d u c in g  a  c o u n te r in g  f o r c e  

s in c e  i t  i s  n o t  e l o n g a t i n g  (Ikum a 1962; 1 9 6 * 0 . H ow ever, th e  

r e s t r a i n t ' s  w eak en in g  may r e s u l t  i n  a  " t r i g g e r i n g "  m echanism  

f o r  r a d i c l e  g ro w th .

In  a  com panion p aper (Nabors and Lang, 1 9 7 1 b ), i s o l a t e d  

embryos w ere sown in  w a ter  and i t  was re p o r te d  t h a t  r e d  l i g h t  

t r e a t e d  embryos grow more r a p id ly  than dark sown em bryos.

This was contrary to the findings of Ikuma (1962* 196*0.
Light-treated embryos were placed into osmotica (mannitol or 
PEG **000) after 15*5 hr to measure their water potential! 
dark sown embryos were handled likewise after 18.5 hr. The 
water potential of both water imbibed embryos is the same



and i s  zero  to  0*10 m o la l m a n n ito l. I t  sh ou ld  be n o te d  th a t  

in  b o th  c a s e s  th e  r a d ic l e s  o f  ap p rox im ately  80#  o f  th e  embryos 

h ave a lr e a d y  begun to  e lo n g a te  and th e r e fo r e  a r e  p a s t  germ ina­

t i o n  ( r e f e r  to  e a r l i e r  d i s c u s s io n s ) .  Nabors and Lang (1971b) 

co n clu d ed  t h a t ,  s in c e  th e  w ater p o t e n t ia l  o f  grow ing r a d ic le s  

i s  th e  same f o r  l i g h t  and dark t r e a te d  em bryos, and s in c e  th e  

red  l i g h t  t r e a t e d  embryos grow f a s t e r  than  dark t r e a t e d  o n e s , 

th e  grow th p o t e n t ia l  due to  red  l i g h t  trea tm en t i s  n o t  a llo w e d  

to  accum u late but i s  co n v er te d  in to  grow th. A red  l i g h t  

in d u ced  in c r e a s e  in  th e  r a d i c l e ' s  o sm o tic  p o t e n t ia l  w ould  

be due to  d eg r a d a tio n  o f  s to r a g e  su b sta n ce s  a s  p r o t e in s  and 

l i p i d s .  Nabors e t  a l .  (197*0 ob served  such d e g r a d a t io n , but  

n o te d  t h a t  i t  d oes n o t  occu r u n t i l  a f t e r  2*f hr from th e  s t a r t  

o f  im b ib it io n  when m ost s e e d s  have a lr e a d y  g erm in a ted . Fur­

therm ore, th e  breakdown o f  su c r o se  and appearance o f  r e d u c in g  

su g a r  seem s to  be m ajor d i f f e r e n c e s  between r e d , f a r  r e d  and 

dark t r e a t e d  s e e d s ,  and t h i s  can n o t  a ccou n t fo r  any changes  

in  o sm o tic  p r e s s u r e s  and th erb y  growth p o t e n t ia l s  (C a r p ita  

and N abors, 1 9 7 6 b ). (The u se  o f  food  r e s e r v e s  d u r in g  l e t t u c e  

se e d  g erm in a tio n  i s  d is c u s s e d  in  th e  n e x t  s e c t i o n . ) In  

c o n t r a s t  to  th e  d a ta  re p o r te d  by Nabors and Lang (1 9 7 1 a ) ,  

L oercher (1 9 7 * 0 , a lth o u g h  in d u c in g  red  l i g h t  s e n s i t i v i t y  in  

Grand R apids l e t t u c e  w ith  0 .3  M m an n ito l (a s Nabors and L an g), 

r e p o r te d  t h a t  g erm in a tio n  i s  o n ly  p o s s ib le  i f ,  a f t e r  i r r a d ia ­

t i o n  in  t h i s  osm oticum , s e e d s  a re  tr a n s fe r r e d  to  s o lu t io n s  

o f  lo w er  o sm o tic  p o t e n t i a l .  Far red  r e v e r s i b i l i t y  i s



e v id e n t  i n  t h e s e  se e d s  an d  d e c l i n e s ,  w ith  r e s p e c t  to  t im e  

b e tw e e n  e x p o s u re , a t  a  s lo w e r  r a t e  th a n  se e d s  sown i n  w a te r ;  

i . e . ,  many s e e d s  sown in  0 ,3  M m a n n ito l  re sp o n d  to  f a r  r e d  

l i g h t  e x p o su re  even  when s e e d s  sown in  w a te r  do n o t ,  w h i le  

a l l  s e e d s  sown i n  0 .6  M m a n n ito l  s t i l l  re sp o n d  to  f a r  r e d  

r e v e r s i b i l i t y .  L o e rc h e r  (197*0 r e l a t e d  th e s e  e f f e c t s  t o  c e l l  

w a te r  c o n te n t  r e q u i r e d  f o r  phy toch rom e r e a c t i o n  and  f o r  r a d i c l e  

e l o n g a t i o n .  However t h e s e  r e s u l t s  a r e  in  d i r e c t  c o n f l i c t  w i th  

th o s e  o f  N abors and Lang ( 1 9 7 1 a ) . G re a t L akes v a r i e t y  o f  

l e t t u c e ,  c o n s id e r e d  to  be p h o t o - i n s e n s i t i v e ,  can  be in d u c e d  

to  b e  p h o t o s e n s i t i v e  when n ak e d  em bryos a r e  sown i n  o s m o tic a  

a s  m a n n i to l  (Negm et_ aJU , 1 9 7 3 ) .  Under t h i s  c o n d i t io n ,  

h o w ev e r, th e  r a d i c l e  may be in d u c e d  to  e lo n g a te  n o t  o n ly  by 

r e d  l i g h t ,  b u t a l s o  by  e th y le n e  o r e th y le n e  p lu s  c a rb o n  

d io x id e  ev en  a f t e r  7 d ay s in c u b a t io n  a t  25°C . W hether t h i s  

s t i m u l a t i o n  o c c u rs  p r i o r  to  r a d i c l e  e lo n g a t io n  o r  a f t e r  i t s  

o n s e t  an d  g ro w th  r a t e  m easu rem en ts  w ere n o t  r e p o r t e d .  However, 

t h i s  s u g g e s ts ,  a t  l e a s t ,  t h a t  phy tochrom e i s  n o t  t h e  s o l e  

r e g u l a t o r  o r  in f lu e n c e  i n  c o u n te r in g  o sm o tic  e f f e c t s .

B e s id e s  th e  above s t u d i e s  on l e t t u c e  s e e d s , two o th e r  

g ro u p s  o f  s e e d s  have b ee n  s tu d i e d  s i m i l a r i l y :  X anthium  

•pennsy lvan icum  (E s a s h i  and L eo p o ld , 1968) and S .v ringa s p p . 

r e f l e x a . v u l g a r i s  and  . io s ik a e a  ( J u n t i l l a ,  1973a, b ) . E s a s h i  

an d  L eo p o ld  com pared th e  g ro w th  p o t e n t i a l  o f  th e  s m a l l e r ,  

u p p e r  dorm ant c o c k le b u r  s e e d s  and th e  l a r g e r ,  lo w e r n o n d o r -  

m an t s e e d s .  The i n i t i a l  p e r c e n t  in c r e a s e  i n  f r e s h  w e ig h t
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due to  h y d r a tio n  i s  th e  same fo r  both  s e e d s .  They m easured  

grow th p o t e n t ia l  a t  25°C in  d ark n ess f o r  22 to  Z k  h r , n o t  by 

o sm o ticu m -trea tm en t, but by a  m ech an ica l ap p aratu s u s in g  a  

p is t o n ,  m ercury and a  re d  dye w hich  e n te r s  a  v e r t i c a l  

c a l ib r a t e d  colum n. S tr en g th  o f  th e  t e s t a  was m easured by  

a d d in g  w e ig h t . (m ercury) in to  a c o n ta in e r  p la c e d  a to p  o f  a  

p ie c e  o f  s o f t  p e n c i l  le a d  a c t in g  a s  a s im u la te d  a x is »  th e  

p e n c i l  le a d  was in s e r t e d  in to  th e  t e s t a ,  w hich  was clam ped  

by i t s  ed g es  by l u c i t e  b lo c k s . E sa sh i and L eopold  (1 9 6 8 )  

co n clu d ed  t h a t  th e  nondormant s e e d s  d ev e lo p ed  tw ic e  a s  much 

th r u s t  a s  th e  dormant s e e d s  a s  m easured by push fo r c e  a g a in s t  

m ercury, and t h a t  t h i s  in c r e a se d  fo r c e  i s  ca p a b le  o f  r u p tu r in g  

th e  t e s t a ,  i t  i s  n o te d  t h a t  l i g h t  i s  n o t  a f a c t o r  in  th e s e  

e x p e r im e n ts . S in c e  o sm o tica  w ere n o t u sed , any in f lu e n c e s  

o f  t h e s e  su b s ta n c e s  do n o t  a p p ly . However, t h i s  work d oes  

in v o lv e  problem s w ith  r e s p e c t  to  m ech an ica l te c h n iq u e  s im ila r  

to  th o s e  d is c u s s e d  e a r l i e r .  Furtherm ore, th e  s e e d s  a r e  

d i f f e r e n t  in  o th e r  ways th an  t h e i r  dormancy s t a t e  a s  s i z e  and  

th e  c o n d it io n s  under w hich  th e s e  m easurem ents were o b ta in e d  

a r e  fa r  from n a tu r a l .

J u n t i l l a  (1973a* b ) ,  s tu d y in g  S y r in g a  s p p . , n o t  o n ly  

d id  a  s u r g ic a l  approach on th e  r o l e  o f  th e  endosperm a s  Ikuma 

and Thimann (1963a ) and Chen and Thimann (196*0 , b u t a ls o  

m easured grow th p o t e n t ia l  o f  th e  embryo and m ech a n ica l 

r e s i s t a n c e  o f  th e  endosperm . Growth p o t e n t ia l  was m easured  

u s in g  o sm o tic a  and th e  r e s i s t a n c e  o f  th e  endosperm was a ls o



36

m easured by a  s im i la r  method to  Nabors and Lang (1971a? b ) i  

t h e r e f o r e ,  th e s e  m easurem ents a re  s u b je c t  to  th e  same comments 

g iv e n  e a r l i e r .  J u n t i l l a  in  h i s  s tu d y  determ ined  t h a t  th e  

grow th p o t e n t ia l  o f  nondormant se ed s  was g r e a te r  th a n  dormant 

embryos and t h a t  c h i l l i n g ,  g ib b e r e l l in  (GA^) and h ig h  

tem p eratu re tr e a tm e n ts  fa v o r in g  g erm in a tio n , in c r e a s e  th e  

grow th p o t e n t i a l .  A ls o , th e  growth p o t e n t ia l  o f  t h e  l e s s  

dormant s p e c i e s ,  .io s ik a ea  and v u lg a r i s , i s  g e n e r a l ly  h ig h e r  

th a n  fo r  th e  more dormant s p e c ie s ,  r e f l e x a . However, in  a  

tim e co u rse  s tu d y  on th e  m ech an ica l r e s t r a in t  o f  th e  endosperm , 

J u n t i l l a  m easured a r a p id  d ecr ea se  in  t h i s  r e s t r a i n t  o c c u r in g  

p r io r  to  v i s i b l e  g erm in a tio n  o f  nondormant s e e d s ,  e s p e c i a l l y  

i f  th e  a x is  i s  p r e s e n t  in  th e  cap , th e  l a t t e r  s u g g e s t in g  an  

em bryo/endosperm  in t e r a c t io n .  T his r e s u l t  d o es n o t  occu r w ith  

dormant s e e d s .  G e n e r a lly , th e  endosperm 's s t r e n g th  i s  a l s o  

w eaker in  th e  l e s s  dormant s p e c ie s ,  a s  opposed to  th e  more 

dormant s p e c i e s .  J u n t i l l a  (1973a) con clud ed  t h a t  t h e s e  

r e s u l t s  w ith  S y rin g a  sp p , in d ic a t e  t h a t  th e  w eak en in g  o f  th e  

endosperm 's m ech a n ica l r e s i s t a n c e ,  p rob ab ly  by en zym atic  

m eans, i s  an im p ortan t p a r t  o f  th e  g erm in a tio n  p r o c e s s .

By a p p ly in g  a  s l i g h t  p r e ssu r e  on S tr ig a  l u t e a  se e d s  

w ith  a b lu n t  d i s s e c t i n g  n e e d le  a f t e r  d i f f e r e n t  im b ib it io n  

t im e s , E g ley  (1972) e s t im a te d  th e  r e l a t i v e  r e s i s t a n c e  o f  th e  

endosperm (a le u r o n e )  to  embryo grow th. In  s e e d s  s t im u la te d  

to  g er m in a te , th e r e  i s  an in c r e a s e  in  th e  p e r c e n ta g e  o f  

s e e d s  w ith  weakened endosperm . T his in c r e a s e  b e g in s  2 hr
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p r i o r  t o  t h e  o n s e t  o f  g e r m in a t io n .  The maximum p e rc e n ta g e  

o f  s e e d s  w i th  w eakened endosperm s (95%) i s  re a c h e d  1 h r  

p r i o r  t o  t h e  f i r s t  d e t e c t i o n  o f  g e r m in a t io n .  The w eaken ing  

o f  th e  endosperm  o n ly  o c c u rs  a t  t h e  r a d i c l e  end .

D. Endosperm  W eakening and  Embryo E x p an sio n  in  R e la t io n  to  

L ig h t  and  T e m p e ra tu re :

The endosperm  o f  l e t t u c e  s e e d s  e v i d e n t l y  does a c t  a s  

a  m e c h a n ic a l  r e s t r a i n t  and  t h i s  i s  now w id e ly  a c c e p te d .  

W hether t h i s  r e s t r a i n t  i s  rem oved by  c h e m ic a l (e n z y m a tic )  

w eak en in g  o r  i s  r u p tu r e d  by  a  s t r o n g e r  m e c h a n ic a l f o r c e  

e x e r t e d  b y  an  ex p a n d in g  embryo i s  s t i l l  r a t h e r  c o n t r o v e r ­

s i a l .  The f i n d i n g  o f  an  enzyme sy stem  w hich  a c t s  p r i o r  to  

th e  o n s e t  o f  g e rm in a t io n  o r  r a d i c l e  e lo n g a t io n  w ould 

s u p p o r t  t h e  fo rm e r  s u g g e s t io n .  A p r e c i s e  tim e  c o u rs e  s tu d y  

on p a r t i a l  endosperm  w eak en in g  fo l lo w in g  th e  en zy m atic  

a c t i v i t y  b u t  p r e c e e d in g  r a d i c l e  p r o t r u s i o n  sh o u ld  be demon­

s t r a t e d .  To m easu re  t h e  e x p a n s io n  f o r c e  and  r e l a t e  t h i s  to  

endosperm  r e s i s t a n c e  w i th o u t  i n t e r p r e t i v e  d is a g re e m e n ts  may 

be q u i t e  d i f f i c u l t .  One p ro b lem  i n  th e  w ork on m e a su r in g  

th e  r e s i s t a n c e  o f  th e  endosperm  (N abors and  Lang, 197 1 a) i s  

t h a t  th e  m easu rem en t was p e rfo rm e d  o n ly  on endosperm s o f  

s e e d s  im b ib ed  in  th e  d a rk  f o r  1 8 -2 0  h r .  T h is  assum es t h a t  

th e  endosperm s h av e  n o t  a l r e a d y  b een  p a r t i a l l y  w eakened a t  

l e a s t  i n  some s e e d s ,  a n d , t h e r e f o r e ,  i t  i s  a  w eakened endo­

sperm  t h a t  i s  m e a su re d . A tim e  c o u r s e  s tu d y  in  b o th  l i g h t  

an d  d a r k - t r e a t e d  s e e d s  s i m i l a r  to  t h a t  p e rfo rm e d  on S y r in g a



spp. (Juntilla, 1973a) would have been more informative.
These a r e a s  o f  s tu d y  may n o t  have been  in v e s t ig a t e d  by Nabors 

and Lang (1 9 ? la )  b eca u se  o f  an assu m p tion  t h a t  l i g h t  i s  

e s s e n t i a l  and i s  th e  o n ly  ’• tr ig g e r in g "  mechanism f o r  l e t t u c e  

se e d  g er m in a tio n  (Lang, p e r s o n a l com m unication! C a rp ita , 

p e r so n a l com m u n ication ). However, th e r e  i s  ample ev id en ce  to  

d em onstrate t h a t  phytochrom e i s  n o t  th e  s o l e  system  in v o lv e d  

i n  g erm in a tio n  but may in  f a c t  be a  supp lem entary  system  

a c t iv a t e d  due t o  h ig h  tem p eratu re  s t r e s s  (B e r r ie , 1966; 

G loberson  e t  a l . , 1 9 7 * 0 . As exam ples i Speer (197*0 demon­

s t r a t e d  t h a t  s im p ly  p u n ctu r in g  th e  endosperm i s  s u f f i c i e n t
o

to  in d u ce more th an  60# g er m in a tio n  in  2 b  hr a t  26 C and he

su g g e s te d  t h a t  t h i s  p u n ctu r in g  a c t iv a t e s  a  system  a p a rt from

l i g h t  ( e th y le n e  due to  wounding? Cooper e t  a l . , 1969?

Rasmussen, 1 9 7 3 ) .  Bew ley and F ou n ta in  (1972) dem onstrated

t h a t  g i b b e r e l l i c  a c id  m ust be added a lo n g  w ith  c y to k in in s  to

dark -im b ibed  i n t a c t  s e e d s  in  o rd er  to  r e v e r s e  th e  in h ib i t o r y

e f f e c t  o f  a b s c i s i c  a c id ,  bu t w ith  naked embryos (endosperm

rem oved), g i b b e r e l l i c  a c id  i s  n o t  r e q u ir e d . Negm e t  a l .

(1973) showed t h a t  th e  phytochrom e system  i s  fu n c t io n a l  and 
o

s t a b le  a t  35 C and th e r e fo r e  thermo dormancy i s  n o t  due to  a  

d ir e c t  in a c t iv a t io n  o f  th e  phytochrom e system  i t s e l f .  

F urtherm ore, e th y le n e  in  th e  p r e se n c e  o f  carbon d io x id e  a c t s  

on th e  h ig h  tem p era tu re-in d u ced  b lo c k ( s )  a s  se p a r a te  from 

phytochrom e. Rao e t  a l .  (1 9 7 6 ) su g g e s te d  th a t  o r g a n ic  a c id s  

u sed  a s  nonaqueous p e n e tr a n ts , a s  d ich lorom eth an e and a c e to n e ,
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act primarily in weakening of the endosperm as opposed to 
kinetin which acts on the embryo in alleviating the effects 
of inhibitors. Therefore, even when a red/far red control 
or dark-inhibition may not be demonstratable on a particular 
system(s), e.g.. enzyme activity, it is not precluded that 
the system(s) is not playing a role and is not necessary 
for lettuce seed germination.

In referring again to Nabors and Lang (1 9 7 1 a )» even 
if the expansion force of a nondormant embryo is greater than 
the resistance of the endosperm, during the mechanical 
rupturing, the radicle tip may be severly damaged, which would 
lead to poor development of the seedling and may even be fatal. 
Such damage has been reported by Ikuma (1962? and Thimann, 
1963a )  when he injected seeds with water and other solutions, 
indicating a considerable degree of fragility. Therefore, 
it may still be maintained at the very least that endosperm 
weakening is necessary, although not Sufficient, in order to 
facilitate protrusion and thereby avoiding damage to the 
radicle tip and assisting the result of a growing, healthy 
and successful seedling,
E. Pood Reserves*

Pats and oils make up most of the food reserves in 
lettuce seeds, although proteins may also be an important 
reserve (Paulson and Srivastava, 1 9 6 8 ) .  Pats are stored as 
globules in the cotyledons and, to a smaller extent, in the 
hypocotyl and undeveloped plumule. Griffiths (1938) did not



d e t e c t  any change in  f a t  g lo b u le s  p r io r  to  th e  o n s e t  o f  

g erm in a tio n  a t  about 12 h r . A f t e r  th e  o n s e t  o f  g er m in a tio n ,

th e  g lo b u le s  b eg in  to  break up, becom ing s m a lle r  and 

u l t im a t e ly  d isa p p e a r in g  by th e  end o f  th e  secon d  day. Pat 

h y d r o ly s is  i s  m ost ra p id  betw een 32 and 64 h r „ from th e  s t a r t  

o f  im b ib it io n }  d uring  t h i s  same p e r io d , th e  g r e a t e s t  in c r e a s e  

in  r e d u c in g  sugar c o n te n t  o c c u r s  a s  w e l l .  L ip a se  a c t i v i t y  

was m easured p r io r  to  th e se  d e te r m in a tio n s?  m ost a c t i v i t y  in  

l e t t u c e  i s  found betw een 24 and **8 h r . The p resen ce  o f  two 

l i p a s e s ,  an a c id  and n e u tr a l pH a c t i v i t y  p ea k s , was d eterm in ed  

(Rimon, 1 9 5 7 ) . The n e u tr a l l i p a s e  a c t i v i t y  ( th e  l e s s e r  o f  

th e  tw o) in c r e a s e s  to  a  peak a f t e r  72 h r . A lthough th e  

a c t i v i t y  in  l i g h t  t r e a te d  se e d s  s t a r t s  e a r l i e r ,  th e  n e u tr a l  

l i p a s e  a c t i v i t y  peaks to  th e  same e x te n t  r e g a r d le s s  o f  l i g h t  

or  dark trea tm en t. A cid  l ip a s e  a c t i v i t y  ( t h e 'g r e a t e r  o f  th e  

tw o ) , on th e  o th er  hand, d e c r e a s e s  d u r in g  th e  f i r s t  2 k  hr  

and in c r e a s e s  o n ly  a f t e r  48 hr r e g a r d le s s  o f  l i g h t  o r  dark  

tr e a tm en t (Rimon, 1 9 5 7 ) . Nabors e t  a l .  (1974) r e p o r te d  

o b s e r v in g  a  m oderate d eg ra d a tio n  o f  l i p i d  and an  e x te n s iv e  

one o f  p r o te in  in  em bryos, b u t , a s  w ith  G r i f f i t h s ,  n o t  u n t i l  

a f t e r  24  h r fromtcthe s t a r t  o f  im b ib i t io n .  T h er e fo re , th e  

d eg ra d a tio n  i s  a s s o c ia t e d  w ith  r a d ic l e  grow th a f t e r  germ ina­

t i o n .  T h is  in te r p r e ta t io n  a g r e e s  w ith  t h a t  o f  S r iv a s ta v a  

and P a u lso n  (1968) who ob served  c o n s id e r a b le  d eg ra d a tio n  o f  

l i p i d  and p r o te in  in  th e  embryo a f t e r  36 h r . B e s id e s  f a t  

r e s e r v e s ,  l e t t u c e  s e e d s  a ls o  c o n ta in  r e s e r v e s  o f  s u c r o s e .



By m e a su r in g  s u c ro s e  d u r in g  th e  f i r s t  2k  h r ,  P o l j a k o f f -  

M ayber (1952) s u g g e s te d  t h a t  th e  i n i t i a l  e n e rg y  f o r  g e rm in a ­

t i o n  i s  n o t  from  f a t  h y d r o ly s i s ,  b u t  from  th e  o x id a t io n  o f  

n o n re d u c in g  s u g a r  r e s e r v e s ,  s u c r o s e .  S in c e  a c i d  i n v e r t a s e  i s  

known to  h y d ro ly z e  s u c r o s e ,  E ld an  and  M ayber (197*0 m easu red  

i t s  a c t i v i t y  d u r in g  g e r m in a t io n .  T h is  enzyme i s  fo u n d  to  be 

s y n th e s iz e d  de n o v o , b u t  o n ly  a f t e r  more th a n  10 h r  and  i s  

s i g n i f i c a n t l y  m e asu red  a f t e r  15 h r .  T h e r e f o re ,  th e  enzyme 

a c t i v i t y  seem s to  be a s s o c i a t e d  m a in ly  w i th  g e r m in a t io n  

( r a d i c l e  p r o t r u s i o n )  and n o t  w ith  th e  p r e g e r m in a t io n  p e r io d .  

T h is  i s  c o n s i s t e n t  w i th  th e  f in d in g s  t h a t  s u c ro s e  seem s t o  

be  u t i l i z e d  p r i o r  to  th e  en zy m e 's  a p p e a ra n c e . S in c e  p r o t e i n s  

may a l s o  be a  r e s e r v e ,  P o lja k o ff -M a y b e r  (1 9 5 3 a ) m easu red  

p r o te a s e  a c t i v i t y .  A c t i v i t y  was fo u n d  to  be p r e s e n t  in  

d ry  s e e d s  an d  to  i n c r e a s e  s t e a d i l y  to  a b o u t 2k  h r .  P r o te a s e  

a c t i v i t y  th e n  l e v e l s  and d e c re a s e s  a f t e r  4-8 h r .  S h a in  an d  

Mayer (1965) d e te rm in e d  th e  p r e s e n c e  o f  t h r e e  d i s t i n c t  

ty p e s  o f  p r o t e o l y t i c  a c t i v i t y ,  pHs k , 8 ,  5 .6  an d  6 .8 .  The 

a c i d - a c t i v e  p r o t e a s e s  do n o t  change s i g n i f i c a n t l y  d u r in g  

th e  f i r s t  2k  h r  from  th e  s t a r t  o f  im b ib i t io n ,  b u t  t h e  n e a r  

n e u t r a l  (pH 6 .8 )  p r o te a s e  a c t i v i t y  d e c r e a s e s  s t e a d i l y  to  

a  minimum a f t e r  2k  h r .  A f te r  2k h r ,  pH 6 . 8 - a c t i v i t y  in c r e a s e s  

a g a in  and was r e p o r t e d  to  be t r y p s i n - l i k e ,  i n h i b i t e d  d u r in g  

th e  f i r s t  2k  h r  by  a  t r y p s i n  i n h i b i t o r ,  and  i s  a c t i v a t e d ,  

n o t  s y n th e s iz e d  de n o v o , a f t e r  th e  i n h i b i t o r  d i s a p p e a r s  (S h a in  

and  M ayer, 1 9 6 5 . 1 9 6 8 ) . S ta r c h  and  am y la se , a  s t a r c h -
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degrading enzyme, have been found commonly in some seeds 
(Marcus, 1 9 7 1 ) . In lettuce, however, starch is not present 
and does not act as a food reserve (Griffiths, 1938?

Poljakoff-Mayber, 1953b) amylase activity likewise has 
not been found (Poljakoff-Mayber, 1953b? Chen and Chang,
1 9 7 2 ) , F urtherm ore, a lth o u g h  a phosphorous so u rc e  (G esu n d h eit  

and P o lja k o ff-M a y b er , 1 9 6 2 ) , p h y tin  co u ld  n o t  be d em onstrated  

to  be an en erg y  sou rce?  in  a d d it io n , th e  p r e se n c e  o f  a  p h y t in  

tr a n sp h o sp h o r y la t io n  (p h y t in -n u c le o t id e  d ip h o sp h a te  phospho 

t r a n s f e r a s e )  co u ld  n o t  be dem onstrated  (M ayer, 1 9 7 3 ) .

P h ytase  a c t i v i t y ,  a lth o u g h  o c c u r in g , d o es n o t  d ev e lo p  u n t i l  

a f t e r  th e  p reg erm in a tio n  p er io d  i s  over (Meyer e t  a l , , 1 9 7 1 ) .  

There a r e  a  number o f  r e c e n t  rev iew s w hich  d e a l w ith  s to r e d  

r e s e r v e s  and t h e i r  a s s o c ia t e d  d eg ra d a tio n  enzymes in  se e d s  

(Mayer and S h a in , 197*+1 p r o te in  and p e p t id a s e s — A lt s c h u l  

e t  a l . , 1966? Ryan, 1 9 7 3 t A shton, 1976? l i p i d s  and l i p a s e s —  

M azliak , 1 9 7 3 i Mayer and S hain , 197*H Mudd, 1 9 6 7 ) .

The above d is c u s s io n  d e a ls  w ith  d e g r a d a tio n  o c c u r in g  

p r im a r ily  in  th e  embryo? but th e  endosperm may a l s o  a c t  a s  a  

r e s e r v e -c o n ta in in g  t i s s u e .  I t s  d eg ra d a tio n  a s  o b serv ed  by 

l i g h t  m icro sco p y , h as been m entioned above (J o n e s , 1 9 7 * 0 .

The d en se cy top lasm  o f  endosperm c e l l s  c o n ta in s  p r o t e in  

b o d ie s  and l ip id - c o n t a in in g  spherosom es and th e  c e l l  w a l ls  

form many p e g - l ik e  p r o je c t io n s  in to  th e  c y to p la sm . By 1 2 -  

15 hr from th e  s t a r t  o f  im b ib it io n  th e s e  c e l l s  a r e  c o n s id ­

e r a b ly  degraded? a l s o ,  th e r e  i s  an e a r ly  d e c r e a se  in  a m ilin e



b lu e - b la c k  s t a i n i n g  i n d i c a t i n g  a  g ra d u a l  l o s s  o f  p r o t e i n  

b o d ie s .  P a rk  an d .C h en  (197*0» m e a su r in g  th e  d ry  w e ig h t  

c h a n g e s  o f  t h e  endosperm  o v e r  a  3 day  p e r io d ,  o b s e rv e d  a  

g r a d u a l  l o s s  i n  t h i s  p a r a m e te r .  The f a t s ,  w hich a r e  t h e  

s u b s t r a t e s  f o r  r e s p i r a t i o n ,  a r e  m e ta b o l iz e d  to  g lu c o s e  w hich  

i s  t r a n s p o r t e d  a s  s u c ro s e  t o  th e  em bryo. I s o l a t e d  em bryos, 

a l th o u g h  g ro w in g  n o rm a lly ,  do n o t  grow a s  w e ll  a s  when th e  

endosperm  i s  p r e s e n t .  T h is  c l e a r l y  s u g g e s ts  t h a t  t h e  endo ­

sperm  can  be u se d  a s  a  fo o d  s o u rc e  b u t  a s  a  fo o d  s o u r c e  i s  

p r i m a r i l y  in v o lv e d  in  t h e  e a r l y  s e e d l in g  g ro w th , p o s tg e rm in a ­

t i o n  p e r io d ,  and  n o t  i n  t h e  g e rm in a tio n  p r o c e s s e s  i t s e l f .

I t  was n o te d  a l s o  t h a t  s t a r c h  i s  n o t  p r e s e n t  in  t h e  endo sp erm . 

T h e r e f o r e ,  m o st c a r b o h y d r a te s  p ro b a b ly  come from  th e  c e l l  

w a l l  p o ly s a c c h a r id e s  (P a rk  and  Chen, 197*0 . H alm er e t  a l ,  

(1 9 7 5 ) d e te rm in e d  th e  s u g a r  c o m p o s itio n  o f  th e  endosperm  c e l l  

w a l l s  w h ich  a c c o u n ts  f o r  tw o - th i r d s  o f  t h e  t o t a l  s e e d  c e l l  

w a l l  p o ly s a c c h a r id e s .  Endosperm  c e l l  w a l l s  have a  m arked  

d i f f e r e n c e  i n  c o m p o s it io n  com pared to  th o s e  o f  t h e  em bryo, 

r a d i c l e  and  c o ty le d o n .  The endosperm  w a l l s  c o n t a in  predom ­

i n a n t l y  m annose, 60% o f  t h e  s u g a r  c o m p o s itio n  a n d  a l s o  

g lu c o s e ,  g a l a c t o s e ,  a r a b in o s e  and u ro n ic  a c id s ,  e a c h  

a c c o u n t in g  f o r  10% o f  t h e  s u g a r  c o m p o s itio n . H alm er e t  a l .  

(1975? 1976) r e p o r t e d  t h e  s l i g h t  p re s e n c e  o f  en d o -^ -m an n a n ase  

a c t i v i t y  i n  d ry  l e t t u c e ,  w h ich  does n o t  change u n t i l  l*f h r  

from  th e  s t a r t  o f  i m b i b i t i o n ,  a t  w hich  tim e  a c t i v i t y  i n ­

c r e a s e s .  T h is  i n c r e a s e  o c c u rs  t h r e e  h o u rs  a f t e r  r a d i c l e



p r o tr u s io n . T h is enzym e’ s  appearance i s  c o r r e la te d  w ith  

g e r m in a tio n  o f  dark-sow n and g ib b e r  e l l  in -ir r e a te d  s e e d s .  

However, th e  in c r e a s e  in  a c t i v i t y  was n o t  m easured p r io r  to  

r a d ic l e  p r o tr u s io n  in  any exp er im en t. The low  p e r s i s t e n t  

l e v e l  o f  a c t i v i t y  d u r in g  th e  p reg erm in a tio n  p e r io d  may p la y  

a r o l e  in  endosperm w eakening (Halmer, p e r so n a l communica­

t i o n ) .  S im ila r  r e s u l t s  have been o b ta in ed  w ith  s t u d ie s  on 

g a la c to -m a n n a n a se s , g a la c t o s id a s e ,  m annanases and m ann osid ases  

i n  legum e se e d s  (H y lin  and Saw ai, 196^5 R eid , 1 9 7 1 1 R eid  and 

M eier , 1972* M cCleary and M atheson, 197*** 1 9 7 5 t  1976* 

McClendon e t  a l . , 1976* V il la r r o y a  and P etek , 1 9 7 6 ) .  

C a r b o x y m e th y lc e llu la se s  ( r e f e r  below ) have been found in  

c o ty le d o n s  o f  P h a seo lu s  v u lg a r is  d uring  g erm in a tio n  (Lew 

and L ew is , 1 9 7 4 ) . Ikuma and Thimann (1963a) a ttem p ted  to  

m easure p e c t in a s e  and c a r b o x y m e th y lc e llu la se  a c t i v i t i e s  in  

b o th  r a d ic le  and c o ty le d o n  ends o f  s e e d s . They d id  n o t  

d e t e c t  any a c t i v i t y  in  th e  r a d ic le  end, b u t d id  d e t e c t  a 

l i t t l e  a c t i v i t y  i n  th e  c o ty le d o n  end. However, th e  se e d s  

w ere e x tr a c te d  s h o r t ly  a f t e r  th e  o n se t  o f  g erm in a tio n  or 

r a d ic l e  p r o tr u s io n  and growth* th e  te c h n iq u e s  u sed  a r e  

r e l a t i v e l y  i n s e n s i t i v e  compared to  v is c o m e tr ic  a s s a y s .  

I n j e c t io n  o f  co m m erc ia lly  o b ta in ed  enzymes ( p e c t in a s e ,  

p e n to sa n a se  and c e l l u l a s e )  in to  th e  r a d ic le  end under th e  

endosperm  w ith o u t  p u n ctu r in g  th e  embryo s i g n i f i c a n t l y  

s t im u la t e s  g erm in a tio n  o f  dark sown se e d s  compared to  w a te r -  

in j e c t e d  c o n t r o ls .  However, in j e c t io n  o f  w ater  a lo n e



s t i m u l a t e s  some g e m i n a t i o n  com pared to  u n in je c t e d  c o n t r o l s  ; 

t h i s  i s  p ro b a b ly  due to  j u s t  p u n c tu r in g  o f  th e  endosperm  

(S p e e r , 1 9 7 * 0 . A lth o u g h  t h i s  s u g g e s ts  t h a t  t h e s e  enzym es 

m ig h t p la y  a  r o l e  a s  a  p r e p a r a to r y  sy stem  f o r  r a d i c l e  p r o ­

t r u s i o n  and l e t t u c e  s e e d  g e m in a t i o n ,  t h i s  s u g g e s t io n  re m a in s  

s p e c u l a t i v e  from  th e s e  d a t a .

IV . T r a n s c r ip t i o n  and T r a n s l a t i o n  R eq u irem en ts  f o r  L e t tu c e  

S eed  G e rm in a tio n

E a r ly  s t u d i e s  on th e  r e q u ire m e n t o f  RNA s y n t h e s i s  . f o r  

g e rm in a t io n  w ere  done u s in g  u r a c i l  d e r i v a t i v e s ,  e .g . . ,  2 -  

t h i o u r a c i l ,  5 - f l u o r o u r a c i l , 5 -h ro m o u ra c il ,  a s  i n h i b i t o r s .

S in c e  some o f  t h e s e  a n t i m e t a b o l i t e s  o f  n u c l e ic  a c i d s  i n h i b i t e d  

and ev en  p r e v e n te d  l i g h t -  an d  g i b b e r e l l i n - s t i m u l a t e d  germ ­

i n a t i o n ,  i t  was c o n c lu d e d  t h a t  RNA s y n th e s i s  i s  a  r e q u i r e ­

m ent (S m ith  and F ra n k la n d , 1 9 6 6 ; Khan, 1 9 6 6 ; 1967a ) .  As an  

a s i d e ,  S m ith  and  F ra n k la n d  (1966) r e p o r te d  t h a t  a  g r e a t e r  

c o n c e n t r a t io n  o f  u r a c i l  d e r i v a t i v e s  i s  r e q u i r e d  to  d e c r e a s e  

th e  p e r c e n ta g e  o f  g e m i n a t i o n  o f  d a rk - im b ib e d  h a l f  s e e d s  th a n  

l i g h t - t r e a t e d  i n t a c t  s e e d s ,  f u r t h e r  i n d i c a t i n g  t h a t  c u t t i n g  

th e  e n d o s p e m  i s  s u f f i c i e n t  to  c a u se  g ro s s  ch an g es  i n  th e  

s y s te m s . The c o n c lu s io n  t h a t  RNA s y n th e s i s  i s  a  r e q u ir e m e n t  

was f u r t h e r  s u p p o r te d  w i th  th e  u se  o f  o th e r  s y n t h e s i s  

i n h i b i t o r s  a s  6 - a z a u r a c i l ,  8 -a z a g u a n in e  (Khan, 1967a ;  b ) ,  

6 -m e th y l p u r in e  (F ra n k la n d  e t  a l . , 1971) and c o rd y c e p in  

(Tao and  Khan, 1 9 7 6 ) . Khan (1967b ) ,  how ever, r e p o r t e d  t h a t



a c tin o m y c in  D (AD) and p u ro m y cin  w ere  i n e f f e c t i v e  i n  

p r e v e n t in g  s e e d  g e rm in a t io n  o r  r a d i c l e  e lo n g a t io n .  These 

r e s u l t s  w ere  c o n f irm e d  (B la ck  an d  R ic h a rd so n , 1 9 6 8 ) .

T hese a u th o r s  s u g g e s te d  t h a t  s e e d  g e rm in a t io n  in  l e t t u c e  

may in v o lv e  a n  A D - r e s i s ta n t  RNA s y n t h e s i s .  T h is  p o s s i b i l i t y  

seem s l e s s  l i k e l y  due to  l a t e r  s t u d i e s  on th e  p e n e t r a t i o n  

o f  l a b e l e d  AD (Tao and  K han, 1 9 7 6 ) .  When se e d s  a r e  " c l ip p e d "  

a t  t h e  c o ty le d o n a r y  end and  sown i n  AD, RNA s y n th e s i s  and  

g e rm in a t io n  a r e  i n h i b i t e d .  By m e a s u r in g  th e  d i s t r i b u t i o n  

o f  l a b e l e d  AD, AD was fo u n d  n o t  to  e n t e r  i n t a c t  s e e d s  s i g ­

n i f i c a n t l y ,  T h e r e f o r e ,  i t  was c o n c lu d e d  t h a t  RNA s y n th e s i s  

i s  a  r e q u ir e m e n t  and  t h a t  e a r l i e r  r e s u l t s  w ith  AD w ere due 

to  t h e  l a c k  o f  AD p e n e t r a t i o n  i n to  t h e  s e e d s ,  F ra n k la n d  

e t  a l .  (1 9 7 1 ) m e asu red  la b e le d - p h o s p h a te  in c o r p o r a t io n  i n t o  

RNA w ith  t im e  i n  s e e d s  sown i n  l i g h t  o r  d a rk  a t  27°C. RNA 

s y n th e s i s  o c c u rs  in  th e  l i g h t - t r e a t e d  and  d ark -sow n  se e d s  

and th e  r a t e  o f  s y n th e s i s  i s  t h e  same in  b o th  u n t i l  a f t e r  

12 h r ,  a t  w h ich  tim e  th e  r a d i c l e s  b e g in  to  a p p e a r .  The 

above f i n d in g s  w ere  c o n f irm e d  w ith  s t u d i e s  u s in g  la b e le d  

u r a c i l  i n c o r p o r a t i o n ;  t h e r e  i s  no d i f f e r e n c e  i n  in c o r p o r a ­

t i o n  i n t o  RNA b e tw een  s e e d s  t r e a t e d  w i th  r e d  l i g h t  o r  f a r  

r e d  l i g h t  a t  20°C (H ecker and  K o h le r , 1 9 7 5 ).

C h lo ra m p h e n ic o l was fo u n d  e i t h e r  to  have no e f f e c t  

on o r  to  s t i m u l a t e  g e rm in a t io n  in  d a rk  sown se e d s  (B lack  

and R ic h a rd s o n , 1 965 ; 1 9 6 ? i 1 968 ; K han, 1967b ) .  T h is 

s u g g e s ts  t h a t  p r o t e i n  s y n t h e s i s  i n h i b i t o r  p r e v e n ts



th e  s y n th e s is  o f  a  g erm in a tio n  i n h i b i t o r .  I t  has a l s o  been  

n o ted  through  a u to r a d io g r a p h ic  s t u d ie s  w ith  la b e le d  le u c in e  

t h a t  th e  endosperm i s  th e  s i t e  o f  p r o te in  s y n th e s is  bu t th e  

endosperm has been  shown to  be a  b a r r ie r  to  le u c in e  uptake  

(K le in  e t  a l . f 1 9 7 1 )*  C y clo h ex im id e , on th e  o th e r  hand, 

p re v e n ts  g er m in a tio n  and i n h i b i t s  p r o te in  s y n th e s is  (Khan, 

1967bi B lack  and R ich ard son , 1968; Bew ley and B lack , 1 9 7 2 ) .  

Hecker and K oh ler (1 9 7 5 ) d em on stra ted , m easuring la b e le d  

le u c in e  u p tak e and in c o r p o r a t io n , t h a t  p r o te in  s y n th e s is  

b eg in s  a s  e a r ly  a s  5 hr and in c r e a s e s  to  15 hr a f t e r  s t a r t  

o f  im b ib it io n . S im i la r ly  to  RNA s y n t h e s is ,  th e s e  a u th o rs  

d id  n o t d e t e c t  any d i f f e r e n c e  betw een  se e d s  sown in  dark a t  

20 or 30°C , o r  t r e a t e d  w ith  red  o r  fa r  red  l i g h t .  The 

fo rm a tio n  o f  p o lysom es i s  a n o th er  in d ic a t io n  o f  th e  o ccu rren ce  

o f  p r o te in  s y n t h e s i s .  Polysom e fo rm a tio n  in c r e a s e s  up to  

th e  tim e o f  r a d ic l e  p r o tr u s io n  in  l i g h t - t r e a t e d  se e d s ;  in  

dark-sow n s e e d s ,  th e r e  i s  no in c r e a s e  in  polysom es (M itc h e ll  

and V i l l i e r s ,  1 9 7 2 ) .  However, a  l a t e r  s tu d y  in d ic a te d  t h a t  

i n  dark-sow n s e e d s ,  polysom e fo rm a tio n  and p r o te in  s y n th e s is  

occur e a r ly  d u r in g  im b ib it io n .  The p o ly so m es, s t i l l  a c t iv e ,  

p e r s i s t  a f t e r  24 and 48 hr (F o u n ta in  and Bew ley, 1 9 7 3 ) . T h is  

c o n f l i c t  rem ains u n r e so lv e d . Polysom e form ation  and p r o te in  

s y n t h e s i s ,  how ever, may be a f f e c t e d  by grow th r e g u la to r s  

co rresp o n d in g  w ith  t h e i r  e f f e c t s  on g erm in a tio n  (Rao e t  a l . .  

1 9 7 5 1 F o u n ta in  and Bew ley, 1 9 7 6 ) .

A n o te  i s  added about work on s y n t h e s is  in h ib i t o r s  in
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that, although the respective Inhibitors may act on 
inhibiting synthesis, they may also act on other systems 
(§.•£•* cycloheximide, McMahon, 1975). In addition, synthesis 
occurrence and inhibition are measured quantitatively and 
therefore aren't indicative of qualitative differences,ifor 
instance, between light, dark or high temperature treated 
seeds (Bewley and Black, 19721 Hecker and Kohler, 1975).
In  l e t t u c e  s e e d s ,  enzym es have been  re p o r te d  to  a r i s e  from  

s y n th e s is  de n o v o , in v e r ta s e  (E ldan  and Mayer, 1 9 7 4 ) , endo- 

/^-mannanase (Halmer e t  a l . , 1 9 7 6 ) and en d og lu can ase  h e r e in  

p r e s e n te d . However, enzym es, a d e n o s in e  tr ip h o s p h a ta s e  

(Meyer e t  a l . , 1 9 7 2 ) , have been re p o r te d  n o t  to  be s y n th e s iz e d  

de novo but to  a r i s e  by a c t iv a t io n ,  even  show ing a  w e t-d r y  

r e v e r s i b i l i t y .

V. Endo / ^ ( l —*4) G lu can ase (C a r b o x y m eth y lce llu la se )

C e l lu la s e  i s  a  g e n e r a l term  u sed  to  d e s c r ib e  a  group  

o f  enzymes w hich  degrade c e l l u l o s e ,  c o n s i s t in g  o f i  C i, which  

i s  an enzyme whose a c t io n  i s  u n s p e c if ie d  and o b scu re , CXt  

w hich i s  a m u lti-com p on en t enzyme and i s  c o n s id e r e d  to  be 

synonymous w ith  th e  te r m /^ ( l—*4) g lu c a n a se , a n d /^ -g lu c o s i-  

d a s e s , in c lu d in g  c e l l o b i a s e ,  w hich  d egrad es o l ig o s a c c h a r id e s ,  

c e l lo b io s e  to  c e l lo h e x o s e  (K ing and V a ssa l, 1969). Carboxy­

m e t h y lc e l lu la s e ,  w hich  d egrad es c e l l u l o s e  s u b s t i t u t e d  w ith



carboxym ethyl groups t o  v a ry in g  d e g re es  o f  s u b s t i t u t io n  (DS) 

i s  c o n s id e r e d  to  be an endo (1 > )  g lu c a n a se  (a  Cx - ty p e  o f  

c e l l u l a s e )  ( H a l l iw e l l ,  1961* Klop and Kooiman, 19651 W irik , 

19681 S e lb y  and M aitlan d , 1 9 6 7 ) . The s t r u c t u r e  o f  sodium  

c a r b o x y m e th y lc e llu lo se  i s t  c e l l u l o s e  w ith  th e

hydroxy groups (OH) (u n d e r lin e d ) s u b s t i t u t e d  w ith  sodium

H

The DS i s  th e  number o f  OH groups s u b s t i t u t e d  per anhydrous

u sed  i n  m ost s tu d ie s  in  h ig h er  p la n t s  h a s a  DS o f  0 . 7 1 in  

o th e r  w ords, th e r e  are sev en  OH groups s u b s t i t u t e d  in  ev e ry  

10 g lu c o s e  u n i t s  or 30 p o s s ib le  s u b s t i t u t io n  p o in t s .  The 

h ig h e r  th e  DS, th e  more r e s i s t a n t  i s  th e  CMC to  enzym atic  

d e g r a d a tio n , DS o f  1 b e in g  r a th e r  r e s i s t a n t .  The lo w er  th e  

DS, th e  l e s s  s o lu b le  i s  CMC. C a r b o x y m e th y lc e llu la se  or endo 

g lu c a n a se  a t ta c k s  th e  m o le c u le  betw een  two unsub­

s t i t u t e d  anhydrous g lu c o s e  and o n ly  a t  se q u en ce s  o f  two or  

more u n s u b s t i tu te d  anhydrous m o le c u le s  (H er cu le s  I n c . ,  1 9 7 1 1 

Isherw ood, 1 9 7 0 1 Klop and Kooiman, 1 9 6 5 1 W ir ick , 1 9 6 8 ) .

Books p r e s e n t in g  g en e r a l su rveys o f  c e l l u l a s e  enzymes have  

been  p u b lish e d  (Gould, 19691 R eese , 1 9 6 3 ) .  There h as been

h iw A

carboxym eth yl g toup s H

g lu c o s e  u n i t s  1 th e r e fo r e ,  th e  maximum DS i s  t h r e e .  The CMC
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some c o n t r o v e r s y  a s  t o  th e  b i o l o g i c a l  s i g n i f i c a n c e  o f  t h i s  

enzyme b e c a u s e  i t  a t t a c k s  s o l u b i l i z e d  c e l l u l o s e .  How ever, 

t h e r e  i s  g ro w in g  e v id e n c e  t h a t  t h i s  enzyme a c t s  i n  c o n ju n c ­

t i o n  w i th  Cjl enzym es, w i l l  a t t a c k  in s o l u b le  c e l l u l o s e  g iv e n  

lo n g e r  in c u b a t io n  t im e  and  i s  a  t r u e  c e l l u l a s e  ( S e lb y  and 

M a it la n d ,  1967; H a r t l e y  e t  a l . , 1973; S o b o tk a  an d  S t e l z i g ,

1974; V ose, 1974; L ew is e t  a l . , 1974  Kanda e t  a l . , F in ch er  

e t  a l # . 1 9 7 6 ) . Endo / 3 (1—̂>4) g lu ca n a se  has been  im p lic a te d  

i n  a few  h ig h e r  p la n t  p r o c e s s e s — f r u i t  r ip e n in g , a b s c i s s io n  

and c e l l  e lo n g a t io n  and has been  r e la t e d  to  th e  r o l e  o f  

some grow th r e g u la to r s  (Hulme, 1970; Hobson, 1968; Crane, 

1964; M arcus, 1971; Fan and M aclach lan , 1 9 6 6 ; Byrne e t  a l , . 

1975; A b e le s , 1 9 6 9 ; L in k in s  e t  a l . , 1973; R eid  e t  a l . , 1974; 

G reenberg e t  a l . , 1 9 7 5 ) .  A com parison betw een  th e  f in d in g s  

on endo / ? ( l - * 4 )  g lu c a n a se s  in  th e s e  s t u d ie s  and t h a t  

r e p o r te d  in  t h i s  t h e s i s  w i l l  be d is c u s s e d  l a t e r  in  th e  t h e s i s  

( " D iscu ssio n "  s e c t i o n )•



MATERIALS AND METHODS

Seed S o u rc e  and  S to ra g e

L e t tu c e  s e e d s  o r  a c h e n e s  (L a c tu c a  s a t i v a  L . c u l t i v a r  

G rand R a p id s )  from  1971 h a r v e s t  w ere o b ta in e d  from  V au g h a n 's  

Seed C o ., D ow ner's  G rove, 1 1 1 . S eeds w ere p la c e d  i n  brow n 

b o t t l e s  enw rapped  w ith  alum inum  f o i l  and s to r e d  i n  a  

d e s s i c a t o r  m a in ta in e d  a t  ^°C in  a  r e f r i g e r a t o r .  P r i o r  to  

u s e ,  s e e d s  w ere a l lo w e d  to  a c c l im a te  f o r  one h a l f  to  15 

h o u rs  a t  room te m p e r a tu r e .

S u r fa c e  S t e r i l i z a t i o n

I n  a l l  e x p e r im e n ts , one gram o f  s e e d s  was p la c e d  

i n  a  f r i t t e d  f u n n e l ,  150 ml volum e and  6 .5  cm i n  d ia m e te r ,  

w h ich  was c o n n e c te d  to  a  vacuum  l i n e .  To th e  s e e d s ,  10 ml 

o f  5% c h lo r o x  d i s s o lv e d  i n  5$  e th a n o l  was a d d e d . A f t e r  

1 m in , t h e  vacuum l i n e  was opened  to  rem ove th e  s o l u t i o n  

and  th e n  c lo s e d .  Ten ml o f  70fo e th a n o l  was th e n  ad d ed  f o r  

1 m in , a f t e r  w hich  t h i s  s o l u t i o n  was a l s o  rem oved b y  vacuum . 

F o llo w in g  t h i s  s u r f a c e  s t e r i l i z a t i o n ,  s e e d s  w ere  w ashed  

f o u r  t im e s  w ith  s t e r i l e  d i s t i l l e d  w a te r ,  each  was b e in g  

rem oved by  vacuum . S eeds w ere  a llo w e d  to  d ry  u n d e r  vacuum

5 1
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fo r  30 m in. D uring se e d  exp osu re to  each  s o lu t io n ,  th e  

fu n n e l was a g i t a t e d  to  en su re  t h a t  a l l  s e e d s  were su r fa c e  

s t e r i l i z e d .

T ab le 1 d em o n stra tes  th e  r e l a t i v e  e f f e c t iv e n e s s  

o f  70& e th a n o l a s  compared to  o th e r  c o n c e n tr a t io n s .

Seed G erm ination  C o n d itio n s

One gram o f  s e e d s  was sown in  f i v e  s t e r i l e  P e tr i  

d is h e s ,  15 X 90 mm, each  c o n ta in in g  10 ml o f  s t e r i l e  d i s t i l l e d  

w ater or an e x p e r im en ta l s o lu t io n .  P e t r i  d is h e s  were p la ced  

in  a  S h e r e r - G i l le t t e  c o n t r o l le d  environm ent chamber, model 

CEL 2 5 5 -6 , s e t  a t  20°C . Standard l i g h t  exp osu re  fo r  

g erm in a tio n  was co n tin u o u s  w h ite  l i g h t ,  a  m ix tu re  o f  f lu o r e s ­

c e n t  and in c a n d e sc e n t  b u lb s , a p p ro x im a te ly  750 f t - c d l  a t  

se e d  l e v e l .  In  some ex p er im en ts , s e e d s  w ere sown in  darkness  

p lu s  a 30 min ex p o su re  t o  w h ite  l i g h t ,  a p p ro x im a te ly  375 f t - c d l ,  

g iv e n  a f t e r  3 hr o f  d a rk n ess . In  o th e r  ex p er im en ts , se e d s  

sown and k ep t in  d a r k n e ss . In  a d d it io n , some seed s  r e c e iv e d  

a 1 hr exp osu re to  fa r  red  l i g h t ,  fu r n is h e d  by two in ca n d escen t  

150 w a tt lam ps u n d e r la id  w ith  a  3 nun t h ic k  s la b  o f  Rohm- 

Haas 2025 b la c k  p l e x i g l a s  and 3 cm o f  w a te r , g iv e n  a ls o  a f t e r  

3 hr o f  d a r k n e ss . In  o rd er  to  o b serv e  th e  e f f e c t s  o f  h ig h er  

tem p era tu res , s e e d s  w ere a l s o  sown a t  2 k  and 35°C.

G erm ination  was sco red  a t  10 to  30X and was in d ic a te d  

by th e  s l i g h t  ap pearan ce o f  th e  r a d i c l e ' s  t i p .
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T a b le  1 : R e la t iv e  e f f e c t i v e n e s s  o f  d i f f e r e n t  e th a n o l

c o n c e n t r a t io n s  a s  s e e d  s u r f a c e  s t e r i l i z a t i o n  

a g e n t s •

S eed s w ere sown a t  35°C i n  c o n t in u o u s  d a r k n e s s .  No 

g e rm in a t io n  was o b se rv e d  d u r in g  t h i s  t im e .

^ R e l a t i v e  v i s i b l e  c o n ta m in a t io n  r e p r e s e n te d  b y :

-  (no c o n ta m in a t io n ) ,  - / +  ( l i t t l e  c o n ta m in a t io n — 1 o r  

2 s e e d s ) ,  + (m ild  c o n ta m in a t io n — a  number o f  s e e d s  o r  

a r e a s ) ,  ++ ( e x c e s s iv e  c o n ta m in a t io n )



TABLE 1

e th a n o l  c o n c e n t r a t i o n s .  #d&ys six
35°Ca 0 10 25 50 70 85 . 95

11

- A

5 +*♦* + + + -  + +

7 ++ + + + - + +  +

9 + + + +  + - + +  ++
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W eigh t D e te rm in a tio n s

S eed s w ere removed from P e t r i  d is h e s  a f t e r  15 m in  

to  18  hr o f  im b ib it io n *  They w ere b lo t t e d  dry and p la c e d  on 

a p r e v io u s ly  d r ie d  and w eigh ed  w e ig h in g  paper and w eighed  

on a  M e tt ie r  H10 b alance* These w e ig h ts  a f t e r  s u b tr a c t in g  

fo r  w e ig h t o f  paper and d iv id in g  by number o f  se ed s  com p rised  

th e  f r e s h  w e ig h t /s e e d *  These s e e d s  p lu s  th e  w eigh in g  p aper  

w ere p la c e d  in  an oven s e t  a t  105°C f o r  18 h r and were 

w eigh ed  a g a in . These w e ig h ts  a f t e r  th e  above ad ju stm en ts  

com prised  th e  d ry  w e ig h t /s e e d . F resh  and d ry  w e ig h ts  w ere  

a l s o  d eterm in ed  on d ry , 0 hr im bibed seeds*

Low S a l t  E x t r a c t i o n  o f  E n d o g lu c a n a se s

One gram o f  s e e d s  was ground w ith  a  p e s t l e  in  an  

ic e d  m ortar c o n ta in in g  5 ml o f  c o ld  hom ogenizing s o lu t io n  

(Appendix S ch ed u le  I ) .  The ground se e d s  were t r a n s fe r r e d  

to  a  c o o le d  g r in d in g  v e s s e l .  F iv e  ml o f  c o ld  hom ogenizing  

s o lu t io n  was added to  th e  m ortar and th e  r e s id u e  was washed  

in t o  th e  v e s s e l .  The ground s e e d s  in  th e  10 ml o f  s o lu t io n  

w ere fu r th e r  hom ogenized u s in g  a  " d r i l l  p ress"  hom ogen izer. 

A fte r  hom ogen ization^  th e  hom ogenate p lu s  5 ml o f  c o ld  

h om ogen iz in g  s o lu t io n ,  w hich  was u sed  to  wash th e  t i s s u e  

g r in d e r , w ere t r a n s fe r r e d  to  a c e n tr i fu g e  tube and c e n tr i fu g e d  

in  a  S o r v a ll  u l t r a c e n t r i f u g e ,  m odel RD-2B, a t  1 0 ,0 0 0  6 f o r  

10 min a t  *f°C* The p e l l e t  was u sed  to  make h igh  s a l t  e x tr a c t*
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The su p ern a ta n t was t r a n s fe r r e d  to  an o th er  tu b e  and 

r e c e n tr ifu g e d  a t  3 7 ,0 0 0  g  fo r  20 min a t  ^°C . The r e s u l t i n g  

su p ern a ta n t was a s p ir a t e d  through  a  m i l l ip o r e  f i l t e r ,  0 .2 2  

or 0 .^ 5  um p o re  s i z e .  T h is  f i l t r a t e  i s  term ed th e  "Low S a lt"  

e x t r a c t .

In  e a r ly  e x t r a c t io n s ,  20 mg p o ly v in y lp y r r i l id o n e  

(PVP) GAP was added p er  ml f i l t r a t e .  T h is m ix tu re  was k ep t  

in  an i c e  b a th  fo r  30 min and a g i t a t e d  e v e r y  5 m in, PVP 

was f i l t e r e d  o u t by p a s s in g  th e  m ix tu re  through  a n o th er  

m ill ip o r e  f i l t e r .  L a te r  e x t r a c t io n s  in d ic a te d  th a t  th e  u se  

o f  PVP was n o t  n e c e s s a r y  d u r in g  a c i d ic  e x t r a c t io n s  (below  

pH 6 .5 )»  and t h e r e f o r e  t h i s  s t e p  was e l im in a te d .

The enzyme a c t i v i t y  d id  n o t  d im in ish  when e x t r a c t s  

were fr o z e n  and s to r e d  in  a  f r e e z e r  fo r  two w eeks.

High S a lt  E x tr a c t io n s  o f  E n d oglucanases

"Complete High S a lt"  e x tra c t? w a s  o b ta in e d  by  

e x tr a c t in g  s e e d s  w ith  h om ogen izin g  s o lu t io n  f o r t i f i e d  w ith  

NaCl s a l t .  "High S a lt"  e x t r a c t  was o b ta in e d  by reh om ogen iz in g  

th e  p e l l e t ,  r e s u l t i n g  from f i r s t  (1 0 ,0 0 0  g )  c e n t r i f u g a t io n ,  

in  a g r in d in g  v e s s e l  w ith  15 ml hom ogen iz in g  s o lu t io n  

f o r t i f i e d  w ith  s a l t  th e n  c e n tr i fu g e d  a t  3 7 ,0 0 0  g  fo r  20 min 

a t  *°C and p a sse d  th rou gh  a  m i l l i p o r e .

A ssay  o f  E n d og lu can ases

Equal q u a n t i t i e s  o f  e x t r a c t s  and p re in cu b a te d  (15 to
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30 m in) s u b s tr a te  s o lu t io n  (A ppendix, S ch ed u le  I )  w ere  

con b in ed  and m ixed f o r  10 s e c  u s in g  a  v o r t e x - g e n ie .  T hese  

a s s a y  s o lu t io n s ,  h a r in g  a  pH o f  5 .8  *  0 ,1 ,  w ere in c u b a ted  

in  a  w ater  bath  s e t  a t  41 -  1°C . A fte r  0 , 0 ,2 5 ,  0 .5»  1»

2 , 3 , 5 an d /or  8 h r , 1  ml a l iq u o t s  w ere removed from th e  

a s s a y  s o lu t io n s  and added t o  th e  m easu rin g  chamber ( S t a in ­

l e s s  s t e e l  chamber and s p in d le ) ,  k ep t a t  41 ± 1°C v ia  

c o n n e c t io n  to  pump in  th e  w a ter  b a th , o f  a  W e lls -B r o o k f ie ld  

R otary S p in d le  M icro v isco m eter  and v i s c o s i t y  was m easured. 

B u ffer  b lanks a n d /o r  b o i le d  e x t r a c t s  were u sed  a s  a s s a y  

c o n t r o l s .  Other pHs and tem p era tu res w ere u sed  t o  d eterm in e  

o p tim a l v a lu e s .

E ndoglucanase a c t i v i t y  was e x p r e sse d  a s  a  p e r c e n t  

d e c r e a se  in  v i s c o s i t y  o f  enzyme p lu s  s u b s tr a te  s o lu t io n s  

a f t e r  d i f f e r e n t  in c u b a t io n  t im e s .  B o ile d  enzyme p lu s  su b ­

s t r a t e  (1  p a r t  e x t r a c t )  1 p a r t  1 .5 #  CMC) and d i lu t e d  s u b s tr a te  

s o lu t io n s  (0 .7 5 #  CMC) were u sed  a s  c o n t r o l s .

P r o t e i n  D e te rm in a tio n  from  E x t r a c t s

P r o te in  c o n te n ts  o f  1 ml s o lu t io n s  o f  1 p a r t  

e x t r a c t  to  1 p a r t  b u f fe r  w ere m easured u s in g  th e  m icro­

b iu r e t  method (Goa, 1 9 5 3 ) .  Bovine serum album in  was u sed  

a s  a stan d ard  (A ppendix S ch ed u le  I I ) .
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C o n cen tra tio n  o f  Media

The sterile distilled water in which seeds were 
sown for different time periods was removed from 5 Petri 
dishes, pooled (50 ml) and placed into an Amicon Ultra­
filtration cell, Model 202, with an Amicon Diaflo Ultra­
filtration membrane, UM2, Using 3 atm N2 pressure, the 
media were concentrated from 100 ml to less than 15 ml, 
then removed from apparatus and diluted to 15 ml. Aliquots 
of these concentrates were assayed for endoglucanase activity.

Seed D is s e c t io n s

The m ajor an atom ica l p a r ts  o f  a  l e t t u c e  se e d  

(a ch en e) a r e  r e p r e se n te d  in  F igu re 1 . The d i f f e r e n t  

d is s e c t io n s  w ere a s  f o l l o w s » i )  0 .6  gm s e e d s  w ere sown fo r  

1 h r , a f t e r  w hich  th e  media w ere rem oved. The p e r ic a r p  o f  

each  se e d  was removed w ith  a  fo r c e p t  and d i s s e c t i n g  n e e d le  i 

th e s e  d e p er ica r p ed  se e d s  were th en  resow n in  s t e r i l e  

d i s t i l l e d  w a ter  fo r  8 hr b e fo r e  e x t r a c t io n  i n  9 ml o f  

h om ogen izin g  s o lu t io n .  Removal o f  p e r ic a r p  from  d ry  se e d s  

and from d ry  se e d s  w etted  fo r  5 min w ith  w a ter  was p oor, 

o f t e n  r e s u l t i n g  in  damage to  s e e d s , i i )  Dry s e e d s  ( s l i g h t l y  

w e tte d )  and 9 hr im bibed se e d s  were c u t  t r a n s v e r s e ly  w ith  a  

s c a lp e l  and se p a r a te d  in to  a  m icro p y la r  end (1 /3  le n g th  o f  

se e d )  and c o ty le d o n a r y  end (2/3 le n g th  o f  s e e d ) .  These  

ends w ere e x tr a c te d  s e p a r a te ly ,  i i i )  M icro p y la r  ends were
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F ig u re  1 .  S c h e m a tic  d iag ram  o f  l e t t u c e  s e e d s  and  se ed  

p a r t s  r e s u l t i n g  from  d i s s e c t i o n  (d a sh e d  l i n e s ) .  Enzymes 

w ere  e x t r a c t e d  from  w hole  s e e d s ,  c o ty le d o n  e n d s , r a d i c l e  

e n d s , em b ry o n ic  a x e s ,  endosperm  from  r a d i c l e  ends and 

d e p e r ic a r p e d  s e e d s •

C c o ty le d o n ,  CE -  c o ty le d o n  en d , CL -  c e l l  l a y e r ,

E -  en d o sp erm , EA -  em bryon ic  a x i s ,  I  -  in te g u m e n ta ry  

r e m a in s ,  P -  p e r i c a r p ,  RE -  r a d i c l e  en d , SM -  s h o o t 

m e r is te m , SP -  s e e d  p lu g .
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rem oved from  1 an d  9 h r  im b ib e d  s e e d s  an d  w ere  d i s s e c t e d  

i n t o  em bryon ic  a x i s  and  en d o sp erm  ( p a r t  s u r ro u n d in g  

em bryon ic  a x i s ) .  T hese p a r t s  w ere  e x t r a c t e d  f o r  e n d o -  

g lu c a n a s e  enzym es. The s e p a r a t i o n  o f  c o ty le d o n s  from  t h e i r  

s u r ro u n d in g  endosperm  o f  1 h r  im b ib ed  s e e d s s o f t e n  r e s u l t e d  

i n  damage t o  b o th  an d  c o ty le d o n  d e b r i s  c o u ld  n o t  be 

c o m p le te ly  rem oved from  w i t h i n  t h e  endosperm  s a c k .

I n h i b i t o r s

S eed s w ere sown f o r  d i f f e r e n t  t im e  p e r io d s  up to  

9 h r  i n  s o l u t i o n s  o f  (CH) c y c lo h e x im id e  (100 m g /L ), (S ig m a), 

(AD) a c tin o m y c in  D (100 m g/L) (M erch, S h arp  & Dohme) o r  (MP) 

6 -m e th y l p u r in e  (67  m g/L) (S ig m a ) . I n  th e  c a s e  o f  AD an d  

MP t r e a tm e n t s  some s e e d s  w e re  p u n c tu re d  w i th  a  22 G 1 s y r in g e  

n e e d le  (B-D) in  th e  c o ty le d o n a r y  e n d . S eed s w ere  f i r s t  

p la c e d  i n  125 ml E rlen m ey er f l a s k s  an d  r i n s e d  w i th  th e  

a p p r o p r i a t e  sow ing  m edia* t h e  r i n s i n g  s o l u t i o n s  w ere  rem oved 

and  th e  s e e d s  w ere  sown i n  f r e s h  m e d ia . S e e d s , t r a n s f e r r e d  

from  one sow ing  medium t o  a n o t h e r ,  w ere  r i n s e d  w i th  th e  new 

medium b e f o r e  re so w in g  t h e  s e e d s  w i th  f r e s h  m edium.

E x t r a c t io n  f o r  Column C h ro m a to g ra p h ic  S e p a r a t io n

T h re e  gram s o f  s e e d s  w ere  g ro u n d  w ith  a  p e s t l e  i n  

a  c o o le d  m o r ta r  c o n ta in in g  ^  ml o f  h o m o g en iz in g  s o l u t i o n  

(A ppendix  S c h ed u le  I ) .  The r e s u l t i n g  s l u r r y  was t r a n s f e r r e d
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to  a n  i c e d  g r in d in g  v e s s e l  and  t h e  m o r ta r  was w ashed w ith  

3 ml o f  h o m o g en iz in g  s o l u t i o n  w h ich  w as th e n  ad d ed  t o  t h e  

g r in d in g  v e s s e l  w ith  s l u r r y .  The g ro u n d  s e e d s  w ere hom ogenized  

in  a  " d r i l l  p r e s s "  hom ogen izer an d  t r a n s f e r r e d  a f te r w a r d s  to  

a  c e n t r i f u g e  tu b e .  The t i s s u e  g r i n d e r  w as w ashed  w i th  2 ml 

o f  h o m o g e n iz in g  s o l u t i o n  w hich  was th e n  ad d ed  to  h o m o g en a te .

The hom ogenate  was c e n t r i f u g e d  i n  a  SorvaJX u l t r a c e n t r i f u g e  

a t  1 0 ,0 0 0  g  f o r  10 m in a t  4°C . The r e s u l t i n g  s u p e r n a ta n t  

was r e c e n t r i f u g e d  in  a n o th e r  tu b e  a t  3 7 .0 0 0  g f o r  20 m in  a t  

> °C i a f te r w h ic h  th e  c e n t r i f u g a t e  was p a s s e d  th ro u g h  a  m i l l i p o r e  

f i l t e r ,  0 .2 2  o r  0 .^ 5  ura. T h is  c e n t r i f u g a t e  c o m p rise d  th e  "low  

s a l t "  e x t r a c t .

The p e l l e t ,  fo rm ed a s  a  r e s u l t  o f  t h e  f i r s t  (1 0 ,0 0 0  g )  

c e n t r i f u g a t i o n  was re su sp e n d e d  i n  s a l t  f o r t i f i e d  h o m o g e n iz in g  

s o l u t i o n  (A ppend ix , S ch ed u le  I ) ,  an d  g ro u n d  and  hom ogenized  

a s  g ro u n d  s e e d s .  The r e s u l t i n g  h om ogenate  was c e n t r i f u g e d  

o n ly  a t  3 7 ,0 0 0  g  f o r  20 m in a t  k°C an d  p a s s e d  th ro u g h  a  

m i l l i p o r e  f i l t e r ,  0 .2 2  o r  0 .^ 5  um. T h is  c e n t r i f u g a t e  c o m p rise d  

th e  " h ig h  s a l t "  e x t r a c t .

The medium in  w hich  9 h r  im b ib e d  s e e d s  w ere  sown w as 

c o l l e c t e d .  W ith th e  u s e  o f  a n  Amicon U l t r a f i l t r a t i o n  C e l l  

( r e f e r  a b o v e ) ,  150 ml o f  medium was c o n c e n t r a t e d  t o  9 m l.

I n  some s e p a r a t i o n s ,  s u c ro s e  was ad d e d  t o  c o n c e n t r a t e  to  

form  a  10#  s u c ro s e  s o lu t io n  i n  o r d e r  t o  g iv e  d e n s i t y  to  th e  

c o n c e n t r a t e ,  "medium" e x t r a c t .

C o ty le d o n  ends and m ic r o p y la r  en d s  w ere  d i s s e c t e d  

from  2 gm s e e d s  and w ere  hom ogenized  a s  above i n  6 m l o f
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h om ogen izin g  s o lu t io n ,  2 ml o f  t h i s  hom ogenate was added  

t o  th e  colum n.

E m bryonic a x e s  and  endosperm  t i s s u e  from  m ic ro ­

p y l a r  en d s  from  1 gm s e e d s  w ere  hom ogen ized  a s  ab o v e  i n  

3 m l o f  h o m o g e n iz in g  s o l u t i o n .  Two ml o f  t h i s  hom ogenate 

w as ad d ed  to  th e  co lum n.

Column C hrom ato g rap h y

Two ml o f  e x t r a c t  was p a ssed  th rou gh  a  column 

(Pharm ecia P in e  C hem icals K 25/45) m a in ta in ed  a t  8°C in  a  

c o ld  room and packed w ith  e i t h e r  Sephadex G -100 o r  G-200 

(P harm ecia) s w e lle d  in  b u f fe r , pH 5 .9  p lu s  an a n t i -m ic r o b ia l  

a g e n t  (A ppendix, S ch ed u le  I I I ) .  I n  e a r ly  ru n s , th e  column 

was f i t t e d  w ith  a  sam ple a p p lic a to r  b u t l a t e r  a  f lo w -  

a d a p to r  and a  4-w ay v a lv e  was used  (Pharm ecia A-25 and 

L V -4). I n  th e  l a t t e r  c a s e , 2 ml o f  e x t r a c t  fo llo w e d  by  

1 ml o f  10#  su c r o se  was in j e c t e d  through  v a lv e  and a d a p to r . 

F r a c tio n s  o f  60 or 120 drops were c o l l e c t e d  by tu b e s  

p la c e d  in  a  F ra cto m ette  200 f r a c t io n  c o l l e c t o r .  Each f r a c t io n  

was a ssa y e d  f o r  en d og lu can ase a c t i v i t y  a s  d e sc r ib e d  ab ove, 

u s in g  an a s s a y  in c u b a t io n  tim e o f  24 h r . Column d im en sio n s , 

bed h e ig h t  and volum e, flo w  r a t e ,  o p e r a t in g  p r e s s u r e , v o id  

volum e, g e l  s w e l l in g  procedure and column p a ck in g  p rocedu re  

a r e  d e sc r ib e d  in  A ppendix, S ch ed u le  i l l .



Molecular Weight Determinations

M o le c u la r  w e ig h t o f  e n d o g lu c a n a se  p eak s  was d e te rm in e d  

u s in g  b o th  g e l s ,  S ephadex  G-100 and G -200, P r o t e in  s ta n d a r d s  

( P h a r m a c ia - C a l ib r a t io n  K i t )  w ere  a l d o l a s e ,  o v a lb u m in , 

c h y m o try p s in o g e n  A, r ib o n u c le a s e  A and B lue D e x tra n  2000} 

b o v in e  serum  a lb u m in  was a l s o  u s e d . The p a r t i t i o n  c o e f f i c i e n t s  

(Kav) w ere  c a l c u l a t e d  and  p l o t t e d  a g a in s t  th e  lo g a r i th m  

(b a s e  1 0 ) o f  th e  r e s p e c t i v e  m o le c u la r  w e ig h ts ,  Kav f o r  t h e  

e n d o g lu c a n a se  p e a k s  was c a l c u l a t e d  and th e  m o le c u la r  w e ig h ts  

w ere  d e te rm in e d  from  g ra p h s  (F ig u re s  33 and 3 9 ) .  P r o t e i n  

s ta n d a r d  s o l u t i o n s  and  Kav c a l c u l a t i o n s  a r e  d e s c r ib e d  i n  

A ppend ix , S c h e d u le  IV .

P r o t e in  D e te rm in a tio n  o f  F r a c t io n s

The o p t i c a l  d e n s i t y  o f  120 d ro p / tu b e  f r a c t i o n s  ( o r  

two p o o le d  60 d r o p / tu b e  f r a c t i o n s )  w ere m easu red  a t  wave 

le n g th s  o f  260 an d  280 nm w ith  a  Beckman s p e c tr o p h o to m e te r ,  

Model 25« P r o t e in  c o n te n t s  w ere  c a l c u l a t e d  u s in g  t h e  fo rm u la  

mg p r o te in /m l  e q u a ls  1 ,4 5  a b s o r p t io n  c o e f f i c i e n t  a t  280 nm 

m inus 0 ,7 4  a b s o r p t io n  c o e f f i c i e n t  a t  260 nm (mg p r o t e i n / m l  

= 1 .4 5  E280 -  0 ,7 4  E260) (W arburg and C h r i s t i a n ,  1942?

K a lc k a r ,  1947? B a i le y ,  1 9 6 7 ) .
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S u b u n i t  D e t e r m i n a t i o n s

E x tr a c ts  w ere f r a c t io n a te d  by chrom atography in  a 

column ( r e f e r  a b o v e) packed w ith  Sephadex G -200. A p p rop riate  

tu b es were p o o le d  and c o n c e n tr a te d  to  0 ,2  ml u s in g  C e n tr if lo  

membrane c o n e s , ty p e  CF25 (A m icon). The c o n c e n tr a te  was 

d ilu te d  to  2 ml w ith  SDS s o lu t io n  (A ppendix Sch ed ule I )  and 

in cu b a ted  a t  40°C . A fte r  k  hr o f  in c u b a t io n , tu b es  were 

t r a n s fe r r e d  t o  4°C , and a f t e r  30 min a t  ^°C, th e  c o n c e n tr a te /  

SDS s o lu t io n  was c l a r i f i e d  ( c e n tr ifu g e d  a t  about 1 ,0 0 0  g fo r  

1 m in ). Two ml o f  su p ern a ta n t was added to  th e  column and 

r e f r a c t io n a t e d .  F r a c t io n s  w ere a ssa y e d  fo r  en d oglucanase  

a c t i v i t y  a s  d e s c r ib e d  above u s in g  an a s s a y  in c u b a tio n  tim e  

o f  Z k  h r .

I s o e l e c t r i c  P o in t  D eterm in a tio n  and G el E le c tr o p h o r e s is

E x tr a c ts  w ere f r a c t io n a te d  by chrom atography in  a  

column ( r e f e r  a b o v e) packed s i t h  Sephadex G -200. A pp rop riate  

tu b es  were p o o le d  and c o n c e n tr a te d  to  l e s s  than  1 ml u s in g  

c e n tr ifu g e  c o n e s  ( r e f e r  a b o v e ) . The c o n c e n tr a te  was d i lu te d  

to  1 ml w ith  d i s t i l l e d  w a te r . 0 .1  ml o f  e x tr a c t  was added 

to  each  p o ly a c r y la m id e  g e l .  Tubes w ere lo a d ed  w ith  se p a r a t in g  

g e l  (ammonium p e r s u l f a t e  a s  a  c a t a l y s t )  and s ta c k in g  g e l  

( r ib o f la v in  a s  a  c a t a l y s t )  and w ere p la c e d  in  a  v e r t i c a l  

p o ly a cr y la m id e  g e l  e le c t r o p h o r e s is  ap p aratu s (C analco) k ep t  

in  an i c e  b a th  (A ppendix S ch ed u le  V ). The g e l s  were run in
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b u f fe r s  w ith  d i f f e r e n t  pHs ( 4 .0  to  9 .0 )  (Appendix S ch ed u le  

V) fo r  1 hr w ith  a  c u r r e n t  o f  3 m il l ia m p s /tu b e . B rom cresol 

g reen  and bromphenol b lu e  w ere u sed  a s  t r a c k in g  d y e s . A fter  

an hour, th e  tr a c k in g  dye moved 1 .5  cm* th e  g e l s  were 

d iv id e d  in to  an o r ig in  (from  o r i g in  to  3 mm) and m oving  

s e c t io n  (from  3 to  15 mm). Each s e c t io n  was c u t , ; p la c e d  in to  

a g r in d in g  v e s s e l  c o n ta in in g  2 ml o f  hom ogen iz in g  s o lu t io n  

(Appendix S ch ed u le  I ) ,  hom ogenized  w ith  a Hd r i l l  p ress"  

hom ogenizer and th en  c e n tr i fu g e d  (S o r v a ll  U lt r a c e n tr ifu g e  

RC-2B) a t  1 0 ,0 0 0  g fo r  5 min a t  4°C . The su p ern a ta n t was 

a ssa y e d  fo r  en d o g lu ca n a se  a c t i v i t y  as d e s c r ib e d  above u s in g  

an a s  s a y - in c u b a t io n  tim e  o f  48 h r . I s o e l e c t r i c  p o in t s  were 

th e  pHs a t  w hich  th e r e  was a  l o s s  o f  a c t i v i t y  from th e  moving 

s e c t io n s  and th e  s im u lta n eo u s  appearance o f  a c t i v i t y  in  th e  

o r ig in  s e c t i o n .  (G el s o lu t io n s ,  g e l  p r e p a r a t io n , tr a c k in g  

dye s o lu t io n s ,  dye a p p l i c a t io n ,  and b u ffe r  s o lu t io n s  a re  

d e sc r ib e d  in  Appendix S ch ed u le  V ).

P rep a ra tio n  fo r  S can n in g  E le c tr o n  M icroscopy

A fte r  d i f f e r e n t  t im e s  o f  im b ib it io n , se e d s  w ere  

f ix e d  in  3# g lu te r a ld e h y d e  in  0.5M sodium c a c o d y la te  b u f fe r ,  

pH 7 .2 ,  fo r  2 days a t  4°C (Appendix S ch ed u le  V I ) . The seed s  

w ere th en  r in s e d  th r e e  t im e s  in  b u f f e r .  The p e r ic a r p  and 

rem nants o f  th e  in tegu m en t in c lu d in g  th e  in n e r  ep id erm is  

w ere removed w ith  d i s s e c t i n g  f o r c e p t s .  A sm a ll p u n ctu re was 

made through th e  c o ty le d o n a r y  end o f  some s e e d s  w ith  a



d i s s e c t i n g  n e e d l e  to  f a c i l i t a t e  d e h y d r a t i o n .  The em bryos 

w i t h  t h e i r  s u r ro u n d in g  endosperm s w ere  d e h y d r a te d  i n  

e t h a n o l  and f r e o n  s e r i e s  (A ppendix  S c h e d u le  V I) and  d r i e d  

i n  a  c r i t i c a l  p o i n t  d r i e r  u s in g  f r e o n - 1 3 .  The d i s s e c t e d  

s e e d s  w ere  m ounted  on s t u d s  a n  d c o a t e d  w i th  g o ld  i n  a  

T e c h n ic * s  Hummer and exam ined i n  a  s c a n n in g  e l e c t r o n  m ic ro ­

sc o p e  (JEOLCO JSM-U3) u s i n g  a c c e l e r a t i n g  v o l t a g e s  o f  2 0 -  

25KV.

Isocyanurate Treatment of Seeds

Seeds w ere  sown i n  sodium 2 , k  d i c h l o r o i s o c y a n u r i c  

a c i d  ( iC )  ( S e a r s )  c o n c e n t r a t i o n s  o f  1 ,  2 .5 ,  5 .0  and  1 0 .0  

mg/ml f o r  v a r i o u s  t im e  p e r i o d s .  G e rm in a t io n ,  embryo 

" b u c k l in g "  an d  " a t y p i c a l "  g e r m i n a t i o n  ( r e f e r  t o  t e x t  f o r  

d e s c r i p t i o n )  w ere  o b se rv e d  u n d e r  10 t o  30X power w i t h  a  

d i s s e c t i n g  s c o p e  (Bausch-Lomb H C -PH I). Seeds t r e a t e d  

f o r  9 h r  i n  iC were e x t r a c t e d  and  a s s a y e d  f o r  e n d o g lu c a n a s e  

a c t i v i t y  a s  d e s c r ib e d  ab o v e .  S eed s  t r e a t e d  w i th  iC w ere  

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

m ic ro s c o p e  a s  d e s c r ib e d  ab o v e .



RESULTS AND OBSERVATIONS

Germination and Weights

G e rm in a t io n  was s c o re d  i n  se e d s  o b s e rv e d  w i th  a  

d i s s e c t i n g  m ic ro s c o p e  a t  a  m a g n i f i c a t io n  o f  10 t o  3 0 . 

G e rm in a t io n  was i n d i c a t e d  by t h e  s l i g h t  a p p e a r a n c e  o f  t h e  

r a d i c l e ' s  t i p .  No g e r m in a t io n  was o b se rv e d  d u r i n g  th e  f i r s t  

12 h r  ( F ig u re  2 ) ,  The r a t e  o f  g e rm in a t io n  p e a k e d  d u r in g  

t h e  1 5 th  and  1 6 th  h r  from th e  s t a r t  o f  i m b i b i t i o n  ( F ig u r e  

51, Curve C ) .  A f t e r  18 and 2k h r ,  p e r c e n t s  g e r m in a t io n  w ere 

7^  and  78 r e s p e c t i v e l y ,  ( P e r c e n t  g e r m in a t io n  c o n t in u e d  t o  r i s e  

b u t  a t  a  much s lo w e r  r a t e — 8k% a f t e r  k8 h r ,  95$  a f t e r  96 h r . )

T here  was r a p i d  u p ta k e  o f  w a te r  i n  t h e  f i r s t  15 

min a s  i n d i c a t e d  by an  i n c r e a s e  i n  f r e s h  w e ig h t  from  1 .1  

to  l . t y  m g /seed  (27$ i n c r e a s e )  (F ig u re  2 ) ,  A f t e r  3 h r  o f  

i m b i b i t i o n ,  f r e s h  w e ig h t  l e v e l s  were a t  1 . 9  m g /s e e d  (73$  

i n c r e a s e  w i th  r e s p e c t  to  unsown s e e d ) , The f r e s h  w e ig h t  

r i s e ,  w hich  a p p e a re d  betw een  t h e  13 t h  and t h e  l ^ t h  h r ,  

c o r r e s p o n d e d  w i th  t h e  o n s e t  o f  g e r m in a t io n .  D u r in g  th e  

18 h r  p e r i o d  o f  i m b i b i t i o n  and g e r m in a t io n ,  d r y  w e ig h t  

rem a in e d  c o n s t a n t  a t  0 .9 8  to  1 .0  m g/seed  ( F i g u r e  2 ) .

68
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F ig u r e  2 .  G e rm in a t io n ,  f r e s h  w e ig h t  and d r y  w e ig h t  o f  

l e t t u c e  s e e d s ,  c u l t i v a r  Grand R a p id s ,  sown i n  20°C, 

c o n t in u o u s  l i g h t ,

a b s c i s s a  = h o u r s  o f  i m b i b i t i o n  
p r im a r y  o r d i n a t e  = % g e r m in a t io n  
s e c o n d a r y  o r d i n a t e  = m g /s e e d

g e r m i n a t i o n  ( c l o s e d  c i r c l e s )  
f r e s h  w e ig h t  (o p en  s q u a r e s )  
d r y  w e ig h t  (open  t r i a n g l e s )
( b a r s  = s t a n d a r d  e r r o r )



FIGURE 2



Endoglucanase Activity Prior to Germination

S eed s  im b ib e d  f o r  0 , 2, b,  6, 8 , 9 , 10 and  12 h r  

were e x t r a c t e d  f o r  e n d o g lu c a n a s e  a c t i v i t y .  E x t r a c t i o n s  

c o n s i s t e d  o f  t h r e e  t y p e s :  low  s a l t  (no a d d e d  s a l t -

u n f o r t i f i e d ) ,  h i g h  s a l t  (1 M NaCl f o r t i f i e d  b u f f e r — ex­

t r a c t e d  from  r e s i d u e  a f t e r  low  s a l t  e x t r a c t i o n )  and  "com­

p l e t e "  h i g h  s a l t  (1 M NaCl f o r t i f i e d  b u f f e r — s e e d s  w ere n o t  

e x t r a c t e d  p r e v i o u s l y ) . Both h ig h  s a l t  an d  "co m p le te "  h ig h  

s a l t  e x t r a c t e d  e n d o g lu c a n a s e  a c t i v i t i e s  w ere  c o n s t a n t  

th r o u g h o u t  t h e  12 h r  i m b i b i t i o n  p e r i o d  ( p e r i o d  p r i o r  to  t h e  

o n s e t  o f  g e r m i n a t i o n )  (F ig u re  3 ) .  The h ig h  s a l t  e x t r a c t e d  

enzymes may n o t  have  a  r o l e  i n  t h e  g e r m in a t io n  p r o c e s s .  In  

c o n t r a s t ,  low  s a l t  e x t r a c t e d  e n d o g lu c a n a s e  a c t i v i t y  f l u c t u a t e d  

d u r in g  t h i s  p e r i o d .  A c t i v i t y  was p r e s e n t  i n  d r y  (0 h r  im b ib ed )  

s e e d s ,  d e c r e a s e d  to  a  minimum a t  6 h r  and  t h e r e a f t e r  i n c r e a s e d  

to  a  p eak  (maximum) a f t e r  9 t o  10 h r  o f  i m b i b i t i o n .  A f t e r  t h e  

a c t i v i t y  p e a k e d ,  i t  d e c r e a s e d  somewhat b e f o r e  th e  o n s e t  o f  

g e r m in a t io n  ( F ig u r e  3 ) .  P r o t e i n  c o n t e n t  o f  t h e  low s a l t  

e x t r a c t s  o f  0 , 6 , 9 and  12 h r  im b ib ed  s e e d s  was m easu red  

u s in g  t h e  m i c r o b i u r e t  m ethod (Goa, 1 9 5 1 ) .  P r o t e i n  c o n t e n t ,  

e x p r e s s e d  a s  mg p r o t e i n  p e r  ml e x t r a c t  (1 1 — 12 ml p e r  e x t r a c t ) ,  

i n c r e a s e d  from  a p p r o x im a te ly  1 , 6  t o  2 .1  f o r  0 and 6 h r  im bibed  

s e e d s  r e s p e c t i v e l y *  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  i n  

p r o t e i n  c o n t e n t  b e tw e en  6, 9 and  12 h r  im b ib e d  se e d s  ( F ig u r e  3 ) .

E n d o g lu c a n a se  a c t i v i t i e s  w ere a l s o  a s s a y e d  i n  t h e  

w a te r  ( t h e  medium i n  w h ich  s e e d s  w ere sown) i n  w hich  s e e d s  were
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F igu re 3 . E ndoglucanase a c t i v i t i e s  o f  s a l t - f o r t i f i e d  and 

u n f o r t i f i e d  e x t r a c t s  and p r o t e in  c o n te n t  o f  u n f o r t i f i e d  e x t r a c t s .

a b s c i s s a  = hr o f  im b ib it io n
prim ary o r d in a te  = % d eg rea se  in  v i s c o s i t y  o f  0 .7 5% CMC a f t e r  

2 hr h r) (or % g er m in a tio n )
seco n d a ry  o r d in a te  + mg p r o te in /m l e x t r a c t

en d og lu can ase  a c t i v i t y  in  low  s a l t  e x t r a c t s  ( c lo s e d  sq u a r es)  
h ig h  s a l t  e x t r a c t s  ( c lo s e d  c i r c l e s )
Hcom plete"  h ig h  s a l t  e x t r a c t s  (open c i r c l e s )  
p r o t e in  co n te n t  in  low  s a l t  e x t r a c t s  (open t r ia n g le )  
g erm in a tio n  (open sq u a res)



FIGURE 3
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im bibed f o r  4 , 6 , 9 or  12 h r . The m edia were a ssa y ed  in  

two d i f f e r e n t  ways* 1 —m edia w ere added d i r e c t l y  to  sub­

s t r a t e  s o lu t io n s  and in cu b a ted  f o r  48 hr (F igu re 4 ) or 

2—m edia w ere co n c e n tr a te d  3 .3  f o l d ,  th en  added to  s u b s tr a te  

s o lu t io n s  and in cu b a ted  fo r  2 hr (F ig u re  5 ) .  By both  p ro­

c e d u r e s , en d o g lu ca n a se  a c t i v i t y  appeared  in  th e  media o f  6 

and 9 hr im bibed s e e d s  b u t d id  n o t  appear to  be s i g n i f i c a n t  

in  th e  m edia o f  4 o r  12 hr im bibed s e e d s .  The enzymes, 

t h e r e f o r e ,  le a c h e d  o u t o f  th e  s e e d s  and may a cco u n t, a t  

l e a s e  p a r t i a l l y ,  f o r  th e  minimum in  a c t i v i t y  a f t e r  6 hr o f  

im b ib it io n . The enzyme may a l s o  be p a r t i a l l y  u n sta b le  in  

th e  m edia  a f t e r  9 h r , th e r e fo r e  a cc o u n tin g  fo r  th e  d ecrea se  

in  a c t i v i t y  c o n ta in e d  in  th e  medium o f  12 hr im bibed s e e d s .

A p a r t i a l  s tu d y  on th e  k i n e t i c s  o f  th e  a c t i v i t i e s  

e x tr a c te d  from 0 , 6 , 9 and 12 hr im bibed se e d s  was conducted  

in  o rd er  to  d eterm in e th e  r e l a t i v e  q u a n t i t i e s  o f  endoglu ­

ca n a se s  in  th e s e  e x t r a c t s .  F ig u re  6 r e p r e s e n ts  th e  d ecrea se  

in  v i s c o s i t y  o f  0 .7 5 #  CMC by low  s a l t  e x t r a c t s  from 0 , 6 , 9 

and 12 hr im bibed se e d s  a f t e r  in c u b a t io n  tim es o f  15 m in, 1 , 

2 , 3 . 5 and 8 h r . F igu re 7 r e p r e s e n t s  th e  d ecr e a se  in  

v i s c o s i t y  o f  0 .7 5 #  CMC by d i f f e r e n t  d i lu t io n s  ( l / l ,  1 /2 ,

1 /4 ,  1 /8  and l / l 6 )  o f  low  s a l t  e x t r a c t s  from 0 hr imbibed  

(d ry) s e e d s  a f t e r  in c u b a t io n  t im e s  o f  15 m in, 1 , 2 , 3 ,  5 and 

8 h r . Data from F igu re 6 and F ig u re  7 were combined to  p lo t  

v i s c o s i t y  d e c r e a se  o f  CMC a g a in s t  d i lu t io n s  o f  "0 hr e x tr a c t"  

fo r  d i f f e r e n t  t im e s  and m atch in g  th e s e  a c t i v i t i e s  w ith  th o s e  

o b ta in e d  from 6, 9 and 12 hr im bibed se e d s  (F ig u re  8 ) .
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F ig u re  E n d o g lu c a n a se  a c t i v i t i e s  o f  u n c o n c e n t r a t e d

l e a c h a t e s  o f  6, 9 and  12 h r  im b ib ed  s e e d s .

a b s c i s s a  = h r  o f  i m b i b i t i o n  
o r d i n a t e  = #A 4f *l-8hr

F ig u re  5« E n d o g lu c a n a se  a c t i v i t i e s  o f  c o n c e n t r a t e d

l e a c h a t e s  o f  6, 9 and 12 h r  im b ib ed  s e e d s .

a b s c i s s a  = h r  o f  i m b i b i t i o n  
o r d i n a t e  = 2 h r
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F ig u r e  6 . E n d o g lu c a n a se  a c t i v i t i e s  o f  low s a l t  e x t r a c t s  o f  

0 ,  6 , 9 and  12 h r  im b ib e d  s e e d s  w i th  r e s p e c t  t o  a s s a y  t im e ,

a b s c i s s a  = h r  o f  a s s a y  i n c u b a t i o n  
o r d i n a t e  = % A  *1

0 h r  ( c l o s e d  s q u a r e s )
6 .h r  (open  c i r c l e s )
9 h r  ( c l o s e d  c i r c l e s )
12 h r  (o p en  s q u a r e s )

F i g u r e  ? .  E n d o g lu ca n a se  a c t i v i t i e s  o f  d i f f e r e n t  d i l u t i o n s  o f  

lo w  s a l t  e x t r a c t s  from  d r y  s e e d s  w i th  r e s p e c t  to  a s s a y  t i m e ,

a b s c i s s a  = h r  o f  a s s a y  i n c u b a t i o n  
o r d i n a t e  = A q

0 h r  ( c l o s e d  t r i a n g l e s )
0 h r / 2  ( c l o s e d  c i r c l e s )
0 h r /4  ( c lo s e d  sq u a r e s )
0 h r / 8  (o p en  s q u a r e s )
0 h r / 1 6  (o p en  t r i a n g l e s )
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F ig u re  8 .  R e l a t i v e  am ounts  o f  e n d o g lu c a n a s e  i n  6 , 9 and  12 h r  

im bibed  s e e d s  com pared t o  d i f f e r e n t  d i l u t i o n s  o f  d r y  s e e d  e x t r a c t s ,

a b s c i s s a  = f r a c t i o n a l  d i l u t i o n  o f  low  s a l t  e x t r a c t s  from  
0 h r  im b ibed  s e e d s  

o r d i n a t e  = %

a s s a y  i n c u b a t i o n  o f :
8 h r  ( c l o s e d  c i r c l e s )
5 h r  ( c l o s e d  s q u a r e s )
3 h r  ( c lo s e d  t r i a n g l e s )
2 h r  (open  c i r c l e s )
1 h r  (open  s q u a r e s )
15 min (open  t r i a n g l e s

A = 6 h r  low  s a l t  e x t r a c t  (o p en  s t a r )
B = 12 h r  low  s a l t  e x t r a c t  ( c l o s e d  s t a r )
C = 9 h r  low  s a l t  e x t r a c t  ( e n c i r c l e d  s t a r )
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A ccording to  t h i s  method (Fan and M aclach lan , 1 9 6 6 ) ,  th e  

r e l a t i v e  q u a n t i t i e s  o f  en d o g lu ca n a ses  (u s in g  th e  a c t i v i t y  

in  0 hr im bibed s e e d s  a s  eq u a l to  100#) w ere 85 to  100# in  

9 hr im bibed s e e d s ,  40# in  12 hr im bibed se e d s  and 25#  in  

6 hr im bibed s e e d s  (F ig u re  8 ) .

S in c e  th e  d i f f e r e n c e  in  a c t i v i t i e s  o f  th e  d i f f e r e n t  

low  s a l t  e x t r a c t s  may be due to  enzymes w hich  a re  a c t iv e  

under d i f f e r e n t  c o n d it io n s  and to  d eterm in e w hether th e  

a c t i v i t i e s  m easured a re  th e  h ig h e s t  w ith  r e s p e c t  to  a ssa y  

c o n d it io n s ,  o p tim a l a s s a y  tem p eratu res (F ig u re  9 ) and 

a s s a y /e x t r a c t io n  pHs (F ig u re  1 0 ) w ere d eterm in ed . Low s a l t  

e x t r a c t s  from 0 , 6 and 9 hr im bibed se e d s  were a ssa y ed  a t  

in c u b a t io n  tem p era tu res ra n g in g  from 30 to  60°C and a t  a 

pH o f  5 .8  (a p p r o x .) .  There was no in c r e a s e  in  a c t i v i t y  

e x tr a c te d  from 6 hr im bibed se e d s  compared to  th e  a c t i v i t y  

a ssa y ed  a t  41 i  1°'C (s ta n d a rd  c o n d i t io n ) .  Optim al tem perature  

fo r  a s s a y  was betw een  40 and 50°C fo r  a c t i v i t y  from both 0 

and 9 hr im bibed s e e d s  (F ig u r e  9 ) .  Low s a l t  e x t r a c t s  from 

0 , 6 and 9 hr im bibed  se e d s  w ere e x tr a c te d  and a ssa y ed  a t  

pHs ra n g in g  from 4 .8  to  7 .8  and a ssa y e d  a t  4 l° C , (N ote ,

PVP was u sed  in  e x t r a c t io n  p r o c e d u r e s ) . A c t iv i t y  in  low  

s a l t  e x t r a c t s  o f  6 hr im bibed se e d s  was n o t  in c r e a se d  by 

pHs o th e r  than  5 .8  -  0 .1  (sta n d a rd  c o n d it io n ) .  Optimal pH 

fo r  combined e x t r a c t io n  and a s s a y  was betw een  5 .2  and 6 ,2  

(F igu re  1 0 ) ,
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F ig u r e  9 .  O p tim al a s s a y  t e m p e r a tu r e  f o r  e n d o g lu c a n a s e

a c t i v i t i e s  o f  u n f o r t i f i e d  e x t r a c t s .

a b s c i s s a  = a s s a y  t e m p e r a tu r e  
o r d i n a t e  = ^ A ^ E h r

0 h r  ( c l o s e d  c i r c l e s )
6 h r  ( c l o s e d  t r i a n g l e s )
9 h r  ( c l o s e d  s q u a r e s )

F ig u r e  1 0 , O p tim a l e x t r a c t i o n  and a s s a y  pH f o r

e n d o g lu c a n a s e  a c t i v i t i e s  o f  u n f o r t i f i e d  e x t r a c t s .

a b s c i s s a  = e x t r a c t i o n / a s s a y  pH 
o r d i n a t e  = 2 h r

0 Hr ( c l o s e d  c i r c l e s )
6 h r  ( c l o s e d  t r i a n g l e s )
9 h r  ( c l o s e d  s q u a r e s )



FIGURE 9

FIGURE 10



E n d o g en o u s  E n d o g lu c a n a s e  I n h i b i t o r s

A lthough  e n d o g lu c a n a s e  a c t i v i t y  was fou n d  to  

l e a c h  o u t  o f  s e e d s  d u r in g  i m b i b i t i o n  ( F ig u r e s  5)» th e  

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

s a l t  e x t r a c t s  from  6 h r  im b ib e d  s e e d s  may a l s o  a c c o u n t  f o r  

t h e  minimum i n  a c t i v i t y  m e a su re d  i n  6 h r  im b ib ed  s e e d s .

M ix ing  low  s a l t  e x t r a c t s  o f  6 h r  im b ib ed  s e e d s  w i th  low  and  

h ig h  s a l t  e x t r a c t s  o f  0 an d  9 h r  im b ib ed  s e e d s  and  co m p arin g  

t h e s e  t o  50$ d i l u t i o n s  o f  low  and  h ig h  s a l t  e x t r a c t s  o f  0 

and  9 h r  im b ibed  s e e d s  d id  n o t  s u p p o r t  t h e  p o s s i b i l i t y  o f  

endogenous e n d o g lu c a n a se  i n h i b i t o r s  i n  "6 h r  low  s a l t  

e x t r a c t s "  (T a b le  2 ) ,  T h is  f i n d i n g  i s  f u r t h e r  s u p p o r t e d  by 

work on th e  f r a c t i o n a t i o n  o f  t h e s e  e x t r a c t s  ( r e f e r  b e lo w ) .

M ic r o b i a l - O r i g i n  o f  E n d o g lu ca n a se

E n d o g lu c a n a se s  h av e  a l s o  b e e n  fo u n d  i n  m i c r o b i a l  

o rg a n is m s ,  e . g . ,  b a c t e r i a ,  f u n g i .  T h e r e f o r e ,  a n  a t t e m p t  

t o  d e te r m in e  w h e th e r  o r  n o t  t h e  s e e d - e x t r a c t e d  e n d o g lu c a n a s e  

a c t i v i t i e s  w ere from  c o n t a m i n a t in g  m ic ro b e s  was m ade. T a b le  

3 d e p i c t s  t h e  e n d o g lu c a n a s e  a c t i v i t i e s  m e a su re d  from  low 

s a l t  e x t r a c t s  o f  9 h r  im b ib ed  s e e d s  w h ich  w ere  e i t h e r  s u r f a c e  

s t e r i l i z e d ,  n o t  s u r f a c e  s t e r i l i z e d  o r  d e p e r i c a r p e d .  I n  

a d d i t i o n ,  a c t i v i t i e s  w ere  m e asu red  i n  t h e  u n c o n c e n t r a t e d  

m ed ia  i n  w h ich  9 h r  im b ibed  s e e d s ,  e i t h e r  s u r f a c e  s t e r i l i z e d
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T a b le  2 ,  D e te rm in a t io n  o f  t h e  p r e s e n c e  o f  i n h i b i t o r s  

o f  e n d o g lu c a n a s e  a c t i v i t y  i n  6 h r  im b ibed  s e e d s .

T a b le  3 . D e te rm in a t io n  o f  c o n t a m i n a t i o n - r e l a t e d  

e n d o g lu c a n a s e  a c t i v i t y .



TABLE 2

DILUTED WITHXIUUXUX ItXUJl
tim e , hr

oa urau uxv/ji
------- b u f fe r 6hr,

low  s a l t
6h r,
low  s a l t  
( 2 - f o ld )

0 low  s a l t 23+1* 13+3 11+^ 28

9 low  s a l t 20+1 9+1 7+1

0 h ig h  s a l t 53+1 3^ 3^

9 h ig h  s a l t 56+1 35 33

* #  d ecr ea se  in  v i s c o s i t y  o f  0 . 75% CMC a f t e r  2hr

TABLE 3

im b ib it io n  tim e  
& e x tr a c t io n

9hr, low  s a l t

9hr, medium 
(u n co n cen tra ted )

SEED CONDITION

s u r fa c e
s t e r i l i z e d

2 0 *

20+

s u r fa c e
u n s t e r i l i z e d

19

65

d ep er ica rp ed

20

* #  d ecr ea se  in  v i s c o s i t y  o f  0 .7 5 #  CMC a f t e r  2hr 

+ #  d e cr ea se  in  v i s c o s i t y  o f  0 ,7 5 #  CMC a f t e r  ^8hr
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or u n s t e r i l i z e d ,  w ere sown. The a c t i v i t y  was th e  same in  

a l l  th r e e  e x t r a c t s  s u g g e s t in g  t h a t  a c t i v i t y  d id  n o t  have a  

m ic r o b ia l o r i g i n .  However, th e r e  was s u b s t a n t ia l ly  more 

a c t i v i t y  in  th e  medium o f  u n s t e r i l i z e d  se e d s  compared to  

t h a t  o f  s u r fa c e  s t e r i l i z e d  s e e d s . T h is in d ic a t e d  fu r th e r  

t h a t  s u r fa c e  s t e r i l i z a t i o n  w ith  ch lo ro x  and e th a n o l was 

s i g n i f i c a n t l y  e f f e c t i v e .  Other support t h a t  th e  endo­

g lu c a n a se  a c t i v i t i e s  d id  n o t have a  m ic r o b ia l o r ig in ,  comes 

from s t u d ie s  on a n t i b i o t i c s  ( r e f e r  b e lo w ).

A n t ib io t ic  E f f e c t s

To d eterm in e  a requ irem en t o f  RNA o r  p r o te in  s y n th e s is  

f o r  th e  en d o g lu ca n a se  a c t i v i t y  peak m easured in  low  s a l t  

e x t r a c t s  o f  9 and 10 hr im bibed s e e d s , s e e d s  were sown in  

th e  p resen ce  o f  in h ib i t o r s  o f  RNA and p r o te in  s y n t h e s i s .  I n ta c t  

s e e d s  were sown in  e i t h e r  actin oraycin  D (F ig u r e  1 2 ) ,  6 -m eth y l 

p u r in e  (F ig u re  1 3 ) ,  b oth  RNA s y n th e s is  in h ib i t o r s  or c y c lo -  

h exim id e (F ig u r e  1 1 ) ,  a p r o te in  s y n th e s is  in h i b i t o r .

C ycloh ex im id e (CH) trea tm en t o f  i n t a c t  s e e d s  had no 

e f f e c t  on h ig h  s a l t  e x tr a c te d  en d oglucanase a c t i v i t i e s  from  

6 , 9 and 12 hr im bibed s e e d s . In  c o n t r a s t ,  en d og lu can ase  

a c t i v i t i e s  in  low  s a l t  e x t r a c t s  d id  n o t in c r e a s e  a f t e r  6 hr  

o f  im b ib it io n  and form a peak a f t e r  9 hr o f  im b ib it io n  as  

o b ta in e d  from u n tr e a te d  se ed s  ( F igure 1 1 ) .  G erm ination  was 

a l s o  d r a s t i c a l l y  in h ib i t e d .  S in c e  th e s e  d a ta  s u g g e s t  th a t
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F ig u r e  1 1 .  E n d o g lu c a n a se  a c t i v i t y  o f  s a l t  f o r t i f i e d  and

u n f o r t i f i e d  e x t r a c t s  from  s e e d s  t r e a t e d  w i th  c y c lo h e x im id e .  

P r o t e i n  c o n t e n t  o f  u n f o r t i f i e d  e x t r a c t s .

a b s c i s s a  = h r  o f  i m b i b i t i o n
p r im a r y  o r d i n a t e  = 2 h r  ( o r  % g e r m in a t io n )
s e c o n d a ry  o r d i n a t e  = mg p r o t e i n / m l  e x t r a c t

e n d o g lu c a n a s e  a c t i v i t y  i m
low s a l t  e x t r a c t s  ( c lo s e d  c i r c l e s )
h ig h  s a l t  e x t r a c t s  ( c l o s e d  t r i a n g l e s )
p r o t e i n  c o n t e n t  i n  low  s a l t  e x t r a c t s  ( c l o s e d  s q u a re s )
g e r m in a t io n  (o p e n  c i r c l e s )
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F ig u r e  1 2 .  E n d o g lu c a n a se  a c t i v i t y  o f  s a l t  f o r t i f i e d  and

u n f o r t i f i e d  e x t r a c t s  from  s e e d s  t r e a t e d  w i th  a c t in o m y c in  

D. P r o t e i n  c o n t e n t  o f  u n f o r t i f i e d  e x t r a c t s .

a b s c i s s a  = h r  o f  i m b i b i t i o n
p r im a r y  o r d i n a t e  = 2 h r  ( o r  $  g e r m in a t io n )
s e c o n d a r y  o r d i n a t e  = mg p r o t e i n / m l  e x t r a c t

e n d o g lu c a n a s e  a c t i v i t y  i n :
low  s a l t  e x t r a c t s  ( c lo s e d  c i r c l e s )
h ig h  s a l t  e x t r a c t s  ( c l o s e d  t r i a n g l e s )
p r o t e i n  c o n t e n t  i n  low  s a l t  e x t r a c t s  ( c lo s e d  s q u a r e s )
g e r m in a t io n  (open  c i r c l e s )
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F ig u r e  1 3 .  E n d o g lu ca n ase  a c t i v i t y  o f  s a l t  f o r t i f i e d  and 

u n f o r t i f i e d  e x t r a c t s  from  se e d s  t r e a t e d  w i t h  6 -m e th y l  

p u r i n e ,

a b s c i s s a  = h r  o f  im b i b i t i o n  
o r d i n a t e  = ^ A ^ 2 h r  g e r m in a t io n )

e n d o g lu c a n a s e  a c t i v i t y  in« 
low s a l t  e x t r a c t s  ( c lo s e d  c i r c l e s )  
h ig h  s a l t  e x t r a c t s  ( c lo s e d  t r i a n g l e s )  
g e r m in a t io n  (o p en  c i r c l e s )
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p r o t e i n  s y n t h e s i s  i s  a  r e q u i r e m e n t  f o r  t h e  low  s a l t  e x t r a c t e d  

e n d o g lu c a n a s e  a c t i v i t y  p e a k  a t  9 -10  h r  o f  i m b i b i t i o n ,  s e e d s  

w ere sown i n  CH f o r  d i f f e r e n t  p e r i o d s  o f  t im e t  I .  be tw een  

0 and 5^ h r ,  I I .  b e tw een  5s and  9 h r ,  and  I I I ,  be tw een  5s and  

9 h r  w i th  an  e x t r a c t i o n  a f t e r  1 2 i  h r  o f  i m b i b i t i o n  (T a b le  

k ) , Seeds  w ere  w ashed  a t  e a c h  t r a n s f e r  and p r i o r  to  e x t r a c t i o n .  

T re a tm e n t  I  h ad  no e f f e c t  on t h e  d ev e lo p m e n t o f  e n d o g lu c a n a se  

a c t i v i t y  i n  low  s a l t  e x t r a c t s  o f  9 h r  im b ibed  s e e d s .  G erm ina­

t i o n  d id  n o t  o c c u r  f o r  t h r e e  days i n  s e e d s  u n d e rg o in g  t r e a t m e n t  

I .  However, a f t e r  3 d a y s ,  g e r m in a t io n  i n c r e a s e d  r a p i d l y  u n t i l  

t h e  ^ t h  day , r e a c h i n g  a lm o s t  t h e  same l e v e l  a s  c o n t r o l  

s e e d s  a f t e r  1 d a y .  T re a tm e n t  I I  i n h i b i t e d  t h e  d eve lopm en t o f  

t h e  e n d o g lu c a n a s e  a c t i v i t y  p e a k ;  a c t i v i t y  was t h e  same a s  t h a t  

m easu red  i n  6 h r  im b ib ed  s e e d s .  G e rm in a t io n  o f  s e e d s  

r e c e i v i n g  t r e a t m e n t  I I ,  how ever, was n o t  o b s e rv e d  ev en  a f t e r  

k  d ays  ( n o te  s e e d s  re m a in e d  i n  CH c o n t i n u o u s l y ) . To d e te rm in e  

w h e th e r  CH i n h i b i t i o n  o f  t h e  d ev e lo p m e n t o f  t h e  e n d o g lu c a n a se  

a c t i v i t y  p ea k  ( t r e a t m e n t  I I )  was r e v e r s e d  by  a  s h o r t  (3s h r )  

w a te r  p o s t  t r e a t m e n t ,  s e e d s  w ere  e x t r a c t e d  3a h r  a f t e r  CH 

t r e a t m e n t  ( t r e a t m e n t  I I I )  (T a b le  k ) . E n d o g lu can ase  a c t i v i t y  

was a lm o s t  c o m p le t e ly  r e t u r n e d  by  t h i s  t r e a t m e n t  ( I I I ) j  t h i s  

i n d i c a t e s  t h a t  m o s t  o f  t h e  RNA, c o d in g  f o r  t h e  e n d o g lu c a n a s e s ,  

re m a in e d  s t a b l e  d u r i n g  CH t r e a t m e n t .  I t  may be i n t e r p r e t e d  

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

peak  a t  9-10  h r  o f  i m b i b i t i o n ,  o c c u r s  be tw een  5i  and  9 h r  o f  

i m b i b i t i o n  a n d ,  i n  t u r n ,  s u g g e s t s  t h a t  t h e  low  s a l t  e x t r a c t e d
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e n d o g lu c a n a se  a c t i v i t i e s  from  9 an d  10  h r  im b ib ed  s e e d s  a r e  

s y n t h e s i z e d  novo and  d o e s  n o t  a p p e a r  by a c t i v a t i o n  o f  

t h e s e  enzymes.

Low s a l t  e x t r a c t e d  an d  h ig h  s a l t  e x t r a c t e d  en d o ­

g lu c a n a s e  a c t i v i t i e s  from 6 f 9 an d  12 h r  im b ib ed  i n t a c t  s e e d s  

a s  w e l l  a s  g e r m in a t io n  w ere  n o t  s i g n i f i c a n t l y  a f f e c t e d  by  

a c t in o m y c in  D (AD) t r e a t m e n t  ( F ig u r e  1 2 ) .  6 -m e th y l  p u r i n e  

(MP) t r e a t m e n t  d id  d r a s t i c a l l y  i n h i b i t  g e r m in a t io n  o f  i n t a c t  

s e e d s .  T h is  t r e a t m e n t  d id  n o t  i n h i b i t  e n d o g lu c a n a s e  a c t i v i t y  

i n  h ig h  s a l t  e x t r a c t s ?  e x c e p t  f o r  t h e  r a p i d  d e c r e a s e  i n  

e n d o g lu c a n a s e s  a f t e r  9 h r  ( F ig u r e  1 3 ) ,  t h e  a c t i v i t y  i n  low  

s a l t  e x t r a c t s  peak ed  a f t e r  9 h r  i m b i b i t i o n  a s  i n  u n t r e a t e d  

s e e d s .  S in c e  t h e  l a c k  o f  i n h i b i t i o n  may be due t o  a  l a c k  o r  

low  p e n e t r a t i o n  o f  t h e s e  c h e m ic a l s ,  s e e d s  w ere  p u n c tu r e d  

th r o u g h  t h e  c o ty le d o n  end i n  o r d e r  t o  f a c i l i t a t e  p e n e t r a t i o n  

and t h e s e  s e e d s  w ere sown i n  AD o r  MP. P u n c tu r in g  o f  s e e d s  

may have s l i g h t l y  d e c r e a s e d  g e r m in a t io n  and e n d o g lu c a n a s e  

a c t i v i t y  a s  d e te rm in e d  by  c o m p a r in g  w a te r  c o n t r o l s  (T a b le  

* 0 . Both AD and  MP e l i m i n a t e  t h e  e n d o g lu c a n a s e  a c t i v i t y  p eak  

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

(T a b le  k ) . S in c e  t h e s e  d a t a  s u g g e s t  t h a t  RNA s y n t h e s i s  i n  

a d d i t i o n  t o  p r o t e i n  s y n t h e s i s  i s  r e q u i r e d  f o r  t h e  d ev e lo p m e n t 

o f  t h e  e n d o g lu c a n a se  a c t i v i t y  p e a k ,  p u n c tu r e d  s e e d s  w ere  sown 

i n  MP f o r  d i f f e r e n t  p e r i o d s  o f  t im e .  I n  t h i s  way, t h e  t im e  

p e r i o d  d u r in g  w hich  th e  RNA, c o d in g  f o r  t h e  e n d o g lu c a n a s e s ,  

i s  s y n t h e s i z e d ,  may be e s t i m a t e d .  Time p e r i o d s  w e re :  I .  b e tw een
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T a b le  G e rm in a t io n  an d  e n d o g lu c a n a se  a c t i v i t i e s  o f

e x t r a c t s  from  s e e d s  t r e a t e d  w i th  RNA o r  p r o t e i n  s y n t h e s i s  

i n h i b i t o r s  f o r  d i f f e r e n t  p e r i o d s  o f  i m b i b i t i o n  t i m e ,

W = w a te r
AD = 100 mg/ml A c tin o m y c in  D 
MP = 6? mg/ml 6-M e th y l P u r in e  
CH = 100 mg/ml C y c lo h e x im id e  
E = e x t r a c t s  a f t e r   ̂ o r  12^ h r  o f  i m b i b i t i o n  
P = s e e d s  p u n c tu r e d  a t  c o t y l e d o n  end



TABLE 2+

t im e s  o f
t r e a t m e n t ,
h r

e n d o g lu c a n a s e  g e r m in a t io n ,  % a f t e r  
a c t i v i t y *  

low s a l t  22+hr 4 8h r  3dy 2+dy

0 W 9 E 20 75

o

82+ MM 95

0CH E 0 o

CH .W  ,

i j

E 20 o 18 7 2 (1 )A U U

W f f!H, E A A 0 A A
5* 2 0 U \J

W .CH .W. « 16 _______
MM MM

&  9 1 2 i

Pi W E 18 + 1 ,5 65

56

83

80

91

92+AD E 19+0.2+

2++1.2

MM

AD f E 1 0 (5 ) 1 3 (7 ) 25(1*0F" u

MP E 2 1 * 0 .3 1 5 MM 9

p, MP E 3 + 0 .7

5+ 2 .1

o 0 0 0

Pi MP W E 7 ( 1 ) 3 9 (6 ) 5 5 (1 1 ). .  .  g

w i .wp, T? 9 + 1 .5 f. 8 ( 3 ) 9 ( 3 )5 f S i VJ

T\ W . MP. W.
TS 2 + 1 .224  -*r E MM M M

MP W MP E 18 1 7 (2 ) 4 9 (2 ) MM 62+(2+)
$ '

* % d e c r e a s e  i n  v i s c o s i t y  o f  0 ,7 5 #  CMC a f t e r  2 h r  

+s e e d s  r e m a in  i n  t h e  l a s t  s o l u t i o n  i n  w h ich  t h e y  sure sown 

(# )  #  a t y p i c a l  g e r m in a t io n
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0 and  5 i  h r ,  I I .  be tw een  and  9 h r ,  I I I .  b e tw e en  ^  and  

7 h r  and  IV. be tw een  0 and ^  p l u s  b e tw e en  7 an d  9 h r  (T a b le  

* 0 .  Seeds w ere  w ashed a t  e a c h  t r a n s f e r  and  p r i o r  t o  e x t r a c t i o n .  

The e n d o g lu c a n a s e  a c t i v i t i e s  i n  low  s a l t  e x t r a c t s  from  9 h r  

im b ibed  p u n c tu r e d  s e e d s  w ere d e c r e a s e d  a  h a l f  o r  l e s s  o f  

c o n t r o l s  by  t r e a t m e n t s  I  and I I .  U n l ik e  t r e a t m e n t s  I  an d  

I I ,  t r e a t m e n t  I I I  i n h i b i t e d  t h e  d ev e lo p m e n t o f  t h e  a c t i v i t y  

p e a k |  t h e  a c t i v i t y  was t h e  same a s  t h a t  m easu red  i n  6 h r  

im b ib ed  s e e d s .  T re a tm e n t  IV  had  no s i g n i f i c a n t  e f f e c t  on  

e n d o g lu c a n a s e  a c t i v i t y .  T h is  i n d i c a t e s  t h a t  RNA s y n t h e s i s ,  

r e q u i r e d  f o r  t h e  e n d o g lu c a n a s e  a c t i v i t y  p eak  a t  9 -10  h r  o f  

i m b i b i t i o n ,  o c c u r s  be tw een  and  7 h r  o f  i m b i b i t i o n .  

G e rm in a t io n  o f  p u n c tu re d  s e e d s  was i n h i b i t e d  by  a l l  t r e a t ­

m e n ts ,  how ever, t o  v a r y in g  d e g r e e s .  A ty p ic a l  g e r m in a t io n  

was a l s o  o b s e rv e d ,  s u g g e s t i n g  t h a t  i n  some s e e d s  t h e  en d o ­

sperm  was n o t  w eakened a t  t h e  r a d i c l e  end a l th o u g h  t h e  embryo 

e l o n g a te d  (T a b le  ^ ) .

E f f e c t s  o f  L ig h t  and  T e m p e ra tu re —

E n d o g lu c a n a se  A c t i v i t y

E n d o g lu ca n a se  a c t i v i t i e s  w ere  m e a su re d  i n  e x t r a c t s  

( low  s a l t ,  h ig h  s a l t  and  medium) from  9 h r  im b ib ed  s e e d s  

sown i n  d i f f e r e n t  l i g h t  (T a b le  5 ;  6 ) an d  t e m p e r a tu r e  (T a b le  

6) t r e a t m e n t s .  Seeds sown a t  20°C ( s t a n d a r d  c o n d i t i o n )  w ere 

s u b j e c t e d  to  e i t h e r  c o n t in u o u s  w h i t e  l i g h t  (750  f t - c d l )
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F ig u r e  1 4 .  G e rm in a t io n  o f  l e t t u c e  s e e d s ,  c u l t i v a r  Grand 

R a p id s ,  1971 H a r v e s t ,  sown i n  d a rk n e s s  o r  i n  w h i te  

l i g h t  a t  d i f f e r e n t  t e m p e r a t u r e s .  G e rm in a tio n  o f  s e e d s  

ex p o sed  t o  f a r  r e d  l i g h t  f o r  1 h r  (b e tw een  3r d  and  4 t h  

h r  o f  i m b i b i t i o n )  a t  20°C .

a b s c i s s a  -  t e m p e r a tu r e  (°G) 
o r d i n a t e  = % g e r m in a t io n

l i g h t - s o w n  ( c lo s e d  i n v e r t e d  t r i a n g l e s )  
d a rk - s o w n  ( c lo s e d  t r i a n g l e s )  
f a r  r e d - t r e a t e d  (o p en  s t a r )



FIGURE l k

70'

50*

2 0 *

10  •
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T a b le  5« G e rm in a t io n  and  e n d o g lu c a n a s e  a c t i v i t y  o f  

e x t r a c t s  from, s e e d s  sown i n  d a r k n e s s ,  w h i te  l i g h t  

o r  f a r  r e d  l i g h t  a t  20°C .

a  = c o n t in u o u s  w h i t e  (750  f t - c d l )
b = 1 h r  f a r  r e d  e x p o s u re  a f t e r  3 h r  o f  d a rk  i m b i b i t i o n  
c = 15 min w h i te  (750  f t - c d l )  e x p o s u re  a f t e r  h r  o f  

d a rk  i m b i b i t i o n  
d = 30 m in w h i te  (375  f t - d d l )  e x p o s u re  a f t e r  3 h r  o f  

d a rk  i m b i b i t i o n



TABLE 5

l i g h t i n g  g e r m in a t io n  e x t r a c t i o n  e n d o g lu c a n a s e  
c o n d i t i o n  a f t e r  2 4 h r ,  % 9 h r  a c t i v i t y * *

^ h i t e 78 low  s a l t 20

d a r k n e s s

^ d a r k -  
f a r  r e d -  

d a rk

d a r k -
w h i t e -

d a r k

d d a r k -
w h i t e -

d a rk

48

15

74

76

h ig h  s a l t

medium 
(u n co n c e n ­

t r a t e d  )

low  s a l t

low  s a l t

h ig h  s a l t

medium 
(u n c o n c e n ­

t r a t e d  )

low  s a l t

low  s a l t

56

20

10

2

48

19 

21

20

++

++

** % d e c r e a s e  i n  v i s c o s i t y  o f  0 ,7 5 $  CMC a f t e r  ;2 h r  

++ #  d e c r e a s e  i n  v i s c o s i t y  o f  0.75% CMC a f t e r  4 8 h r
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T a b le  6 . G e rm in a t io n  and  e n d o g lu c a n a se  a c t i v i t y  i n  s a l t  

f o r t i f i e d  and  u n f o r t i f i e d  e x t r a c t s  o f  s e e d s  sown i n  

d a r k n e s s  and  w h i t e  l i g h t  a t  2k  and  35°C.

a  -  c o n t in u o u s  w h i t e  (750  f t - c d l )



TABLE 6

t e m p e r a t u r e ,  l i g h t i n g  g e r m in a t io n  e x t r a c t i o n  e n d o g lu c a n a s e  
°C c o n d i t i o n  a f t ^ r  2t*h r ’ 9 h r  a c t i v i t y * *

24 a w h i t e  70  low  s a l t  22

24 ^ h i t e  " h ig h  s a l t  50

24 d a r k n e s s  23  low  s a l t  4

24 d a r k n e s s  " h ig h  s a l t  50

3 5  ^ h i t e  0 low  s a l t  11

3 5  d a r k n e s s  0 low s a l t  1

** % d e c r e a s e  i n  v i s c o s i t y  o f  0 .7 5 #  CMC a f t e r  2 h r
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( s t a n d a r d  c o n d i t i o n ) ,  c o n t in u o u s  d a r k n e s s ,  d a r k n e s s  p l u s  

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

d a rk n e s s  p l u s  15  m in  o f  w h i te  l i g h t  (750  f t - c d l )  a t  3i  h r  

and d a r k n e s s  p l u s  30 m in  o f  w h i t e  l i g h t  (375  f t - c d l )  a t  

3 h r  (T a b le  5)«  I m b i b i t i o n  i n  c o n t in u o u s  d a r k n e s s  i n h i b i t e d  

a b o u t  h a l f  t h e  d e v e lo p m e n t  o f  e n d o g l u c a n a s e . a c t i v i t y  i n
" S'

"9 h r  low s a l t "  e x t r a c t  and g e r m in a t io n  a f t e r  24 h r  o f  

i m b i b i t i o n .  G e r m in a t io n  a f t e r  24 h r  was f u r t h e r  i n h i b i t e d  

by f a r  r e d  l i g h t  t r e a t m e n t  ( F ig u r e  1 4 ) ;  t h i s  t r e a t m e n t  

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

e n d o g lu c a n a s e  a c t i v i t y  p eak  a t  9 -1 0  h r  o f  i m b i b i t i o n .  H igh 

s a l t  e x t r a c t e d  a c t i v i t y  from 9 h r  im b ib ed  s e e d s  and a c t i v i t y  

i n  t h e  i m b i b i t i o n  medium i n  w h ich  s e e d s  w ere  sown f o r  9 h r  

was n o t  ch an g ed  b y  f a r  r e d  l i g h t  e x p o s u re  o f  s e e d s .  U n lik e  

d a rk  and  f a r  r e d  t r e a t m e n t s ,  lo w e re d  w h i t e  l i g h t  e x p o s u re  

d id  n o t  e f f e c t  e i t h e r  g e r m in a t io n  (24  h r )  o r  low s a l t  

e x t r a c t e d  e n d o g lu c a n a s e  a c t i v i t y  (9 h r ) .  A t 24°C ( i m b i b i t i o n  

t e m p e r a t u r e ) ,  t h e  d i f f e r e n c e  i n  g e r m in a t io n  be tw een  l i g h t  

(w h i te )  and d a r k  e x p o s u re  was more p ro n o u n c e d  (F ig u re  1 4 ) .

In  c o n j u n c t i o n  w i t h  g e r m in a t io n  i n h i b i t i o n ,  t h e  low  s a l t  

e x t r a c t e d  e n d o g lu c a n a s e  a c t i v i t y  p eak  was i n h i b i t e d  (T a b le  

6 ) .  H igh s a l t  e x t r a c t e d  e n d o g lu c a n a s e  a c t i v i t y  p eak  was 

a f f e c t e d .  A t 35°C ( i m b i b i t i o n  t e m p e r a t u r e ) ,  g e r m in a t io n  

was n o t  o b s e r v e d  f o r  a s  lo n g  a s  6 d ay s  r e g a r d l e s s  o f  l i g h t  

o r  d a rk  e x p o s u re  ( F ig u r e  1 4 ) .  Low s a l t  e x t r a c t s  o f  9 h r  d a rk  

im bibed  s e e d s  d i d  n o t  i n d i c a t e  t h e  o c c u ra n c e  o f  an  e n d o g lu ca n a se  

a c t i v i t y  p e a k ;  i n  c o n t r a s t ,  lo w  s a l t  e x t r a c t s  o f  9 h r  l i g h t
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im b ib ed  s e e d s  c o n t a in e d  a b o u t  h a l f  t h e  e n d o g lu c a n a s e  a c t i v i t y  

n o r m a l ly  o b t a in e d  from  s e e d s  im b ib ed  a t  lo w e r  t e m p e r a tu r e s  

f o r  9 h r  (T a b le  6 ) .  T hese  r e s u l t s  o f  d i f f e r e n t  l i g h t  and 

t e m p e r a tu r e  t r e a t m e n t s  s u g g e s t  t h a t  e n d o g lu c a n a s e  a c t i v i t y ’ s 

a p p e a ra n c e  i n  9 and  10 h r  im b ib ed  s e e d s  was p a r t i a l l y  co n ­

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

and  t h a t  t h e  enzym es ' a p p e a r a n c e  was n o t  due t o  h y d r a t i o n  

a l o n e .

F r a c t i o n a t i o n s  o f  E n d o g lu c a n a s e s —

M o le c u la r  W eight D e te rm in a t io n s

S in ce  t h e  above e x t r a c t i o n s  w ere  made d i r e c t l y  from  

s e e d s ,  t h e  e n d o g lu c a n a se  a c t i v i t y  t h e r e i n  r e p r e s e n t e d  "b u lk "  

a c t i v i t y .  T h e r e f o r e ,  t h e  a c t i v i t y  c u r v e s  do n o t  y e i l d  an y  

i n d i c a t i o n  on t h e  number o f  e n d o g lu c a n a s e s  w h ich  may have 

c o n t r i b u t e d  t o  t h e  a c t i v i t y .  E x t r a c t s ,  b o th  low  s a l t  and  

h ig h  s a l t ,  from  0 , 6, 9 and  12 h r  im b ibed  s e e d s  and  t h e  medium 

i n  w hich  s e e d s  w ere  im b ib e d  f o r  9 h r ,  w ere  f r a c t i o n a t e d  u s in g  

a  ch ro m a to g ra p h y  column p a c k e d  w i t h  S ephadex  G-100 o r  G-200 

(A ppend ix , S c h e d u le  I I I ) ,  F r a c t i o n a t i o n  (120  d r o p / t u b e )  o f  

low  s a l t  e x t r a c t s  from  0 ( F ig u r e  1 5 )  and 9 h r  ( F ig u r e  17 )  

im b ib ed  se e d s  y i e l d s  t h r e e  p e a k s  o f  a c t i v i t y ,  E l ,  E2 and  E3. 

Low s a l t  e x t r a c t s  o f  6 h r  im b ib e d  s e e d s  y i e l d e d  p e a k  E l w i th  

p o s s i b l e  t r a c e s  o f  E2 and  E3 ( F ig u r e  1 6 ) i low  s a l t  e x t r a c t s  

o f  12 h r  im b ib ed  s e e d s  y i e l d e d  E l  p r e d o m in a n t ly ,  some E2 and 

p o s s i b l y  a  t r a c e  o f  E3 ( F ig u r e  1 8 ) ,  P r o t e i n  p r o f i l e s  f o r



10?

F ig u re  1 5 .  E n d o g lu ca n a se  a c t i v i t y  and  p r o t e i n  c o n t e n t  

p e r  120 d ro p  f r a c t i o n s  o f  Sephadex  G-100 f r a c t i o n a t e d  

u n f o r t i f i e d  e x t r a c t s  o f  d r y  s e e d s .

a b s c i s s a  = f r a c t i o n s
p r im a r y  o r d i n a t e  = $ A ^ 2 * H ir
s e c o n d a r y  o r d i n a t e  = mg p r o t e i n / f r a c t i o n

e n d o g lu c a n a s e  a c t i v i t y  ( s o l i d  l i n e )  
p r o t e i n  c o n t e n t  (d a sh e d  l i n e )

F ig u re  1 6 .  E n d o g lu c a n a se  a c t i v i t y  and  p r o t e i n  c o n t e n t  

p e r  120 d ro p  f r a c t i o n s  o f  Sephadex  G-100 f r a c t i o n a t e d  

u n f o r t i f i e d  e x t r a c t s  o f  6 h r  im b ib ed  s e e d s .

a b s c i s s a  = f r a c t i o n s
p r im a r y  o r d i n a t e  -  2*fhr
s e c o n d a ry  o r d i n a t e  = mg p r o t e i n / f r a c t i o n

endoglucanase activity (solid line)
protein content (dashed line)



FIGURE 1 5

1C-20

10  •

I  “ ■ ■' 1 I  I  '  i

10 20 30 40 50

FIGURE 16

20 10

10

1 0 20



F ig u re  1 7 .  E n d o g lu c a n a se  a c t i v i t y  and  p r o t e i n  c o n t e n t  

p e r  120 d ro p  f r a c t i o n s  o f  Sephadex  G-100 f r a c t i o n a t e d  

u n f o r t i f i e d  e x t r a c t s  o f  9 h r  im b ib ed  s e e d s ,

a b s c i s s a  = f r a c t i o n s
p r im a r y  o r d i n a t e  = $6 A  if  2b  h r
s e c o n d a ry  o r d i n a t e  -  mg p r o t e i n / f r a c t i o n

e n d o g lu c a n a s e  a c t i v i t y  ( s o l i d  l i n e )  
p r o t e i n  c o n t e n t  (d a sh e d  l i n e )

F ig u re  1 8 .  E n d o g lu c a n a se  a c t i v i t y  and  p r o t e i n  c o n t e n t  

p e r  120 d ro p  f r a c t i o n s  o f  S ephadex  G-100 f r a c t i o n a t e d  

u n f o r t i f i e d  e x t r a c t s  o f  12 h r  im b ib ed  s e e d s .

a b s c i s s a  = f r a c t i o n s
p r im a ry  o r d i n a t e  = 2k  h r
s e c o n d a ry  o r d i n a t e  = rag p r o t e i n / f r a c t i o n

endoglucanase activity (solid line)
protein content (dashed line)
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F ig u re  1 9 .  E n d o g lu c a n a s e  a c t i v i t i e s  and  p r o t e i n  c o n t e n t  

p e r  120 d ro p  f r a c t i o n  o f  S ephadex  G-100 f r a c t i o n a t e d ,  

c o n c e n t r a t e d  l e a c h a t e s  o f  9 h r  im b ib ed  s e e d s .

a b s c i s s a  = f r a c t i o n s
p r im a ry  o r d i n a t e  = % Zkhr
se c o n d a r  o r d i n a t e  = mg p r o t e i n / f r a c t i o n

e n d o g lu c a n a se  a c t i v i t y  ( s o l i d  l i n e )  
p r o t e i n  c o n t e n t  (d a s h e d  l i n e )
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F ig u re  2 0 .  E n d o g lu c a n a se  a c t i v i t y  and  p r o t e i n  c o n t e n t  p e r  

120 d ro p  f r a c t i o n s  o f  Sephadex  G-100 f r a c t i o n a t e d  s a l t  

f o r t i f i e d  e x t r a c t s  o f  d r y  s e e d s ,

a b s c i s s a  = f r a c t i o n s  
p r im a r y  o r d i n a t e  =
s e c o n d a r y  o r d i n a t e  = mg p r o t e i n / f r a c t i o n

e n d o g lu c a n a s e  a c t i v i t y  ( s o l i d  l i n e )  
p r o t e i n  c o n t e n t  (d a s h e d  l i n e )

F ig u re  2 1 .  E n d o g lu c a n a se  a c t i v i t y  and  p r o t e i n  c o n t e n t  p e r  

120  d ro p  f r a c t i o n s  o f  Sephadex  G-100 f r a c t i o n a t e d  

s a l t  f o r t i f i e d  e x t r a c t s  o f  6 h r  im b ibed  s e e d s .

a b s c i s s a  = f r a c t i o n s
p r im a r y  o r d i n a t e  = 2 ^ h r
s e c o n d a r y  o r d i n a t e  = mg p r o t e i n / f r a c t i o n

endoglucanase activity (solid line)
protein content (dashed line)
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F ig u re  22 . E n d o g lu c a n a se  a c t i v i t y  and  p r o t e i n  c o n t e n t  p e r

120 d ro p  f r a c t i o n s  o f  S ephadex  G-100 f r a c t i o n a t e d  s a l t  

f o r t i f i e d  e x t r a c t s  o f  9 h r  im b ib ed  s e e d s .

a b s c i s s a  = f r a c t i o n s
p r im a ry  o r d i n a t e  -  2k h r
s e c o n d a ry  o r d i n a t e  = mg p r o t e i n / f r a c t i o n

e n d o g lu c a n a s e  a c t i v i t y  ( s o l i d  l i n e )  
p r o t e i n  c o n t e n t  (d a s h e d  l i n e )

F ig u re  23 . E n d o g lu c a n a s e  a c t i v i t y  and  p r o t e i n  c o n t e n t  p e r

120 d ro p  f r a c t i o n s  o f  Sephadex  G-100 f r a c t i o n a t e d  

s a l t  f o r t i f i e d  e x t r a c t s  o f  12 h r  im b ibed  s e e d s .

a b s c i s s a  ~ f r a c t i o n s
p r im a ry  o r d i n a t e  = ’fiA'K 2k  h r
s e c o n d a ry  o r d i n a t e  + mg p r o t e i n / f r a c t i o n

endoglucanase activity (solid line)
protein content (dashed line)
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t h e  above  e x t r a c t s  w ere t h e  same and i n d i c a t e  a  l a r g e  b u lk  o f  

low  m o le c u la r  w e ig h t  p e p t i d e s  and a  l a r g e  b u lk  e l u t i n g  a t  o r  

n e a r  t h e  v o id  vo lum e. F ig u r e  19 r e p r e s e n t s  t h e  G-100 f r a c t i o n ­

a t i o n  p r o f i l e  (120 d r o p s / t u b e )  o f  1 6 - f o l d  c o n c e n t r a t e d  medium 

i n  w h ich  s e e d s  w ere im b ib ed  f o r  9 h r i  p ea k s  E l and  E3 p l u s  

some E2 w ere  o b s e rv e d  and  l i t t l e  p r o t e i n  was i n d i c a t e d .  I n  

c o n t r a s t ,  a l l  h ig h  s a l t  e x t r a c t s  (from  0, 6, 9 and 12 h r  

im b ib ed  s e e d s )  f r a c t i o n a t e d  on Sephadex G-100 y i e l d e d  t h e  same 

f o u r  p e a k s ,  E l ,  E2, E^ and  E5 ( F ig u r e s  2 0 j 21» 2 2 t 2 3 ) .  P r o t e i n  

p r o f i l e s  w ere  a b o u t  t h e  same f o r  t h e s e  e x t r a c t s  and  i n d i c a t e d  

two m a jo r  g ro u p s  o f  p e p t i d e s ,  a t  o r  n e a r  t h e  v o id  volume and  a  

low m o le c u la r  w e ig h t  r e g i o n ,  and p o s s i b l y  a  s m a l l  p e p t i d e  p ea k  

i n  b e tw e e n . I n  o r d e r  t o  f u r t h e r  s e p a r a t e  and n a r ro w  t h e  p e a k s  

and t o  a i d  i n  t h e  d e t e r m i n a t i o n  o f  t h e  m o le c u la r  w e ig h t s ,  "0 h r  

low s a l t , "  "9 h r  low  s a l t "  and "9 h r  h ig h  s a l t "  e x t r a c t s  w ere  

f r a c t i o n a t e d  i n t o  60 d r o p s / t u b e  ( F ig u r e s  25t  2 6 ) ,  As fo u n d  

i n  t h e  120 d r o p / tu b e  f r a c t i o n a t i o n ,  t h e  low s a l t  e x t r a c t s  

y i e l d e d  E l ,  E2 and  E3 and  t h e  h ig h  s a l t  e x t r a c t s  y i e l d e d  E l ,

E2, E^ an d  E5. The p a r t i t i o n  c o e f f i c i e n t s  f o r  ea c h  o f  t h e s e  

enzyme p e a k s  w ere  d e te rm in e d  (Appendix S ch ed u le  IV ) .  P r o t e i n  

s t a n d a r d s  (known m o le c u la r  w e i g h t s ) ,  a l d o l a s e ,  b o v in e  se rum  

a lb u m in ,  o v a lb u m in ,  ch y m o try p s in o g en  A and r i b o n u c l e a s e  A, 

w ere  c h ro m a to g ra p h e d  on t h e  column p ack ed  w i th  Sephadex G-100 

g e l  ( F ig u r e  2 7 ) .  The p a r t i t i o n  c o e f f i c i e n t s  o f  t h e s e  s t a n d a r d s  

w ere  d e te r m in e d .  F ig u r e  28 r e p r e s e n t s  t h e  p l o t  o f  p a r t i t i o n  

c o e f f i c i e n t  (Kav) v e r s u s  l o g  o f  m o le c u la r  w e ig h t s i  t h e s e  

v a l u e s  f o r  t h e  s t a n d a r d s  w ere  p l o t t e d .  The m o le c u la r  w e ig h t s
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F ig u re  24 . E n d o g lu ca n a se  a c t i v i t y  p e r  60 d ro p  f r a c t i o n s

o f  Sephadex G-100 f r a c t i o n a t e d  u n f o r t i f i e d  e x t r a c t s  

o f  d r y  s e e d s .

a b s c i s s a  = f r a c t i o n s
o r d i n a t e  = # A 'H 2 4 h r

e n d o g lu c a n a se  a c t i v i t y  ( s o l i d  l i n e )

F ig u re  25 . E n d o g lu ca n a se  a c t i v i t y  p e r  60 d ro p  f r a c t i o n s

o f  Sephadex G-100 f r a c t i o n a t e d  u n f o r t i f i e d  e x t r a c t s  

o f  9 h r  im b ib ed  s e e d s .

a b s c i s s a  = f r a c t i o n s
o r d i n a t e  = # ^ ‘7 \2 4 h r

e n d o g lu c a n a se  a c t i v i t y  ( s o l i d  l i n e )

F ig u re  2 6 . E n d o g lu c a n a se  a c t i v i t y  p e r  60 d ro p  f r a c t i o n s

o f  Sephadex G-100 f r a c t i o n a t e d  s a l t  f o r t i f i e d  e x t r a c t s  

o f  9 h r  im b ib ed  s e e d s .

a b s c i s s a  = f r a c t i o n s
o r d i n a t e  = f  A '7l24hr

e n d o g lu c a n a se  a c t i v i t y  ( s o l i d  l i n e )
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F ig u re  2 ? .  F r a c t i o n  l o c a t i o n s  o f  m o le c u la r  w e ig h t  

s t a n d a r d s  a f t e r  S ep h ad e x  G-100 f r a c t i o n a t i o n .

I n d i v i d u a l  l i n e s  r e p r e s e n t  i n d i v i d u a l  m i x t u r e s o o f  s t a n d a r d s ,  

a b s c i s s a  = f r a c t i o n s
p r im a ry  o r d i n a t e  = mg p r o t e i n / f r a c t i o n  
s e c o n d a ry  o r d i n a t e  = A620

s t a n d a r d s :
a l d o l a s e  (open d iam ond)
b o v in e  serum a lb u m in  (open  i n v e r t e d  t r i a n g l e )  
ova lbum in  (open t r i a n g l e )  
ch y m o try p s in o g en  A (o p en  s q u a r e )  
r i b o n u c l e a s e  A (open  c i r c l e )
b lu e  d e x t r a n  2 0 0 0 -v o id  vo lum e ( s o l i d  l i n e - r e f e r s  t o  A6 2 0 )

F ig u re  2 8 . M o le c u la r  w e ig h t  d e t e r m i n a t i o n s  o f  

e n d o g lu c a n a se  a c t i v i t y  p e a k s  o b t a in e d  th r o u g h  

Sephadex G-100 f r a c t i o n a t i o n .

a b s c i s s a  = m o le c u la r  w e ig h t s  ( d a l t o n s )  
o r d i n a t e  = Kav ( p a r t i t i o n  c o e f f i c i e n t )

s t a n d a r d s  r e p r e s e n t e d  a s  i n  F ig u r e  27

e n d o g lu c a n a se  p eak  f r a c t i o n s  r e p r e s e n t e d :
E3 ( c lo s e d  6 - p o i n t  s t a r )
Eb ( c l o s e d  s q u a re )
E5 ( c l o s e d  c i r c l e )
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F ig u re  29• E n d o g lu c a n a se  a c t i v i t y  and  p r o t e i n  c o n te n t  

p e r  60 d ro p  f r a c t i o n s  o f  S ephadex  G-200 f r a c t i o n a t e d  

u n f o r t i f i e d  e x t r a c t s  o f  d ry  s e e d s .

a b s c i s s a  = f r a c t i o n s  
p r im a ry  o r d in a t e  = Zkhv
s e c o n d a ry  o r d in a t e  = mg p r o t e i n / 2  com bined f r a c t i o n s

e n d o g lu c a n a se  a c t i v i t y  ( s o l i d  l i n e )  
p r o t e i n  c o n te n t  (d a sh e d  l i n e )

F ig u re  3 0 . E n d o g lu c a n a se  a c t i v i t y  and p r o t e i n  c o n te n t  

p e r  60 d ro p  f r a c t i o n s  o f  S ephadex  G-200 f r a c t i o n a t e d  

u n f o r t i f i e d  e x t r a c t s  o f  9 h r  im b ib ed  s e e d s .

a b s c i s s a  = f r a c t i o n s  
p r im a ry  o r d i n a t e  = $ ^ ? l 2 4 h r
s e c o n d a ry  o r d i n a t e  = mg p r o t e i n / 2  com bined f r a c t i o n s

endoglucanase activity (solid line)
protein content (dashed line)
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F ig u re  3 1 . F r a c t io n  l o c a t i o n s  o f  m o le c u la r  w e ig h t

s ta n d a r d s  a f t e r  S ephadex  G-200 f r a c t i o n a t i o n .

I n d iv id u a l  l i n e s  r e p r e s e n t  i n d i v i d u a l  m ix tu r e s  o f  s t a n d a r d s .

a b s c i s s a  -  f r a c t i o n s
p r im a ry  o r d i n a t e  = mg p r o t e i n / f r a c t i o n
s e c o n d a ry  o r d i n a t e  = Ag20

s ta n d a r d s  t
a l d o l a s e  (open  diam ond)
b o v in e  serum  a lb u m in  (op en  in v e r t e d  t r i a n g l e )  
o v a lb u m in  (o p en  t r i a n g l e )  
ch y m o try p s in o g e n  A (open  s q u a re )  
r ib o n u c le a s e  A (o p en  c i r c l e )
b lu e  d e x t r a n  2 0 0 0 -v o id  volum e ( s o l i d  l i n e - r e f e r s  t o  A6 2 0 )

F ig u re  3 2 . M o le c u la r  w e ig h t d e te r m in a t io n s  o f  endo ­

g lu c a n a s e  a c t i v i t y  p e a k s  and  s u b u n i t s  o b ta in e d  th ro u g h  

S ephadex  G-200 f r a c t i o n a t i o n .

a b s c i s s a  = f r a c t i o n s
p r im a ry  o r d i n a t e  55 mg p r o t e i n / f r a c t i o n

s ta n d a r d s  t
a l d o l a s e  (o p en  d iam ond)
b o v in e  serum album in (open in v e r te d  t r ia n g le )  
ch ym otrypsinogen  A (open c i r c l e )
blue dextran 2000-void volume (solid line-refers to Ag20)
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o f  th e  en d o g lu c an a se  p e a k s  w ere  r e a d  o f f  th e  g ra p h  u s in g  th e  

peaks*  K av*s. M o le c u la r  w e ig h t  f o r  E l an d  E2 w ere to o  h ig h  

f o r  d e te r m in a t io n s  on G -100j m o le c u la r  w e ig h ts  ( i n  D a lto n s )  

f o r  E3 was 4 0 ,0 0 0 , f o r  E4 was 5»000 and f o r  E5 was 1 ,8 0 0  

(F ig u re  2 8 ) .  I n  o r d e r  to  d e te rm in e  th e  m o le c u la r  w e ig h ts  o f  

E l and  E2 and  to  f u r t h e r  v e r i f y  t h a t  o f  E3» "0 h r  and 9 h r  

low  s a l t "  e x t r a c t s  w ere  c h ro m a to g ra p h e d  on  th e  colum n p ack ed  

w ith  Sephadex G-200 g e l  i n to  60 d r o p / tu b e  f r a c t i o n s  ( F ig u r e s  

29? 3 0 ) .  P r o te in  s ta n d a r d s  ( r e f e r  ab o v e ) w ere  a l s o  c h ro m a to ­

g ra p h e d  (F ig u re  3 1 ) . The K av*s o f  th e  s ta n d a r d s  and  enzyme 

p e a k s  w ere d e te rm in e d  an d , a s  a b o v e , th e  m o le c u la r  w e ig h ts  o f  

t h e  e n d o g lu c a n a se  p e a k s  w ere r e a d  o f f  t h e  g ra p h . The m o le c u la r  

w e ig h ts  ( i n  D a lto n s )  f o r  E l w as a b o u t  4 8 0 ,0 0 0 , f o r  E2 was 

a b o u t 2 8 0 ,000  and f o r  E3 was 4 0 ,0 0 0  (F ig u re  3 2 ) .

T hese d a ta  i n d i c a t e  t h a t  t h e  e n d o g lu c a n a se  f r a c t i o n ­

a t i o n  p e a k , E3, was c o n ta in e d  o n ly  in  low  s a l t  e x t r a c t s  and  

t h a t  t h i s  p ea k  and , t o  some e x t e n t ,  th e  E2 p eak  f l u c t u a t e d  

d u r in g  th e  12 h r  p r e g e r m in a t io n  p e r io d .  T hese s u g g e s t  a  

p h y s io lo g ic a l  im p o rta n c e  o f  e n d o g lu c a n a s e -E 3 .

S u b u n it  S t r u c tu r e

E n d o g lu ca n ase s  E2 an d  E3 may be t h e  r e s u l t  o f  a  

d i s s o c i a t i o n  o f  th e  l a r g e  E l enzym e. T h is  p o s s i b l i t y  was 

e l u c id a t e d  by* 1 . f r a c t i o n a t i n g  e i t h e r  "0 h r  o r  9 h r  low  

s a l t "  e x t r a c t s  on G-200 g e l s i  2 . p o o l in g  and c o n c e n t r a t in g
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F ig u re  3 3 . S u b u n it  c o m p o s it io n  o f  S D S - tre a te d  f r a c t i o n s  

22 to  26 e lu t e d  from  Sephadex  G-200 colum n lo a d e d  w ith  

lo w  e x t r a c t s  from  0 o r  9 h r  im b ib ed  s e e d s .  E n d o g lu can ase  

a c t i v i t y  p e r  60 d ro p  f r a c t i o n s  o f  Sephadex G -200, SDS- 

t r e a t e d ,  c o n c e n t r a te d  f r a c t i o n s .

a b s c i s s a  = f r a c t i o n s  
o r d i n a t e  = % 24-hr

F ig u re  34-. S u b u n it c o m p o s it io n  o f  S D S - tre a te d  f r a c t i o n s  27 

to  30 e l u t e d  from  S ephadex  G-200 colum n lo a d e d  w ith  low 

e x t r a c t s  from  0 o r  9 h r  im b ib ed  s e e d s .  E n d o g lu can ase  

a c t i v i t y  p e r  60 d ro p  f r a c t i o n s  o f  Sephadex G-200, SDS- 

t r e a t e d ,  c o n c e n t r a t e d  f r a c t i o n s .

a b s c i s s a  = f r a c t i o n s  
o r d i n a t e  = 2khr

F ig u re  3 5 . S u b u n it  c o m p o s it io n  o f  S D S - tre a te d  f r a c t i o n s  44 

to  4-9 e l u t e d  from  S ephadex  G-200 colum n lo a d e d  w ith  low  

e x t r a c t s  from  0 o r  9 h r  im b ib ed  s e e d s .  E n d o g lu can ase  

a c t i v i t y  p e r  60 d ro p  f r a c t i o n s  o f  Sephadex G -200, SDS- 

t r e a t e d ,  c o n c e n t r a t e d  f r a c t i o n s .

a b s c i s s a  + f r a c t i o n s  
o r d i n a t e  = 2 4 h r



FIGURE 3 3

2 0 -

S 6 S 7

E210 -

20

FIGURE 3^

20 .

S3

10.

20
FIGURE 35 s?

20

10

2 0



th e  f r a c t i o n s  w h ich  c o r re s p o n d  t o  e i t h e r  p ea k s  E l ,  E2 o r  

E3i 3 . t r e a t i n g  m i l d ly  th e s e  c o n c e n t r a t e s  w i th  sodium  d o d ecy l 

s u l f a t e  (SDS) i n  th e  p r e s e n c e  o f  m e rc a p to e th a n o l ;  k ,  a f t e r  

d i s c a r d i n g  th e  SDS from  th e  t r e a t e d  c o n c e n t r a t e s  by  c e n t r i ­

f u g a t i o n ,  re c h ro m a to g ra p h in g  t h e  t r e a t e d  c o n c e n t r a t e s  on 

G-200 g e l s .  The f r a c t i o n s  w h ich  r e s u l t e d  from  th e s e  rech ro m a­

to g r a p h y  w ere  a s s a y e d  f o r  e n d o g lu c a n a s e  a c t i v i t i e s .  The 

" s u b u n i t "  e n d o g lu c a n a s e  a c t i v i t i e s  o b ta in e d  from  th e  E l peak  

y ie ld e d  7 p e a k s ;  E2, S2, S3, S4, E3, S6 and  S7 (F ig u re  3 3 ) ; 

from  t h e  E2 p e a k , 3 " s u b u n i t"  p e a k s  w ere  y ie ld e d :  S2, S3, S*J- 

(F ig u r e  3 4 ) ;  from  t h e  E3 p e a k , 2 " s u b u n i t"  p ea k s  w ere  y ie ld e d ;

56 an d  S7 (F ig u re  3 5 ) .  The p a r t i t i o n  c o e f f i c i e n t s  (Kav) w ere 

c a l c u l a t e d  (A ppend ix  S ch ed u le  IV ) f o r  a l l  o f  th e s e  " s u b u n i t"  

p e a k s  an d  a s  a b o v e , t h e i r  m o le c u la r  w e ig h ts  w ere r e a d  o f f  th e  

g ra p h  (F ig u re  3 2 ) .  The r e s p e c t i v e  m o le c u la r  w e ig h ts  w ere 

e s t im a te d  a t :  S2— 2 0 0 ,0 0 0 , S3— 9 0 ,0 0 0 , S*4— 5 5 ,0 0 0 , S6—1 8 ,0 0 0  

and  S 7 - - l l , 0 0 0 .  I t  may be i n t e r p r e t e d  from  th e s e  d a t a  t h a t  

E l i s  com posed o f  1 E2 and  5 E3, t h a t  E2 i s  com posed o f  2 S3 

an d  2 S4 (S2 p o s s i b l y  b e in g  a  t r i m e r  o f  1 S3 and 2 S*0 and 

t h a t  E3 i s  com posed o f  1 S6 an d  2 S7 o r  4 S7 i f  S6 i s  an

57 d im e r .

I s o e l e c t r i c  P o in t s

In  o r d e r  to  f u r t h e r  c h a r a c t e r i z e  th e  en d o g lu can a se  

a c t i v i t y  p e a k s  o b ta in e d  from  "0 h r  and 9 h r  low s a l t "  e x t r a c t s ,
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T a b le  7 . D e te rm in a tio n  o f  i s o e l e c t r i c  p o i n t  o f

e n d o g lu c a n a s e  a c t i v i t y  peak  in  f r a c t i o n s  22 to  26 

( E l )  o b ta in e d  th ro u g h  Sephadex G-200 f r a c t i o n a t i o n  

o f  d r y  o r  9 h r  im b ib ed  s e e d s .



TABLE 7
ENZYME 1

PH ORIGIN MOVING

9 .0 0 30

8 .0 0 35

7 .0 0 24

6 .0 2 32

5 .2 0 27

5 .1 10 20

5 .0 11 18

4 .8 4 2

4 .6 0 5

4 .5 0 6

4 .4 0 0

4 .3 0 0

4 .2 0 0

4 .0 0 0

#  d e c re a s e  in  
v i s c o s i t y  o f  
0 .7 5 #  CMC 
a f t e r  48h r

ISOELECTRIC POINT —  5.0-5.1
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T a b le  8 . D e te rm in a tio n  o f  i s o e l e c t r i c  p o i n t  o f  endo - 

g lu c a n a s e  a c t i v i t y  p eak s  i n  f r a c t i o n s  27 to  30 (E2) 

o b ta in e d  th ro u g h  Sephadex G-200 f r a c t i o n a t i o n  o f  d ry  

o r  9 h r  im b ib ed  s e e d s .



TABLE 8
ENZYME 2

PH ORIGIN MOVING

9 .0 0 35

8 .0 2 26

7 .0 0 28

6 .0 0 24

5 .2 0 23

5 .1 0 27

5 .0 0 19

4 .8 0 19

4 .6 8 9

4 .5 8 9

4 .4 6 6

4 .3 0 0

4 .2 0 2

4 .0 0 0

% d e c re a s e  i n  
v i s c o s i t y  o f  
0 .7 5 #  CMC 
a f t e r  4 8 h r

ISOELECTRIC POINT —  6
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T ab le  9 . D e te rm in a tio n  o f  i s o e l e c t r i c  p o in t  o f  endo- 

g lu c a n a s e  a c t i v i t y  p ea k s  in  f r a c t i o n s  *|4 to  4-9 (E3) 

o b ta in e d  th ro u g h  S ephadex  G-200 f r a c t i o n a t i o n  o f  d ry  

o r  9 h r  im b ib ed  s e e d s .



TABLE 9
ENZYME 3

pH ORIGIN MOVING

9 .0  0 30

8 .0  0 30

7 .0  0 24

6 . 0  0 28

5 .2  -  24

5 .1  -  17

5 .0  0 19

4 .8  0 14

4 .6  4  12

4 .5  0 18

4 .4  4 14

4 .3  0 18

4 .2  14 4

4 .0  5 0

% d e c r e a s e  in  
v i s c o s i t y  o f
0 .7 5 #  CMC 
a f t e r  4 8 h r

ISOELECTRIC POINT —  4.0-4.2
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i .e .* ,  E l ,  E2 an d  E3, t h e i r  r e s p e c t i v e  i s o e l e c t r i c  p o in t s  

w ere e s t im a te d .  As w i th  th e  " s u b u n i t” e s t i m a t i o n  ab o v e , 

f r a c t i o n s  c o r r e s p o n d in g  to  p ea k s  E l ,  E2 an d  E3 w ere  p o o le d  

and  c o n c e n t r a t e d .  A liq u o ts  (0 .1  m l) from  t h e s e  c o n c e n t r a t e s  

w ere  p la c e d  a to p  s t a c k in g  and  s e p a r a t i n g  p o ly a c ry la m id e  g e l s  

i n  an  e l e c t r o p h o r e t i c  a p p a ra tu s  f i l l e d  w i th  b u f f e r s  o f  

d i f f e r e n t  pHs an d  s u b je c te d  to  3 m a /g e l (A ppend ix  S ch ed u le  

V ). The b u f f e r e d  pHs w ere 9 , 8 , 7 , 6, 5 « 2 , 5»1» 5*0 , 4 .8 ,

4 .6 ,  4 .5 ,  4 .4 ,  4 ,3 .  4 .2  and 4 .0 ;  th e  g e i s  w ere  d iv id e d  i n t o  

o r i g i n  s e c t i o n s  (from  o r i g i n  to  3 mm) an d  m oving  s e c t i o n s  

(from  3 mm to  15 mm). The a p p e a ra n c e  o f  e n d o g lu c a n a s e  a c t i v i t y  

i n  t h e  o r i g i n  s e c t i o n s  and th e  d e c re a s e  i n  e n d o g lu c a n a se  

a c t i v i t y  i n  t h e  m oving s e c t io n s  w ere t h e  c r i t e r i a  f o r  i s o ­

e l e c t r i c  p o i n t  d e te r m in a t io n s .  The i s o e l e c t r i c  p o in t s  w ere  

d e te rm in e d  to  be* f o r , E l— b etw een  5*0 an d  5*1 (T a b le  7 ) .  

f o r  E2— b e tw e en  4 .4  an d  4 .6  (T a b le  8) an d  f o r  E3— b etw een

4 .0  and  4 .2  (T a b le  9 ) .

L o c a l i z a t i o n  o f  E n d o g lu ca n ase s  i n  Seed P a r t s

E n d o g lu ca n ase  a c t i v i t i e s  w ere m e a su re d  i n  e x t r a c t s  

o b ta in e d  from  w hole s e e d s .  However, th e  l o c a l i z a t i o n  o f  t h e  

"b u lk "  a c t i v i t i e s  and  th e  S e p h a d e x - f r a c t io n a te d  a c t i v i t y  

p e a k s  in  d i f f e r e n t  p a r t s  o f  th e  se e d  w ou ld  a i d  i n  i n t e r p r e t i n g  

th e  r o l e  o f  t h e  p r e g e r r a in a t io n  e n d o g lu c a n a se  a c t i v i t y  p e a k , 

o b ta in e d  a t  9 -1 0  h r  o f  im b ib i t io n ,  i n  t h e  g e r m in a t io n  p r o c e s s  

i n  l e t t u c e  s e e d s .  S e e d s , a f t e r  b e in g  im b ib ed  f o r  0 o r  9 h r ,
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w ere d i s s e c t e d  i n t o  r a d i c l e  and c o ty le d o n  en d s and th e s e  

en d s w ere  e x t r a c t e d ,  b o th  low  s a l t  an d  h ig h  s a l t ,  an d  a s s a y e d .  

E n d o g lu c a n a se  a c t i v i t y  i n  h ig h  s a l t  e x t r a c t s  was p re d o m in a n tly  

m easu red  i n  t h e  r a d i c l e  e n d s , a l th o u g h  a  s u b s t a n t i a l  am ount 

was a l s o  m e asu red  i n  t h e  c o ty le d o n  e n d s . T hese o b s e r v a t io n s  

o c c u re d  w ith  ’’h ig h  s a l t ' 1 e x t r a c t s  f o r  b o th  0 (T a b le  1 0 )  and  

9 -1 0  h r  (T a b le  1 1 )  im b ib ed  s e e d s .  Low s a l t  e x t r a c t s  from  0 

h r  im b ib ed  s e e d s  i n d i c a t e d  t h a t  e n d o g lu c a n a se  a c t i v i t y  was 

s l i g h t l y  h ig h e r  from  r a d i c l e  ends th a n  from  c o ty le d o n  e n d s . 

R a d ic le  en d s from  45 to  75 m in  im b ib ed  s e e d s  w ere f u r t h e r  

d i s s e c t e d  i n t o  em bryon ic  a x e s  and  endosperm s and  each  o f  

th e s e  was e x t r a c t e d  w i th  u n f o r t i f i e d  (low  s a l t )  b u f f e r  and  

a s s a y e d  f o r  e n d o g lu c a n a s e  a c t i v i t y .  A c t i v i t i e s  w ere m easu red  

i n  b o th  a x e s  an d  endosperm s to  a b o u t  th e  same e x t e n t  (T a b le  

1 0 ) .  Low s a l t  e x t r a c t s  o f  t h e  above s e e d  p a r t s ,  r a d i c l e  e n d s , 

c o ty le d o n  e n d s , em bryon ic  a x e s  and  endosperm s from  r a d i c l e  

e n d s , w ere  f r a c t i o n a t e d  w i th  S ephadex  G-100 colum n chrom a­

to g ra p h y  (A ppend ix  S c h e d u le  I I I )  t o  d e te rm in e  th e  l o c a t i o n  

o f  th e  e n d o g lu c a n a s e  p e a k s ,  E l ,  E2 an d  E3. E ndogL ucanases E l 

and  E2 w ere  m e asu red  i n  b o th  r a d i c l e  en d s (F ig u re  36 ) an d  

c o ty le d o n  en d s  (F ig u re  39)» b u t  e n d o g lu c a n a se  E3 was o n ly  

m e asu red  i n  t h e  r a d i c l e  e n d s .  P r o t e in  p r o f i l e s  (v o id  volum e 

and  low  m o le c u la r  w e ig h t p e a k s )  o f  t h e  f r a c t i o n a t i o n s  o f  

th e s e  en d s i n d i c a t e d  t h a t  m o s t o f  th e  s e e d  p r o t e i n  was p r e s e n t  

i n  t h e  c o ty le d o n  e n d s . To f u r t h e r  l o c a l i z e  th e  E3 p e a k , low  

s a l t  e x t r a c t s  from  em b ry o n ic  a x e s  an d  endosperm s from  r a d i c l e  

ends w ere  a l s o  f r a c t i o n a t e d ?  no s i g n i f i c a n t  d i f f e r e n c e s  i n



1 3 8

T a b le  1 0 . L o c a l i z a t i o n  o f  e n d o g lu c a n a se  a c t i v i t i e s  

i n  0 -1  h r  im b ib ed  s e e d s .

T ab le  1 1 . L o c a l i z a t io n  o f  e n d o g lu c a n a se  a c t i v i t i e s  

i n  9 -10  h r  im bibed  s e e d s .



TABLE 10

se e d  p a r t e x t r a c t i o n e n d o g lu c a n a se
a c t i v i t y *

r a d i c l e
end low  s a l t  

h ig h  s a l t

14+ 1 .9

45+ 6.0

em bryon ic
a x i s low  s a l t 8+ 1 .5

endosperm low  s a l t 14+ 1 .0

c o ty le d o n
end low  s a l t  

h ig h  s a l t

11+ 1 .0

15+ 3.5

* #  d e c r e a s e  i n  v i s c o s i t y  o f  0 .7 5 # CMC a f t e r  2 h r

TABLE 11

s e e d  p a r t e x t r a c t i o n e n d o g lu c a n a se
a c t i v i t y *

r a d i c l e
end low  s a l t  

h ig h  s a l t

20+ 1.2

50+1 . 0

em bryon ic
a x i s low  s a l t 1+ 1 .0

endosperm  lo w  s a l t  21+ 3 .0

° ^ d le d 0 n  --------  low  s a l t  1+ 0 .7

  h ig h  s a l t  12+ 2 .0

* #  d e c r e a s e  i n  v i s c o s i t y  o f  0 .7 5 #  CMC a f t e r  2 h r
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F ig u re  36 . E n d o g lu ca n ase  a c t i v i t y  and  p r o t e i n  c o n te n t  p e r  

120 d ro p  f r a c t i o n s  o f  S ephadex  G-100 f r a c t i o n a t e d  

u n f o r t i f i e d  e x t r a c t s  o f  th e  r a d i c l e  end o f  d ry  s e e d s .

a b s c i s s a  = f r a c t i o n s  p r im a ry  o r d i n a t e  = f iA V \2 k h r
s e c o n d a ry  o r d in a t e  -  mg p r o t e i n / f r a c t i o n

e n d o g lu c a n a se  a c t i v i t y  ( s o l i d  l i n e )
p r o t e i n  c o n te n t  (d a sh e d  l i n e )

F ig u re  37 . E n d o g lu can ase  a c t i v i t y  i n  120 d ro p  f r a c t i o n s

o f  Sephadex G-100 f r a c t i o n a t e d  u n f o r t i f i e d  e x t r a c t s  o f  

em bryonic a x i s  o f  1 h r  im b ib ed  s e e d s .

a b s c i s s a  = f r a c t i o n s  o r d i n a t e  = 2 ^ h r

F ig u re  3 8 , E n d o g lu can ase  a c t i v i t y  i n  120 d ro p  f r a c t i o n s

o f  Sephadex G-100 f r a c t i o n a t e d  u n f o r t i f i e d  e x t r a c t s  o f  th e  

endosperm  rem oved from  r a d i c l e  end o f  1 h r  im b ib ed  s e e d s .

a b s c i s s a  = f r a c t i o n s  o r d in a t e  = fo A 1 \2 k h r

F ig u re  39 . E n d o g lu can ase  a c t i v i t y  and  p r o t e i n  c o n te n t  p e r

120 d ro p  f r a c t i o n s  o f  S ephadex  G-100 f r a c t i o n a t e d  

u n f o r t i f i e d  e x t r a c t s  o f  th e  c o ty le d o n  end o f  d ry  s e e d s .

a b s c i s s a  = f r a c t i o n s  p r im a ry  o r d i n a t e  -  % 2^-hr
s e c o n d a ry  o r d in a t e  = mg p r o t e i n / f r a c t i o n

endoglucanase activity (solid line)
protein content (dashed line)



FIGURE 36
102 0 .

1 0 .

M M ,

2010

1 0 i

FIGURE 37

10

FIGURE 39

FIGURE 38

1020 -

1 0 .

10 20



142

endoglucanases* activity, El, E2 and E3, were measured 
between these two parts of the radicle ends (Figure 371 38). 
Assays of low salt extracts from 9-10 hr imbibed seeds 
indicate that all of the pregermination endoglucanase 
activity peak was in the endosperms dissected from the 
radicle ends (Table 11).

These data indicate that low salt extracted endo­
glucanases change from being more or less diffuse throughout 
the 0 hr imbibed (dry) seed— with the exception of peak E3 
which is diffuse through the radicle ends but is not present 
in the cotyledon ends— to being in only the endosperm of 
radicle ends of 9-10 hr imbibed seeds. These observations 
further suggest that the :endoglucanases are synthesized 
de novo (Table 4) in the endosperm at the radicle (or micro- 
pylar) ends which would be the site for a chemical weakening 
to remove the mechanical restraint imposed by the endosperm 
or embryo expansion.

SEM O b s e rv a t io n s  o f  S eeds 

Im b ib ed  f o r  up to  6 H ours

Samples of 15 to 25 seeds were randomly picked after 
6 to 20 hr after the start of imbibition at one hr intervals 
and the seeds were dissected and prepared for observation. 
Dry seeds and 3 hr imbibed seeds were also fixed, dissected 
and prepared. Theouter appearance of the endosperm in the 
micropylar region (radicle end) of 0 (Figure 40), 3 (Figure
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41) and  6 h r  (F ig u re  42 ) im b ib ed  s e e d s  w as sm ooth w i th o u t  

d i s r u p t i o n s .  The c e l l  w a l l s  seem ed s l i g h t l y  d e p re s s e d ,  

g iv in g  a  r o l l i n g  h i l l  a p p e a ra n c e . T h ere  w ere  no g ap s  o r  

p i t s  i n  t h e  endosperm  and  th e  c e l l  w a l l s  d id  n o t  h av e  an y  

c r a c k s  o r  b re a k s  ( F ig u r e s  40? 4 1 1 4 2 ) .

C rack s  an d  P i t s  i n  Endosperm

A lth o u g h  6 h r  im b ib ed  s e e d s  show ed no i n d i c a t i o n  o f  

d e g r a d a t io n ,  c r a c k s  an d  p i t s  b eg an  to  a p p e a r  i n  8 h r  (F ig u re  

4 3 ) and  s l i g h t l y  m ore e x t e n s i v e l y  i n  9 h r  (F ig u re  44) and 

10 h r  (F ig u r e  4 5 ) im b ib ed  s e e d s .  S m all p i t s  w ere p r e s e n t  a t  

t h e  t i p  o f  th e  m ic r o p y la r  r e g io n  (F ig u re  43a? c? d ) .  Some 

p i t s  an d  s m a ll  c r a c k s  w ere e v id e n t  th ro u g h  much o f  th e  r e g io n  

(F ig u re  43a? d )7  b u t  a r e a s  w i th o u t  p i t s  o r  c r a c k s  w ere  a l s o  

e v id e n t  i n  8 h r  im b ib ed  s e e d s  (F ig u re  43a? b? d ) .  I n  9 h r  

im b ib ed  s e e d s ,  p i t s  an d  c r a c k s  i n  th e  endosperm  w ere o b s e rv e d  

th ro u g h o u t  th e  m ic r o p y la r  r e g io n  (F ig u re  4 4 ) .  The t i p s  o f  

some 10 h r  im b ib ed  s e e d s  showed a  g r e a t e r  d e g re e  o f  d e g ra d a tio n ?  

b re a k s  and  n e t - l i k e  s e c t i o n s  may be o b s e rv e d  (F ig u re  4 5 ) .  I n  

a d d i t i o n  to  many p i t s ,  t h e  c e l l  w a l l s  may h av e  a  p ro n o u n ced  

w r in k le d  a p p e a ra n c e  (F ig u r e  4 5 b ) .  The d e g re e  o f  d e g r a d a t io n  

o f  th e  endosperm  o f  u n g e rm in a te d  s e e d s  in c r e a s e d  w i th  im b ib i t io n  

t im e . A t 12 h r ,  l a r g e  p i t s  an d  c r a c k s  a p p e a re d  a t  th e  t i p  o f  

th e  m ic ro p y la r  r e g io n  ( F ig u r e s  46? 4 7 ) .  The t i p s  o f  many 10 

t o  14 h r  im b ib ed  s e e d s  w ere  p a r t i a l l y  c o l l a p s e d ,  and  show ad
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t h e  s e p a r a t i o n  o f  c e l l s  from  each  o th e r  (F ig u r e  4 6 a , b ) .

L a rg e  p i t s  an d  c r a c k s  w ere e v id e n t  ( F ig u r e s  4 6 a , c? 4 7 a , 

b )  a s  w e l l  a s  s m a ll  p i t s  and c r a c k s  b e tw e en  endosperm  c e l l s  

( F ig u r e s  46d? 47b , c ) .  P a r t  o f  th e  m ic r o p y la r  r e g io n s  may 

h av e  a  n e t - l i k e  a p p e a ra n c e  a s  w e l l  ( F ig u r e s  45? 4 7 a ) .  I n  

c o n t r a s t  t o  t h e  m ic ro p y la r  r e g io n ,  th e  c o ty le d o n  end  an d  th e  

m id - s e c t io n  do n o t  i n d i c a t e  t h e  o c c u r re n c e  o f  d e g r a d a t io n ? 

p i t s  and  c r a c k s  w ere  n o t  p r e s e n t  (F ig u re  4 9 d ) .

O pen ings i n  t h e  Endosperm

In  a d d i t i o n  to  se e d s  w i th  p i t s  and  c r a c k s  a p p e a r in g  

i n  th e  endosperm , some se e d s  a f t e r  im b i b i t i o n  t im e s  o f  10 h r  

o r  more h ad  a n  o p e n in g  o r  l a r g e  b re a k  ( f i s s u r e )  i n  th e  endo ­

sperm  a t  t h e  t i p  o f  t h e  m ic ro p y la r  r e g i o n .  O pen ings o b se rv e d  

i n  10 , 11 an d  12 h r  s e e d s  a r e  shown in  F ig u re s  48 an d  4 9 .

A l a r g e  f i s s u r e  was p r e s e n t  i n  some s e e d s  ( F ig u r e s  4 8 a , b? 

4 9 b ) , w h ich  may i n d i c a t e  t h a t  a  p a r t  o f  t h e  endosperm  i s  

a b o u t  to  f a l l  o u t  (F ig u re  4 8 b ) .  The 11 h r  im b ib ed  s e e d s  

(F ig u re  4 8 c )  had  a  g r e a t e r  d e g re e  o f  d e g r a d a t io n  th a n  10 h r  

im b ib ed  s e e d s  (F ig u re  48b)? a  few b re a k s  w ere  p r e s e n t  and 

p a r t s  o f  t h e  t i p s  w ere c o l l a p s e d .  A f u l l y  d ig e s te d  endosperm  

i s  e v id e n t  i n  F ig u re s  48d a n d  4 9 c . A n e t - l i k e  a p p e a ra n c e  a t  

t h e  t i p  i s  a l s o  p r e s e n t  in  th e s e  s e e d s .  An i n d i c a t i o n  o f  th e  

s t a g e s  i n  t h e  f o rm a tio n  o f  a n  o p e n in g  i s  shown i n  F ig u re  4 9 . 

Endosperm  d e g r a d a t io n  was i n d i c a t e d  by two o r  t h r e e  l a r g e  

c r a c k s  and  a  c o l la p s e d  a r e a  (F ig u re  4 9 a ) ,  A l a r g e  f i s s u r e
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a p p e a re d , p o s s i b l y  c u t t i n g  o f f  p a r t  o f  t h e  endosperm  (F ig u re  

^ 9 b ) , and  f i n a l l y  a  l a r g e  o p e n in g  was e v id e n t  (F ig u re  k 9 c ) . 

P a r t s  o f  t h e  endosperm  may have a  n e t - l i k e  a p p e a ra n c e , may be 

c o l la p s e d  a n d /o r  h av e  l a r g e  c r a c k s .  The in n e r  s id e  o f  th e  

endosperm  may b e  v iew ed  w ith  s e e d s  i n  w h ich  an  endosperm  f l a p  

rem a in ed  ( F ig u r e  5 0 ) .  E x te n s iv e  d e g r a d a t io n  was o b s e rv e d .

I n n e r  an d  c r o s s  w a l l s  w ere  u s u a l l y  n o t  p r e s e n t ;  s m a ll  s e c t io n s  

o f  c r o s s  w a l l s  so m etim es may be o b s e rv e d  (F ig u re  5 0 c , d ) ;  th e  

b reak u p  o f  i n t r a c e l l u l a r  s t r u c t u r e  may a l s o  be o b se rv e d  

(F ig u re  5 0 a , b ) .  G ra in s  m e a su r in g  2 .0  t o  ^ .0  urn seem ed to  be 

embedded in  t h e  m a t r ix  o r  i n  th e  p r o c e s s  o f  b e in g  r e l e a s e d .  

T hese  o b s e r v a t io n s  s u g g e s t  th e  e x te n s iv e  d e g r a d a t io n  t h a t  may 

be o c c u r in g  on  th e  s id e  o f  th e  endosperm  f a c i n g  th e  em bryo.

C om parison  o f  Endosperm  D e g ra d a tio n  w i th  G e rm in a tio n

No d e g r a d a t io n  o f  t h e  endosperm  w as v i s i b l e  (w i th  a  

s c a n n in g  e l e c t r o n  m ic ro s c o p e )  i n  s e e d s  w h ich  had  b een  im bibed  

f o r  up to  7 h r .  A f te r  8 h r  o f  im b i b i t i o n ,  10-12?$ o f  a l l  s e e d s  

h av e  s m a ll  p i t s  an d  c r a c k s  i n  t h e i r  endosperm s (F ig u re  51 ,

C urve A ). A f t e r  9 h r ,  th e  m ic ro p y la r  r e g io n  ( r a d i c l e  en d ) o f  

a  h ig h e r  p e r c e n ta g e  o f  s e e d s  showed m ore s ig n s  o f  d e g r a d a t io n .  

A ccom panying t h e  i n c r e a s e  i n  d e g r a d a t io n  o f  th e  endosperm  o f  

i n d iv i d u a l  s e e d s  w i th  an  i n c r e a s e  i n  t h e  t im e  o f  im b ib i t io n  

i s  an  in c r e a s e  i n  th e  t o t a l  num ber o f  s e e d s  u n d e rg o in g  th e  

d e g r a d a t io n .  The p e r c e n ta g e  o f  s e e d s  w i th  p i t s  and c r a c k s ,  b u t  

w i th o u t  an  o p e n in g  o r  b r e a k ,  p ea k s  a f t e r  12 h r  o f  im b ib i t io n
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F ig u re  5 1 . Endosperm  d e g r a d a t io n  c o r r e l a t e d  w ith  

g e rm in a t io n  and  e n d o g lu c a n a se  a c t i v i t y  d u r in g  

im b i b i t io n  and  g e rm in a t io n  o f  s e e d s .

a b s c i s s a  = h r  o f  im b ib i t io n  
o r d in a t e  = % s e e d s  (o r  2 h r)

A = c r a c k s / p i t s  i n  endosperm  ( s h o r t  d a sh e d  l i n e — open  s q u a re s )
B = o p e n in g s /b r e a k s  i n  endosperm  ( lo n g  d a sh e d  l i n e — open t r i a n g l e s )  
C = i n c r e a s e  in  g e rm in a t io n  above p r e v io u s  h o u r ( d o t t e d  l i n e — 

open  c i r c l e s )
D = e n d o g lu c a n a se  a c t i v i t y  o f  low  s a l t  e x t r a c t s  ( s o l i d  l i n e — 

c lo s e d  c i r c l e s )

% g e r m in a t io n  (open  s t a r )
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and i s  a p p ro x im a te ly  *4?# (F ig u re  5 1 , C urve A, T a b le  1 2 ) ,

A s i m i l a r  o b s e r v a t io n  i s  made o f  s e e d s  w i th  a n  o p e n in g  o r  

b r e a k .  The f i r s t  s e e d s  (1 5 # ) w i th  a n  open  endosperm  a t  t h e  

t i p  o f  th e  m ic ro p y la r  r e g io n  ( r a d i c l e  end ) a r e  o b se rv e d  

a f t e r  10 h r  o f  i m b i b i t i o n  (F ig u re  5 1 . Curve B ), W ith lo n g e r  

im b ib i t io n  tim e  (1 0 -1 6  h r ) ,  th e  o p e n in g s  a r e  l a r g e r  and th e  

d e g r a d a t io n  i n  t h e  a r e a  a ro u n d  th e  o p e n in g s  i s  m ore e x t e n s iv e .  

The p e rc e n ta g e  o f  su c h  s e e d s  in c r e a s e s  to  a  p e a k  a f t e r  12 h r i  

n e a r l y  30# o f  im b ib ed  s e e d s  have  a n  o p e n in g  ( F ig u r e  51. Curve 

B ). The d e c re a s e  i n  t h e  p e r c e n ta g e s  o f  s e e d s  h a v in g  endosperm  

d e g r a d a t io n  i s  p r o b a b ly  due to  t h e  g e rm in a t io n  o f  se e d s  w hich  

b e g in s  a f t e r  12 h r .  The r a t e  o f . g e rm in a t io n  p e a k s  b e tw een  th e  

1 5 th  and  1 6 th  h r  o f  im b i b i t i o n ,  a t  w h ich  tim e  a b o u t  55# o f  

th e  s e e d s  have  g e rm in a te d  (F ig u re  5 1 . C urve C ) .  N ote t h a t  th e  

dev e lo p m en t o f  endosperm  d e g r a d a t io n ,  i . e . ,  p i t s  and o p e n in g s , 

s t a r t s  5 and 3 h r  r e s p e c t i v e l y ,  p r i o r  to  th e  o n s e t  o f  g e rm in a ­

t i o n  and  th e  p e r c e n ta g e s  o f  s e e d s  w i th  d e g r a d a t io n  peak  3 -4  h r  

p r i o r  to  th e  p e a k  i n  t h e  r a t e  o f  g e rm in a t io n  (F ig u re  5 1 ) .  The 

t o t a l  number o f  s e e d s  w i th  d e g r a d a t io n  a f t e r  12 h r  o f  im b ib i t io n  

i s  a p p ro x im a te ly  t h e  sam e a s  th e  num ber o f  s e e d s  g e rm in a tin g  

i n  th e  f i r s t  d ay  (T a b le  1 2 ) ,  The a c t i v i t y  o f  e n d o g lu c a n a se s  

b e g in s  to  i n c r e a s e  p r i o r  to  th e  a p p e a ra n c e  o f  endosperm  

d e g r a d a t io n  ( F ig u r e s  3 t 51» Curve D ), As w i th  e n d o g lu c a n a se  

a c t i v i t y ,  endosperm  d e g r a d a t io n  a l s o  a p p e a rs  a f t e r  w a te r  

u p ta k e  by  s e e d s  h ad  c e a s e d  (F ig u r e s  2* 5 1 ) .



E f f e c t s  o f  L ig h t  and  T e m p e ra tu re —

Endosperm  D e g ra d a tio n

Endosperm  d e g r a d a t io n  ( p i t s  an d  c r a c k s  and  o p e n in g s )  

i s  a s  a p p a re n t  i n  12 h r  im b ib ed  l e t t u c e  s e e d s  sown i n  th e  

d a rk  w i th  a  30 m in e x p o su re  to  w h ite  l i g h t  (375  f t - c d l )  a f t e r  

3 h r  o f  im b ib i t io n  a s  i t  i s  i n  12  h r  im b ib ed  s e e d s  sown in  

c o n t in u o u s  w h ite  l i g h t  (T a b le  1 2 ) .  G e rm in a tio n  a f t e r  24 h r  i s  

a p p ro x im a te ly  w hich  c o r r e s p o n d s  to  t h e  p e r c e n ta g e s  o f  

s e e d s  show ing  endosperm  d e g r a d a t io n .  I n  c o n t r a s t ,  g e r m in a t io n  

a f t e r  24 h r  (F ig u re  1 4 , T a b le  1 2 ) an d  endosperm  d e g r a d a t io n  

a f t e r  12 h r  (T a b le  12) a r e  s i g n i f i c a n t l y  re d u c e d  i n  s e e d s  sown 

in  c o n t in u o u s  d a rk n e s s .  R e d u c tio n  o f  g e r m in a t io n  (T a b le  1 2 ) and 

endosperm  d e g r a d a t io n  (F ig u re  52) i s  m ore p ro n o u n ced  when s e e d s  

a r e  sown in  th e  d a rk  w ith  a  1 h r  e x p o s u re  to  f a r  r e d  l i g h t  

a f t e r  3 h r .

L e t tu c e  s e e d s  sown i n  c o n t in u o u s  l i g h t  a t  24°C b e g in  

g e rm in a t io n  e a r l i e r  b u t  g e rm in a t io n  i s  lo w e r  a f t e r  24 h r  

com pared  to  s e e d s  sown a t  20°C (F ig u re  14* T a b le  1 2 ) .  O v e ra l l  

endosperm  d e g r a d a t io n  i s  p r o p o r t i o n a t e l y  l e s s  th a n  t h a t  o f  

s e e d s  sown a t  20°C* how ever, t h e  d e g r a d a t io n  i s  a s  e x te n s iv e  

( F ig u re  53a ,  b ) .  G e rm in a tio n  o f  d a rk -so w n  s e e d s  a t  24°C i s  

s i g n i f i c a n t l y  re d u c e d  and  endosperm  d e g r a d a t io n  i s  c o r r e s p o n d in g ly  

lo w e re d  (F ig u re  5 3 d , e ) .  T herm odorraant s e e d s  sown a t  35°C do n o t  

g e rm in a te  r e g a r d l e s s  o f  l i g h t  o r  d a rk  t r e a tm e n t s  (F ig u re  1 4 j 

T a b le  1 2 ) ,  a l th o u g h  th e y  m a in ta in  v i a b i l i t y  f o r  s e v e r a l  d a y s .
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T a b le  1 2 , S E M -o b serv ab le  endosperm  w eak en in g  and

g e rm in a t io n  o f  l e t t u c e  s e e d s  i n  w h ite  l i g h t ,  f a r  r e d  

l i g h t ,  d a rk n e s s  and  te m p e r a tu r e s  o f  20 , 2^  and 35°C.

a  = c o n t in u o u s  w h i te  (750  f t - c d l )
b = 30 m in w h ite  (375  f t - c d l )  e x p o su re  a f t e r  3 h r  o f  d a rk  

im b ib i t io n
c = 1 h r  f a r  r e d  e x p o s u re  a f t e r  3 h r  o f  d a rk  im b ib i t io n



TABLE 12

te m p e ra tu r e  l i g h t i n g  g e r m in a t io n  p i t a  & o p e n in g s  &
on c o n d i t io n  % c r a c k s *  b re a k s *

c  12h r  2 4 h r

20 ^ h i t e  1 78 47 30

b d a r k -
20 w h i te -  -  76  50 25

d a rk

20 d a rk n e s s  0 48 50 0

c d a r k -
20 f a r  r e d  15 8 0

d a rk

24 S v h i te  10 70 51 15

24 d a rk n e s s  0 23 9 0

35 Sirhite 0 0 40 0

35 d a rk n e s s  0 0 0 0

* % t o t a l  s e e d s  a f t e r  12h r  h a v in g  . . . .
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However, endosperm  w e a k e n in g , i . e . ,  p i t s ,  c r a c k s  a n d  c e l l  

w a l l  s e p a r a t io n s  (F ig u re  5 4 a , b , c ) ,  i s  e v id e n t  i n  40# o f  

th e  therm odorm an t s e e d s  sown i n  c o n t in u o u s  w h ite  l i g h t  (T a b le  

1 2 ) .  I n  c o n t r a s t ,  endosperm s o f  th e rm o d o rm an t s e e d s  sown in  

c o n tin u o u s  d a rk n e s s  do n o t  g iv e  i n d i c a t i o n s  o f  d e g r a d a t io n  

( F ig u re  54d, e ) .

E f f e c t s  o f  I s o c y a n u r a te

L e t tu c e  s e e d s ,  c u l t i v a r  New Y ork, w ere  sown in  v a r io u s  

c o n c e n t r a t io n s  o f  sodium  d ic h lo r o i s o c y a n u r ic  a c id  ( iC ) ,  a l s o  

known a s  sodium  d i c h l o r o - s - t r i a z i n e  t r i o n e ,  a  h e r b ic id e  o f  

th e  s - t r i a z i n e  f a m ily  ( F ig u r e  5 5 ) .  C o n c e n tr a t io n s  o f  2 .5  and

5 .0  mg/ml in d u c e d  embryo e x p a n s io n  w ith o u t  p r o t r u s i o n ,  

" b u c k l in g " ,  (F ig u re  5 6 a , b , e )  i n  6 and  29# o f  th e  s e e d s  

r e s p e c t i v e l y  (T a b le  1 3 ) a f t e r  4 dy  o f  im b i b i t i o n .  " A ty p ic a l"  

g e rm in a tio n  (F ig u re  56c ,  d , f )  was a l s o  o b s e rv e d  i n  3 a n d  1# 

o f  th e  se e d s  r e s p e c t i v e l y  (T a b le  1 3 ) .  M ost o f  th e  " a ty p ic a l ly "  

g e rm in a te d  s e e d s  a p p e a r  to  h av e  r e s u l t e d  from  "b u c k led "  s e e d s .  

The em bryonic a x e s  e lo n g a te d  from  a b o u t 1 to  a p p ro x im a te ly

2 .5  mm w hich th e  c o ty le d o n s  showed a  r e l a t i v e l y  i n s i g n i f i c a n t  

e x p a n s io n . ( In  t y p i c a l  g e r m in a t io n ,  no embryo g ro w th  was 

d e t e c t e d  b e fo r e  p r o t r u s i o n . ) T hese g e r m in a t io n  o r  embryo 

e x p a n s io n  p a t t e r n s  a r e  i n  m arked  c o n t r a s t  t o  t y p i c a l  g e rm in ­

a t i n g  and n o n g e rm in a tin g  s e e d s  (F ig u re  5 7 ) .  No b u c k l in g  was 

o b s e rv e d  i n  s e e d s  c u t  t r a n s v e r s e l y  th ro u g h  th e  c o ty le d o n s  in  

su c h  a  way t h a t  th e  en d o sp e rm ’ s  m e c h a n ic a l  r e s t r a i n t s  t o
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T a b le  1 3 . E f f e c t s  o f  4 day  t r e a tm e n t s  o f  sodium  2 ,4

d ic h lo r o i s o c y a n u r a te  on l e t t u c e  s e e d s ,  c u l t i v a r  New York.

a  = th e  em bryon ic  a x i s  e lo n g a te d  a b o u t 1 .5  mm ( i n i t i a l  l e n g th  
when f u l l y  im b ib ed  was 0 ,7 - 1 .3  mm). The c o ty le d o n s  
e lo n g a te d  a b o u t 0 ,4  mm ( i n i t i a l  l e n g th  when f u l l y  im b ib ed  
was 2 .0 - 2 ,3  mm),

T a b le  1 4 . D i f f e r e n t i a l  i n h i b i t i o n  o f  embryo e x p a n s io n  

and  endosperm  w eaken ing  p ro p o s e d  f o r  sodium  2 ,4  

d i c h lo r o i s o c y a n u r a te — an  i n t e r p r e t a t i o n  d e r iv e d  from  

d a ta  p r e s e n te d  i n  T ab le  1 3 .



TABLE 13

sodium  2 , 4  p r o t r u s i o n  embryo p r o t r u s i o n
d i c h l o r o -  th ro u g h  e x p a n s io n — + n o t  th ro u g h *
is o c y a n u r a te  r a d i c l e  end* no p r o t r u s io n  r a d i c l e  end”  

mg/ml % s e e d s  % s e e d s  % s e e d s

0 100 0 0

1 .0  100 0 0

2 .5  9 0 + 1 .5a  5 .8 + 1 ,5 a  3 .2 + 0 .1

5 .0  69+1 . 0a  29+ 1 .5 a  1 .1 + 0 .2

1 0 . 0  0 9 0

+ #* t y p i c a l l y  embryo ” a t y p i c a l l y
g e rm in a te d  b u c k l in g  g e rm in a te d

TABLE 14

sodium  2 , 4
d ic h lo r o i s o c y a n u r a te  1 .0  2 .5 - 5 .0  10

mg/ml

embryo e x p a n s io n  p e r m i t te d  p e r m i t te d  i n h i b i t e d
( +)  ( +)  ( - )

endosperm  w eak en in g  p e r m i t t e d  i n h i b i t e d  i n h i b i t e d
(+) ( - )  ( - )
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e x p a n s io n  o f  t h e  a x e s  was rem oved (F ig u re  5 7 c ) .  C o n s e q u e n tly , 

t h i s  compound d o e s  n o t  c a u s e  th e  g ro w th  a b n o r m a l i ty  on em bryos 

u n le s s  t h e r e  i s  m e c h a n ic a l r e s t r a i n t  by  th e  en dosperm . Lower 

c o n c e n t r a t io n s  o f  iC  ( e . g . ,  1 m g/m l) d id  n o t  seem to  s i g n i f i ­

c a n t l y  i n t e r f e r e  w i th  t y p i c a l  g e r m in a t io n ;  h ig h e r  c o n c e n t r a ­

t i o n s  ( e . g . ,  10  m g.m l) p r e v e n te d  embryo g ro w th  (T a b le  1 3 ) .

S in c e  t h e s e  o b s e r v a t io n s  a r e  i n t e r p r e t e d  to  i n d i c a t e  

t h a t ,  i n  some s e e d s ,  iC (b e tw ee n  2 .5 - 5 .0  m g/m l) p a r t i a l l y  

i n h i b i t s  a  c h e m ic a l w eak en in g  o f  th e  endosperm  t h a t  w ould 

have f a c i l i t a t e d  r a d i c l e  p r o t r u s i o n  in  t y p i c a l  g e rm in a tio n  

(T a b le  1 4 ) ,  i t  was o f  i n t e r e s t  t o  d e te rm in e  p o s s i b l e  endosperm  

d e g r a d a t io n  a n d  e n d o g lu c a n a se  a c t i v i t i e s .  F o r th e s e  d e te rm in ­

a t i o n s ,  l e t t u c e  s e e d s  o f  t h e  c u l t i v a r  G rand R ap id s  (1974 

b a tc h )  w ere  u s e d .  E n d o g lu ca n ase  a c t i v i t i e s  i n  low  s a l t  e x t r a c t s  

o f  t h i s  s e e d  b a tc h  w ere  t h e  same a s  f o r  th e  1971 s e e d  b a tc h  

(F ig u re  3) t h o w ev er, a c t i v i t i e s  i n  h ig h  s a l t  e x t r a c t s  o f  t h e  

1974 s e e d  b a t c h ,  a l th o u g h  c o n s t a n t  d u r in g  th e  p r e g e r m in a t io n  

p e r io d ,  w ere  s u b s t a n t i a l l y  lo w e r .  25^ o f  th e s e  s e e d s  sown i n  

5 m g/m l iC  w ere  b u c k le d  an d  4# o f  th e  s e e d s  sown i n  2 .5  m g/m l 

iC w ere  b u c k le d ;  1 mg/ral iC  had  l i t t l e  e f f e c t  and  10 mg/ml iC 

i n h i b i t e d  a l l  g ro w th . S eed s  b e in g  b o th  " b u c k le d ” and  "g re e n e d "  

( s u g g e s t in g  c h lo r o p h y l l  s y n t h e s i s )  w ere  o b s e rv e d  i n  1 to  2$> o f  

a l l  s e e d s  o r  i n  a p p ro x im a te ly  6% o f  t h e  " b u c k le d "  s e e d s .

Seeds im b ib ed  f o r  9 h r  i n  0 , 1 .0 ,  2 .5 .  5*0 an d  1 0 .0  mg/ml 

w ere e x t r a c t e d  w i th  s a l t  f o r t i f i e d  (h ig h  s a l t )  an d  u n f o r t i f i e d  

(low  s a l t )  b u f f e r s .  As s e e d s  a r e  sown in  h ig h e r  c o n c e n t r a t io n s
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F ig u re  55 . S t r u c t u r e  o f  sodium  2 , 4 d ic h lo r o i s o c y a n u r a te  

(sodium  2 , k  d i c h l o r o - 5 - 't r i a z i n e  t r i o n e )  ( iC ) .

F ig u re  58 . E n d o g lu c a n a se  a c t i v i t y ,  t y p i c a l  g e rm in a t io n ,

b u c k l in g  phenom enon an d  a t y p i c a l  g e rm in a t io n  i n  l e t t u c e  

s e e d s , c u l t i v a r  G rand R a p id s , sown i n  e i t h e r  0 , 1 ,  2 .5 ,

5 o r  10 mg/ml sodium  d ic h lo r o i s o c y a n u r a te  ( i e )

a b s c i s s a  = iC c o n c e n t r a t i o n  (m g/m l)
p r im a ry  o r d in a t e  = 2 h r b u c k le d  o r  a t y p i c a l  g e rm in a te d

s e e d s )
se c o n d a ry  o r d i n a t e  = % g e rm in a t io n

e n d o g lu c a n a se  a c t i v i t y  i n :
9 h r  low  s a l t  e x t r a c t s  ( c lo s e d  c i r c l e s )
9 h r  h ig h  s a l t  e x t r a c t s  ( c lo s e d  s q u a r e s )
"b u c k le d "  s e e d s  a f t e r  6 d ay s (open  c i r c l e s )
" a t y p i c a l l y " Mg e rm in a te d  s e e d s  a f t e r  6 d ay s (o p en  s q u a re s )  
t y p i c a l  g e rm in a t io n  a f t e r  27 h r  ( c lo s e d  s t a r s )  
t y p i c a l  g e rm in a t io n  a f t e r  6 days (o p en  t r i a n g l e s )
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o f  iC , a c t i v i t y  i n  low  s a l t  e x t r a c t s  o f  9 h r  im b ib ed  s e e d s  

d e c re a s e d  (F ig u re  5 8 ) .  A c t i v i t y  (low  s a l t ,  e x t r a c t s )  o f  

s e e d s  sown i n  1 m g/m l iC  was a p p ro x im a te ly  t h e  same a s  w a te r  

c o n t r o l s .  Low s a l t  e x t r a c t s  from  s e e d s  im b ib ed  f o r  6 an d  9 h r  

i n  5 mg/ral iC had  r e l a t i v e l y  l i t t l e  a c t i v i t y !  a c t i v i t i e s  w ere  

m e asu red  a f t e r  2 hr. a s s a y  in c u b a t io n  b u t  th e  p r e s e n c e  o f  some 

enzyme i n  6 h r  and  9 h r  s e e d s  was i n d i c a t e d  by  #  o f  20 an d  

17 r e s p e c t i v e l y  a f t e r  b , 5  dy a s s a y  in c u b a t io n .  No d i f f e r e n c e  

b e tw een  6 and  9 h r  low  s a l t  e x t r a c t s  was d e t e c t e d .  A c t i v i t y  

i n  h ig h  s a l t  e x t r a c t s  o f  s e e d s  im b ib ed  f o r  9 h r  i n  t h e s e  iC 

c o n c e n t r a t io n s  was n o t  s i g n i f i c a n t l y  a l t e r e d  by  iC . T hese 

r e s u l t s  s u g g e s t  a  d i f f e r e n t i a l  e f f e c t  o f  5 mg/m l iC ! t h i s  

s u g g e s t io n  i s  a l s o  s u p p o r te d  by  th e  f i n d in g  o f  some " b u c k le d "  

s e e d s  w i th  g r e e n  em b ry o s. "B uck led" s e e d s  b eg an  to  a p p e a r  

and  th e  p e r c e n ta g e  o f  t h e s e  s e e d s  in c r e a s e d  w ith  i n c r e a s i n g  

iC c o n c e n t r a t i o n  from  2 .5  to  5 .0  m g/m li " a t y p i c a l "  g e rm in a t io n  

was a l s o  o b s e rv e d  (F ig u re  5 8 ) .  P e rc e n t  g e rm in a t io n  m easu red  

a f t e r  27 h r  an d  6 dy  d e c re a s e d  w ith  h ig h e r  iC c o n c e n t r a t i o n s .  

F u r th e r  i n d i r e c t  s u p p o r t  f o r  th e  i n h i b i t i o n  o f  e n d o g lu c a n a s e s  

by  iC was o b ta in e d  from  S E M -o b se rv a tio n  o f  th e  endosperm s o f  

i C - t r e a t e d  (5  m g/m l) s e e d s .  S ca n n in g  e l e c t r o n  m ic ro g ra p h s  

( F ig u re  5 9 ) o f  i C - t r e a t e d  s e e d s  i n d i c a t e d  an  a b s e n c e  o f  endo ­

sperm  d e g r a d a t io n  o r  w eak en in g  (ev en  a f t e r  ^  d y ) . A lso , i t  was 

o b s e rv e d  t h a t  many o f  th e  g e rm in a te d  s e e d s  h ad  r a d i c l e s  w h ich  

lo o k e d  p in c h e d  by  o n ly  a  p a r t i a l l y  w eakened endosperm  (F ig u re  

5 9 d ) . T h e r e f o r e ,  iC  n o t  o n ly  i n h i b i t e d  th e  a p p e a ra n c e  o f  e n d o -
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g lu c a n a s e  a c t i v i t y  i n  s e e d s  b u t  a l s o  th e  o c c u r re n c e  o f  SEM- 

o b s e rv a b le  endosperm  w ea k en in g .



DISCUSSION

The endosperm of lettuce seeds (achenes) has been 
considered to play a major role in germination (Klein and 
Preiss, 1958a? Koller et a l .. 1962; Globerson et 197^).
Some authors have suggested that the endosperm acts as a 
mechanical restraint against the elongation of the embryonic 
axis (Evenari and Neumann, 1952? Pavlista and Haber, 1970), 
This mechanical restraint may be overcome by a chemical 
weakening of the endosperm (Ikuma and Thimann, 1963a;
Jo n e s , 1 9 7*0 , T h is  r e p o r t  p ro v id e s  s u p p o r t  t h a t  such  a  

w eaken ing  o c c u rs  p r i o r  to  th e  o n s e t  o f  g e r m in a t io n  ( c f .  F ig u re  

51) and an  enzym e, e n d o g lu c a n a s e , w h ich  may be p a r t i a l l y  

r e s p o n s ib le  f o r  t h i s  w eaken ing  i s  p r e s e n t  ( c f .  F ig u re  3), 
a p p e a r in g  s p e c i f i c a l l y  i n  b o th  th e  r a d i c l e  end and i n  th e  

endosperm  ( c f .  T a b le  10; 11), F ig u re  60 and  T a b le  15 sum­

m a riz e  th e  p h y s io l o g ic a l  an d  b io c h e m ic a l c h a r a c t e r i s t i c s  o f  

t h i s  enzyme d u r in g  l e t t u c e  se e d  g e r m in a t io n .  Of th e  enzymes 

s e p a r a te d  by  S ephadex  colum n ch ro m a to g ra p h y , E3 may have th e  

m ain p h y s io l o g ic a l  im p o r ta n c e  (F ig u re  60),
The s u b u n i t  s t r u c t u r e  o f  th e  e n d o g lu c a n a s e s  w ere 

e s t im a te d  by  sod ium  d o d ec y l s u l f a t e  t r e a tm e n t .  The s u b u n i t s  

r e t a i n e d  a c t i v i t y .  T h is  u n u s u a l f in d in g  may be due to  th e

1 6 0
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F ig u re  60 . Summary o f  th e  p h y s io l o g i c a l  d a ta *

A) tim e  c o u rs e  r e l a t i o n s h i p s

B) a  p ro p o se d  scheme o f  s e q u e n t i a l  e v e n ts



Figure 60

A)

T 6  h r
E 1 ,E 2 ,E J  
(low  s a l t )  
( e x t r a c t s )

♦
c 12

1 15

l e a c h i n
E l f E 2 ,E 3 ' E l ,  (E 2 )'

Medium
E1,E3

o f  im b ib i t io n

l= r a p i d  w a te r  u p ta k e  2 = s y n th e s is  o f  mRNA f o r  e n d o g lu c a n a se  
3 = s y n th e s is  o f  e n d o g lu c a n a se  p o ly p e p t id e s  
^ e n d o g lu c a n a s e  a c t i v i t y  p eak  5=sendosperm  w eak en in g  p eak  
6 = g e rm in a tio n  r a t e  p eak  7=slow  in c r e a s e  i n  g e r m in a t io n
a = f i r s t  a p p e a ra n c e  o f  e n d o g lu c a n a se  p eak  
b = f i r s t  a p p e a ra n c e , o f  endosperm  w eak en in g  ( c r a c k s / p i t s )  
c - f i r s t  a p p e a ra n c e  o f  b re a k s  an d  o p e n in g s  i n  endosperm  
d - f i r s t  a p p e a ra n c e  o f  g e r m i n a t i o n / r a d i c l e  g ro w th

B)

h y d r a t io n  ►s y n th e s is *

i
p r o t e i n   e n d o g lu c a n a s e  .en d o sp e rm

‘s y n th e s i s  a c t i v i t y  w eak en in g
c2h4 ?o th e r  o t h e r  

* e n z y m e s e n z y m a t i c
e f f e c t s

r a d i c l e  g ro w th g e rm in a t io n



r e s i l i e n t  n a tu r e  o f  th e s e  enzym es. The SDS t r e a tm e n t  was 

m ild — tr e a tm e n t  b e in g  a t  40°C f o r  b h r .  SDS was p a r t l y  

rem oved by  c e n t r i f u g a t i o n  a t  ^°C . The m ild n e s s  o f  th e  t r e a t ­

m ent was e v id e n c e d  b y  th e  p re s e n c e  o f  some enzyme a g g r e g a te s  

even  a f t e r  t r e a tm e n t .

E n d o g lu ca n ase  a c t i v i t y  le a c h e s  from  se e d s  sown i n  w a te r  

f o r  6 and 9 h r  and  th e s e  l e a c h a t e s  c o n ta in  E l an d  E3 enzym es 

p lu s  a  t r a c e  am ount o f  E2. T hese l e a c h a te s  may p a r t i a l l y  

e x p la in  t h e  l o s s  o f  a c t i v i t y  betw een  0 and 6 h r  from  th e  

s t a r t  o f  im b i b i t io n ;  enzyme i n h i b i t o r s  a r e  n o t  p r e s e n t  in

6 h r  e x t r a c t s  and t h e r e f o r e  c a n n o t e x p la in  i t ,

E n d o g lu ca n ase  a c t i v i t i e s  (Cx c e l l u l a s e ,  c a rb o x y m e th y l-  

c e l l u l a s e )  have b ee n  r e p o r t e d  to  be in v o lv e d  in  a  num ber o f  

p r o c e s s e s  i n  many p l a n t s ,  e . g . ,  a b s c i s s io n  and c e l l  e x p a n s io n . 

O ptim al a s s a y  pHs h av e  b een  r e p o r te d  betw een  a  pH o f  5 and

7 and o p tim a l a s s a y  te m p e r a tu r e s  anyw here b etw een  20 an d  

60°C , In  some s y s te m s , th e  m o le c u la r  w e ig h ts  an d  i s o e l e c t r i c  

p o in t s  h av e  b een  d e te rm in e d  f o r  th e s e  enzymes an d  t h e r e  i s

a  w ide ra n g e  o f  r e p o r t e d  c h a r a c t e r i s t i c s .  Enzymes h av e  b een  

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

A p a r t i a l  co m p ariso n  o f  th e s e  enzymes from  d i f f e r e n t  sy s te m s  

and th o s e  r e p o r t e d  h e r e  i s  p r e s e n te d  i n  T ab le  1 6 . Heavy 

e n d o g lu c a n a se s  a s  r e p o r t e d  h e r e  have n o t  been  p r e v io u s l y  

o b s e rv e d ; how ever, e n d o g lu c a n a se s  com posed o f  e n d o g lu c a n a s e -  

a c t i v e  s u b u n i t s  h av e  b ee n  p r e v io u s ly  r e p o r te d  (L in k in s  and 

L ew is , 197  Byrne e t  a l . , 1 9 7 5 ) .
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T ab le  15* Summary o f  th e  b io c h e m ic a l d a t a  on th e

e n d o g lu c a n a se  a c t i v i t y  p e a k s  o b ta in e d  th ro u g h  Sephadex 

f r a c t i o n a t i o n s .



endoglucanase
p re s e n c e  i n  low  s a l t  
e x t r a c t s  o f  0 & 9h r 
s e e d s  and  9 h r medium

p re s e n c e  i n  low  s a l t  
e x t r a c t s  o f  6 & 12hr 
se e d s

p re s e n c e  i n  h ig h  
s a l t  e x t r a c t s

m o le c u la r  w e ig h t 
(D a lto n s )

)
s u b u n i t s  and  t h e i r  
m o le c u la r  w e ig h ts

p o s s i b l e  s u b u n i t  
c o m p o s itio n

El

++

+

++

480,000

E2—280,000  
E3— 40,000

El—1E2
5E3

i s o e l e c t r i c  p o in t 5 .0 —5.1

TABLE 15

E2 E3 E4 E5

+ / -

++

++

280 ,000 40,000 5 ,0 0 0  1 ,800

52—200,000
53— 90,000  
s4— 55,ooo

S6—18,000  
S 7 ~  11,000

E2—2S3 
2S4

S2—1S3 
2S4

4 .4 —4.6

E3—1S6 
2S7

4 .0 —4.2
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Table l6j Review of biochemical characteristics and assay
conditions for endoglucanases extracted from various 
plant systems.



TABLE 16

r e d  k id n e y  b e a n : 
s te m , p e t i o l e ,  
c o ty le d o n ,  
a b s c i s s i o n  zone

c o t y le d o n s : 
g e rm in a t in g  
se ed

p e a :
ex p a n d in g
e p i c o t y l

avoca<
r i p e
f r u i t

e x t r a c t i o n
s a l t

h ig h low lo w  h ig h h ig h

a s s a y
c o n d i t io n s

23°C
pH 6.1

38-40°C
pH6.1

35°C „ 
pH 6.0

m o le c u la r  ~ 
w e ig h t ,  XI0-3

6 0 -7 0  30-35 120 70 70 20 70 5 0 -5 5

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

4 .5  9 .5 6 .1 4 .5  4 .8 5 .2  6 .9 4 .7

o p t im a l  
a s s a y  pH

5 .7 -  4 .8 -
6 ,2  5 .6 6.0

' 5 .5  7 .0
o p tim a l
a s s a y
te m p e ra tu r e

4 5 - 3 5 -  
60°C 4 3 °C

CMC
c o n c e n t r a t io n  0 .8 # 0 .8 #

0 .7 2 #  
& 0 .8 #

a s s a y  tim e s l - 2 h r 30-60m in 2 h r
comments a  b c d e

f  g
references Lewis et a l ,1 9 7 4  Lew & Lewis Byrne et a l ,  Lewis 

Reid et a l .1 9 7 4  1974 1975 et a l .
Linkins et a l ,1 9 7 3  Ferrari & 197^
Linkins & Lewis Arnison 1974

1974
a-increases with auxin treatment
b-increases with ethylene treatment, intercellular localization 
c-parent form of a
d-dimerizes upon purification, increases with, auxin treatment 

not affected by NaCl in assay 
e-increases with auxin treatment, not affected by NaCl in assay 
f-increases with auxin treatment, inhibited by NaCl in assay 

thermostable
g-increases with ethylene treatment, NaCl required for maximum 

activity, thermolabile
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P r o t e i n  and  RNA s y n t h e s i s  i n h i b i t o r s  p r e v e n t  t h e  

a p p e a ra n c e  o f  t h e  9 -1 0  h r  e n d o g lu c a n a se  a c t i v i t y  peak* t h i s  

s u g g e s ts  t h a t  E3 i s  s y n th e s iz e d  de n o v o . The E l enzyme may 

l ik e w is e  be s y n th e s i z e d  de novo b u t  s in c e  t h i s  enzyme i s  

a l s o  p r e s e n t  i n  6 h r  e x t r a c t s ,  t h i s  c a n n o t be r e s o lv e d  by 

u s in g  i n h i b i t o r s .  Time c o u r s e  s t u d i e s  o f  th e  a p p l i c a t i o n  

o f  i n h i b i t o r s  s u g g e s t  t h a t  t h e  mRNA and  th e  p o ly p e p t id e s  f o r  

E3 e n d o g lu c a n a se  a r e  s y n th e s iz e d  betw een  ^  to  7 h r  an d  

to  9 h r ,  r e s p e c t i v e l y  (T a b le  kt  F ig u re  6 0 ) .  RNA an d  p r o t e i n  

s y n t h e s i s  h av e  b ee n  d e m o n s tra te d  to  be r e q u i r e d  f o r  l e t t u c e  

s e e d  g e r m in a t io n  (S m ith  an d  F ra n k la n d , 1966* K han, 196 6 ;

1 9 6 7 a , 1967b* B lack  an d  R ic h a rd s o n , 1968* Bewley an d  B lack ,

1 9 7 2 ) .  The d a t a  p r e s e n te d  h e re  a r e  i n  a g re e m e n t w i th  th e  

e a r l i e r  r e p o r t s .  S eed s  w ere fo u n d  to  be u n a f f e c t e d  by  

a c t in o m y c in  D an d  t o  some e x t e n t ,  by 6 -m e th y l p u r i n e ,  u n le s s  

th e  s e e d s  w ere  p u n c tu r e d .  T h is  i s  p ro b a b ly  due t o  t h e  la c k  

o f  e a s y  p e n e t r a t i o n  o f  th e s e  s u b s ta n c e s  th ro u g h  t h e  s e e d  

c o a t s  (Tao an d  K han, 1 9 7 6 ) .

S in c e  i t  i s  h y p o th e s iz e d  t h a t  e n d o g lu c a n a s e s  a r e  

in v o lv e d  i n  a  c h e m ic a l w eak en in g  o f  th e  en dosperm , i t  

a p p e a re d  w o rth  w h i le  t o  a t te m p t  to  l o c a l i z e  t h e s e  enzym es 

i n  th e  d i f f e r e n t  p a r t s  o f  t h e  s e e d .  I n  d ry  s e e d s ,  low  s a l t -  

e x t r a c t e d  e n d o g lu c a n a s e s  a r e  p r e s e n t  i n  t h e  r a d i c l e  an d  th e  

c o ty le d o n  en d s i n  a b o u t  a  3*2 r a t i o  (T a b le  1 0 ) .  D e te rm in a t io n  

o f  th e  p r e s e n c e  o f  t h e  d i f f e r e n t  p eak s  a g re e d  w i th  t h i s  

f in d in g *  E l ,  E2 an d  E3 a r e  p r e s e n t  i n  th e  r a d i c l e  en d  b u t
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o n ly  EL an d  E2 a r e  i n  t h e  c o ty le d o n  end  (F ig u re  36? 3 9 ) .  

S e p a r a te  e x t r a c t i o n s  o f  t h e  enzyme from  em bryonic a x e s  an d  

endosperm  r e g io n s  o f  t h e  r a d i c l e  ends o f  1 h r  im b ibed  s e e d s  

i n d i c a t e  t h a t  a l l  t h r e e  b u f f e r - s o l u b l e  fo rm s a r e  p r e s e n t  i n  

b o th  t i s s u e s  (F ig u re  3 7 1 3 8 ) .  I n  0 t o  10 h r  im b ibed  s e e d s ,  

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

c a n a s e s  a r e  fo u n d  o n ly  i n  t h e  r a d i c l e  end an d  i n  t h i s  t h i r d  

o f  t h e  s e e d  n e a r l y  a l l  o f  t h i s  a c t i v i t y  i s  i n  th e  endosperm  

(T a b le  1 1 ) .  T h e r e f o r e ,  t h e  S e p h a d e x - f r a c t io n a te d  p r o f i l e  

o f  low  s a l t  e n d o g lu c a n a s e s  i n  9 -1 0  h r  im b ib ed  se e d s  r e p r e s e n t s  

t h e  e n d o g lu c a n a s e s ,  E l ,  E2 and  E3» found  i n  th e  endosperm  

s u r ro u n d in g  t h e  em b ry o n ic  a x i s .  I t  i s  s u g g e s te d  t h a t  en d o ­

g lu c a n a s e s  a r e  le a c h e d  o u t  o r  d e s t ro y e d  from  th e  se e d  d u r in g  

th e  f i r s t  6 h r  o f  i m b i b i t i o n  and  th e s e  enzym es ( e s p e c i a l l y  

E3) a r e  s y n th e s iz e d  de novo i n  th e  endosperm  e x c lu s iv e ly  a t  

th e  r a d i c l e  ( o r  m ic r o p y la r )  en d . T h e re fo re ,  e n d o g lu c a n a se s  

a r e  p r e s e n t  i n  t h e  l o c a t i o n  w here  endosperm  w eaken ing  w ould  

be  m o s t l i k e l y  i n  o r d e r  t o  f a c i l i t a t e  g e rm in a tio n  and  t r i g g e r  

r a d i c l e  g ro w th . T hese  r e s u l t s  a g r e e  w ith  th o s e  o f  Jo n e s  

(197*0  who r e p o r t e d  o b s e r v in g  a  l o s s  o f  c e l l  w a l l  m a t e r i a l  

i n  t h e  endosperm  from  t h e  c y to p la s m - f a c in g  s id b  o u tw a rd . 

F u r th e rm o re , H alm er e t  a l .  (1976) o b se rv e d  th e  a p p e a ra n c e  

o f  a n  endom annanase w i t h i n  endosperm  c e l l s .

Ikum a (1962) an d  Ikum a an d  Thimann ( 1963a )  a t te m p te d  

to  d e t e c t  c e l l u l a s e  a s  w e l l  a s  p e c t in a s e  a c t i v i t y  w i th in  t h e  

l e t t u c e  s e e d s .  T hese a u th o r s  d e t e c t e d  a  s m a ll  am ount o f  

enzyme a c t i v i t y  o n ly  i n  t h e  c o ty le d o n  e n d s . T h is  seem s to
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be in contrast to findings reported here. However, carboxy- 
methylcellulase was extracted by Ikuma (1 9 6 2 ) shortly after 
radicle protrusion and not during the pregermination period. 
Furthermore, the conditions of his extraction and assay are 
significantly different* low salt extract at pH 7 , no 
homogenization, only grinding with a mortar and pestle, no 
high speed centrifugation (7.000 g was the only centrifuga­
tion) and an assay at 25°C . The assay technique used was 
K I3 titration as described by De Stevens (1955) which is less 
sensitive than viscometric assays by a couple of orders of 
magnitude (Mussell and Morre, 1 9 6 9 ) .  The viscometric assay 
system has been shown to be an accurate method for determining 
cellulase and pectinase activities (Sherwood and Kelman, 1 9 6 4 ) t 

a small decrease in potential reducing power in CMC corres­
ponds to a large loss in solution viscosity (Maclachlan and 
Perrault, 196^1 Byrne et al., 1 9 7 5 ) .  The microviscometer using 
a cone plate detection method has further extended the use of 
this method by accurately measuring small quantities of 
solution (1  ml) (Wells et al., 1961* Abeles, 1969* Abeles and 
Leather, 1 9 7 1 1 Rasmussen and Jones, 1971* Rasmussen, 1 9 7 3 ) .

H alm er e t  aL (1975* 1976) r e p o r t e d  th e  p r e s e n c e  o f  a n  

endom annanase i n  l e t t u c e  s e e d s .  T h is  l e v e l  i s  low  u n t i l  th e  

o n s e t  o f  g e r m in a t io n  a t  w h ich  t im e  a c t i v i t y  in c r e a s e s  f i v e  

f o l d ,  and  i s  l o c a l i z e d  i n  th e  en d o sp erm . S in c e  th e  c e l l  w a l l s  

o f  th e  en dosperm  a r e  com posed p r e d o m in a n t ly  o f  m annose (a b o u t 

60%), t h i s  enzyme w ou ld  be v e r y  im p o r ta n t  i n  th e  t o t a l
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d e g r a d a t io n  o f  th e  endosperm  a s  r e p o r t e d  by  P ark  an d  Chen 

(197*0 . The endosperm  i s  a l s o  com posed o f  g lu c o s e  (1 0 $ )  

(H alraer e t  a l . , 1 9 7 5 ) .  W eakening o f  t h i s  t i s s u e  w ould  n o t  

r e q u i r e  c o m p le te  o r  e v e n  m a jo r  d e g r a d a t io n  o f  th e  c e l l  

w a l l s ,  b u t  w ould r e q u i r e  o n ly  a  lo o s e n in g  o r  d ev e lo p m en t 

o f  weak p o i n t s  ( p i t s  an d  c r a c k s )  i n  t h e  r a d i c l e  en d . T h e re ­

f o r e ,  i t  seem ed a p p r o p r i a t e  t o  exam ine t h e  s u r f a c e  a p p e a ra n c e  

o f  th e  endosperm  d u r in g  s e e d  g e r m in a t io n .

The endosperm o f  d ry  s e e d s  i s  a  c o n tin u o u s , sm ooth- 

lo o k in g  s t r u c t u r e .  Upon h y d r a tio n , no ch an ges can be 

d isc e r n e d  in  th e  o u te r  appearance o f  t h i s  t i s s u e .  Water 

u ptake p la te a u s  a f t e r  3 h r , w hich  i s  w e l l  in  advance o f  th e  

b eg in n in g  o f  endosperm  d eg ra d a tio n  (F ig u re  3» 5 1 )•  T h is  

s u g g e s t s  t h a t  h y d r a tio n  i t s e l f  d oes n o t  g r o s s ly  a l t e r  th e  

endosperm . A fte r  6 hr o f  im b ib it io n , th e  endosperm appears  

to  be s im i la r  to  th e  d ry  se e d  (F ig u r e  *f2). At t h i s  tim e , 

en d og lu can ase a c t i v i t y  i s  a t  a  minimum. From 6 to  9 hr, 

en d og lu can ase  a c t i v i t y  in c r e a s e s  and form s a  peak a f t e r  9 

to  10 hr o f  im b ib it io n  (F ig u re  3 ) .  Endosperm d eg ra d a tio n  

ap pears 2 hr a f t e r  th e  o n s e t  o f  en d og lu can ase  a c t i v i t y  and 

4 to  5 hr p r io r  to  th e  o n s e t  o f  g er m in a tio n  (F igu re  b i  51 )•  

The peaks o f  endosperm  d e g r a d a tio n , i . e . .  p i t s  and cra ck s  

(F ig u re  **6* k ? )  and o p en in g s  (F ig u r e  k 9 )  occur 3 hr 

a f t e r  th e  peak in  en d o g lu ca n a se  a c t i v i t y  and 3 to  4  hr p r io r  

t o  th e  peak in  g er m in a tio n  r a t e  (F ig u re  5 1 ) .  The tim e co u rse  

ap pearan ces and in t e r r e la t io n s h i p s  a re  d e p ic te d  in  F igu re  

60ai b .
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Time course studies on endosperm weakening have 
been reported with Striga lutea (Egley, 1972) and Svringa 
spp. (Juntilla, 1 9 7 3a). Although these authors used very 
different techniques in their studies, they concluded that 
endosperm weakening preceeded germination— by 2 or more 
hours for Striga lutea— by 3 or more days for the Syringa 
spp. Juntilla further related the strength of endosperms 
with the dormancy condition of different species of Syringa. 
Measuring swelling and growth of Striga lutea embryos*,
Egley concluded that the observed weakening is not due to 
radicle penetration. This agrees with the findings on lettuce 
(Evenari et al. , 1957? Haber and Luippold, 1960a? Ikuma, 1962, 
196*0 that the onset of radicle growth corresponds within 
minutes to the onset of germination. Nabors and Lang (1971a) 
and Esashi and Leopold (1968) measured the strength of 
lettuce endosperms and cocklebur testa respectively of 
seeds maintained in adverse germination conditions. The 
authors compared this strength to the growth potential of 
growing, isolated embryos (as determined by osmotic or 
mechanical studies) and concluded that the expansion force 
of the growing embryo is equal to or greater than the 
mechanical resistance of the endosperm. However, the above 
authors did not do a time course study and the coats were 
surgically removed from seeds already sown for 18 or more 
hours in the dark. Therefore, the endosperms may have 
already been weakened somewhat.
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When th e  endosperm  o f  l e t t u c e  s e e d s  a t  t h e  m ic ro p y la r  

r e g io n  i s  o p en , som etim es t h e r e  re m a in s  a  f l a p  o f  t h e  en d o ­

sperm  ( F ig u r e  4 8 1 4 9 ) . T his a l lo w s  th e  i n n e r  s i d e ,  i . e . ,  

s id e  f a c i n g  th e  em bryo, to  be o b s e rv e d . The e n d o s p e rm 's  

c e l l  w a l l s  c l o s e s t  to  th e  embryo seem  to  have  b een  t o t a l l y  

d ig e s t e d ,  t h e r e f o r e  ex p o s in g  th e  i n t e r i o r  o f  t h e  c e l l s  

(F ig u re  5 0 ) ,  No i n t a c t  c ro s s  w a l l s  w ere  o b s e rv e d i  how ev er, 

o c c a s i o n a l l y  a  p ie c e  o f  c ro s s  w a ll  may s t i l l  r e m a in . The 

w id th  o f  th e s e  i s  1 -2  um w hich  i s  l e s s  th a n  t h e  6 -1 0  um 

w id th  r e p o r t e d  f o r  n o n d eg rad ed  in n e r  c e l l  w a l l s  ( J o n e s ,

1 9 7 4 ) , Grains are present and these may be embedded in the 
cell wall matrix. These grains range in diameter from 2 .0  

to 4 ,0  um, which corresponds to the size reported for 
aleurone grains in barley (Jones, 1 9 6 9 ) and wheat (Stevens,
1 9 7 3 ) , These grains may be the protein bodies which were 
reported by Jones (1974) in lettuce.

The above r e s u l t s  w ere d e te rm in e d  on l e t t u c e  s e e d s  

sown a t  20°C in  c o n tin u o u s  w h i te  l i g h t  a t  750 f t - c d l .  S eed s 

sown, w hen f i r s t  r e c e iv e d ,  i n  lo w er l i g h t  i n t e n s i t y  g e rm in a te d  

a t  a  s lo w e r  r a t e ,  r e a c h in g  65# g e r m in a t io n  a f t e r  42 h r .

Under s t r o n g e r  l i g h t ,  g e rm in a tio n  w as m ore s y n c h ro n iz e d , 

t h e r e f o r e  a c c o u n tin g  f o r  a s h a rp  g e r m in a t io n  in c r e a s e  b e tw een  

13 and  18  h r  (F ig u re  2 ; 5 1 ) . N ote t h a t  ?6 #  o f  th e  s e e d s ,  

s t o r e d  f o r  t h r e e  y e a r s  in  a  d e s s i c a t o r  i n  a  r e f r i g e r a t o r ,  

g e rm in a te  a f t e r  24 h r  when sown i n  th e  d a rk  w i th  a  b r i e f  

e x p o s u re  to  l i g h t  a t  a  re d u c e d  i n t e n s i t y  (T a b le  1 2 ) .

Similar findings have been previously reported (Borthwick
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and  R o b b in s , 1 9 2 8 ) . E n d o g lu can ase  a c t i v i t y  an d  endosperm  

w eak en in g  o c c u r  t o  a p p ro x im a te ly  th e  same e x t e n t  a s  i n  

s e e d s  sown i n  c o n t in u o u s  l i g h t .  E x p o su re  to  c o n t in u o u s  

d a rk n e s s  o r  b r i e f  e x p o su re  t o  f a r  r e d  l i g h t  a t  20°C 

i n h i b i t s  g e r m in a t io n  a f t e r  2k  h r ,  e n d o g lu c a n a s e  a c t i v i t y  

a t  9 h r  and  endosperm  d e g r a d a t io n  a f t e r  12 h r  to  c o r r e ­

s p o n d in g  d e g re e s  (T a b le  5» 6 ; 1 2 ) .

G e rm in a tio n  o f  s e e d s  sown a t  2k°C  i n  c o n t in u o u s  

l i g h t  o c c u rs  i n  l e s s  th a n  12  h r  and  i s  ?0fi a f t e r  2k h r .  

E n d o g lu ca n ase  a c t i v i t y  e x t r a c t e d  w ith  u n f o r t i f i e d  b u f f e r  

from  s e e d s  im b ib ed  f o r  9 h r  u n d e r  t h i s  c o n d i t i o n  i s  th e  

same a s  a t  20°C , c o n t in u o u s  l i g h t  (T a b le  6 ) .  The p e rc e n ta g e  

o f  s e e d s  w i th  o p en  endosperm  t i p s  i s  l e s s  t h a n  t h a t  o f  

s e e d s  sown a t  20°C , p ro b a b ly  due to  th e  s h o r t e r  l a g  p e r io d  

b e f o r e  g e r m in a t io n  b e g in s .  However, endosperm  d e g r a d a t io n  

i s  o b s e rv a b le  i n  66% o f  t h e  s e e d s  (T a b le  1 2 ) .  S eeds sown 

i n  th e  d a rk  a t  t h i s  te m p e ra tu re  have  s i g n i f i c a n t l y  re d u c e d  

g e r m in a t io n ,  low  s a l t  e x t r a c t e d  e n d o g lu c a n a s e  a c t i v i t y  an d  

endosperm  w ea k en in g .

T hese r e s u l t s  a r e  p a r t i a l l y  i n  c o n t r a s t  w ith  th o s e  

o f  Ikum a and  Thim ann (1963a )  who d id  n o t  o b s e rv e  any  

d i f f e r e n c e  i n  c e l l u l a s e  o r  p e c t in a s e  a c t i v i t i e s  i n  th e  

c o ty le d o n s  o f  l i g h t  and  d a rk  sown s e e d s ;  b u t  a g r e e  w i th  

t h e  o b s e r v a t io n s  on  endom annanase a c t i v i t y  (H alm er e t  a l . . 

1 9 7 6 ) an d  on t h e  l o s s  o f  c e l l  w a l l  m a t e r i a l  i n  th e  endosperm  

( J o n e s ,  1 9 7*0 . H igh s a l t  e x t r a c t e d  e n d o g lu c a n a s e  a c t i v i t y
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i s  u n a f f e c t e d  b y  d a rk ,  f a r  r e d  o r  2 l* °C -tre a tm e n t. D ark 

sown th e n n o d o rm a n t s e e d s  do n o t  g e rm in a te  n o r  c o n t a i n  low  

s a l t  e x t r a c t a b l e  e n d o g lu c a n a se  a c t i v i t y  n o r  e x h i b i t  en d o ­

sperm  w ea k en in g . A lth o u g h  n o t  in d u c in g  g e rm in a t io n  o f  

th e rm o d o rm an t s e e d s  f o r  up to  s i x  d a y s , c o n t in u o u s  l i g h t  

t r e a tm e n t  d o es  in d u c e  endosperm  w eak en in g  in  k0% o f  t h e  

s e e d s  and  th e  s e e d s  c o n t a in  a b o u t  h a l f  t h e  low  s a l t  e x t r a c t -  

a b l e  e n d o g lu c a n a s e  a c t i v i t y  h r  = 1 1 ) (T a b le  6? 1 2 ) .

T hese e f f e c t s  o f  d i f f e r e n t  l i g h t  and  te m p e ra tu r e  t r e a tm e n t s  

s u g g e s t  t h a t  e n d o g lu c a n a s e  a c t i v i t y  and endosperm  w e a k en in g  

a r e  p a r t i a l l y  c o n t r o l l e d  by  l i g h t  and  te m p e r a tu r e ,  a r e  

i n h i b i t e d  b y  f a r  r e d  l i g h t  and  a r e  n o t  due to  h y d r a t i o n .

The c l o s e  c o r r e l a t i o n  o f  e n d o g lu c a n a se  a c t i v i t y ,  endosperm  

w eak en in g  an d  g e r m in a t io n  a r e  f u r t h e r  s u p p o r te d  by  t h e s e  

r e s u l t s  ( F ig u r e  6 0 ) .

P a rk  and  Chen (197*0 h av e  d e m o n s tra te d  t h a t  i n  

l e t t u c e  s e e d s  t h e  e n d o s p e rm 's  d r y  w e ig h t  d e c r e a s e s  w i th  

t im e . A f te r  3 d ay s  o f  im b i b i t i o n  u n d e r  c o n d i t io n s  w h ich  

a l lo w  g e r m in a t io n ,  th e  d r y  w e ig h t  o f  th e  endosperm  i s  n e a r l y  

z e r o .  I f  t h e  endosperm s a r e  rem oved, i s o l a t e d  em bryos w i l l  

g e rm in a te  n o rm a l ly  an d  grow , a l th o u g h  th e y  do n o t  grow  a s  

w e l l  a s  i n t a c t  s e e d s .  T h is  s u g g e s ts  t h a t  th e  endosperm  i s  

d e g ra d e d  a n d  may be u s e d  a s  a  fo o d  s o u rc e  f o r  th e  d e v e lo p ­

m ent and  g ro w th  o f  t h e  n ew ly  g e rm in a te d  s e e d l in g .  The 

endosperm  d o es  n o t  s t o r e  s t a r c h ,  b u t  some c a r b o h y d r a te s  a r e  

p r e s e n t  an d  t h e r e  i s  a  t r a n s f e r  o f  s u c ro s e  fro m  th e  endosperm
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to  th e  em bryo (P a rk  and Chen, 197*0. Most o f  th e  c a rb o ­

h y d ra te s  may come from th e  d e g r a d a t io n  o f  t h e  c e l l  w a l l s .

T h is  i s  s u p p o r te d  by  Jo n e s  (197*0 a n d  by d a ta  p r e s e n te d  h e r e .  

J o n e s  (197*0 p r e s e n te d  l i g h t  m ic ro g ra p h s  o f  s e c t io n s  th ro u g h  

th e  endosperm  d e p ic t in g  th e  d e g r a d a t io n  o f  t h e  c e l l  w a l l s  

d u r in g  g e r m in a t io n .  He n o te d  t h a t  t h e  p e r io d i c - a c id - S c h i f f  

s t a i n  o f  t h e  c e l l  w a l ls  was l o s t  fro m  n ea r t h e  plasmalemm a 

o u tw a rd ly , i n d i c a t i n g  t h a t  th e  d e g ra d in g  enzymes a r e  r e l e a s e d  

t  by th e  endosperm  c e l l s .  The s t a i n  w as l o s t  i n  a l l  th e  w a l l s  

e x c e p t  t h o s e  a d ja c e n t  to  th e  in te g u m e n t. The l a t t e r  o b s e rv a ­

t i o n  i s  n o t  i n  ag reem en t w ith  d a ta  p r e s e n te d  h e r e .  T h is  may 

be a c c o u n te d  f o r  by  t h r e e  d i f f e r e n c e s  in  th e  te c h n iq u e s :

1 ) Jo n e s  lo o k e d  a t  c r o s s  s e c t io n s  o f  th e  endosperm  w h ile ,  w ith  

th e  SEM, th e  e n t i r e  s u r f a c e  i s  a b le  t o  be o b s e rv e d . 2) In  

t h i s  t h e s i s ,  t h e  m ic ro p y la r  r e g io n  i s  s p e c i f i c a l l y  examined? 

Jo n e s  d id  n o t  s p e c i f y  from  w hich  a r e a  o f th e  se ed  h is  endo ­

sperm  s e c t i o n s  cam e. 3) The seed s u s e d  in  t h i s  t h e s i s  germ ­

in a te d  s i g n i f i c a n t l y  m ore r a p id ly  th a n  th e  s e e d s  w hich  Jones 

o b s e rv e d . ( Jo n e s  r e p o r te d  g e rm in a t io n  began a f t e r  l b  h r  and 

was 35-bOfi a f t e r  2b  h r . )

S p e e r  and H siao (1976) r e p o r t e d  c e l l u l o s e  i n  th e  endo­

sperm  a c t i n g  a s  an  o sm o tic  b a r r i e r .  A lo s s  o f  endosperm  

i n t e g r i t y  o c c u r re d  in  60% o f  s e e d s  sown f o r  10 to  12 h r ,  p a r ­

a l l e l i n g  r a d i c l e  e x t r u s io n .  E n d o g lu can ase  (c a rb o x y m e th y l-  

c e l l u l a s e )  a c t i v i t y  and  endosperm  w eak en in g  do n o t  o c c u r  s ig ­

n i f i c a n t l y  p r i o r  to  l o s s  o f  endosperm  o sm o tic  i n t e g r i t y .  This 

m ig h t b e  e x p e c te d  i f  endosperm  d e g r a d a t io n  a l lo w s  a  w eakening
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of a mechanical restraint but not if endosperm degradation 
allows the diffusion of large molecules out of the seed, lower­
ing the osmotic pressure in the seed (extra embryonic fluid) 
and allowing water uptake by the radicle.

C e l lu l a r  ex p an s io n  and c o m p re ss io n  i n  n o n g e m in a t in g  

(th erm o d o rm an t) seed s  h av e  been r e p o r te d  an d  may be due to  

th e  m e c h a n ic a l r e s t r a i n t  o f  th e  endosperm  (F o a rd  and H ab er, 

1 9 6 6 ) , I t  h as  a l s o  been  r e p o r te d  t h a t  sodium  2 , ^  d i c h lo r o -  

i s o c y a n u r ic  a c i d  (iC ) i n h i b i t s  th e  r u p tu r i n g  o f  th e  en d o ­

sperm  by an  e lo n g a t in g  em bryonic a x i s  ( P a v l i s t a  and H aber,

1970) (Table 1 3 ) .  This compound, iC, is a chlorine-releasing 
compound (Lindner, 1961) of the s-triazine family which acts 
as selective preemergence herbicides (Pillai and Davis, 1973? 

Flater et al., 197*0 and has been reported to increase 
activity of some enzymes in pea and sweet corn leaves (Wu et 
al,. 1 9 7 1 ) . The endosperms of iC-treated seeds do not have 
signs of degradation (Figure 5 9 ) .  Furthermore, endoglucanase 
activity was not detected in low salt extracts of 9 hr imbibed 
seeds, although activity is unaffected in high salt extracts 
(Figure 58). The low salt extracted endoglucanase activities 
appear in time in seeds from the 19?k batch as in seeds from 
the 1971 batch; there is significantly less high salt ex­
tracted activity in the former seed batch but this activity 
does not change during the pregermination period (unreported 
data). These findings further indicate an involvement of low 
salt extracted endoglucanase activity and the noninvolvement 
of high salt extracted enzymatic activity during the processes
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in the pregermination period.
The data presented here agreeing with the reports of 

Park and Chen (197*0 and Jones (197*0 demonstrates that the 
endosperm is degraded and endoglucanase may be responsible 
for this action. In addition, it is suggested that, due to the 
time of appearance of endogLucanase activity and of endosperm 
degradation (Figure 5 1 ) ,  and the effects of light and temper­
ature treatments (Table 5 , 6 , 1 2 ) ,  an endoglucanase-mediated 
weakening of the endosperm at the micropylar region may be a 
prerequisite for normal germination. This suggestion is, 
therefore, supported by a) the effects of surgically induced 
changes in the endosperm (Ikuma and Thimann, 1963a ) ,  b) the 
observation of embryo expansion without protrusion induced by 
isocyanuric acid treatment, c) the occurrence of a peak in 
endoglucanase activity and d) the occurrence of a peak in 
endosperm degradation prior to germination.

Weakening of the endosperm may serve two purposes in 
lettuce seed germination. Endoglucanases, possibly in con­
junction with other cell wall degrading enzymes, may remove 
the mechanical restraint of the endosperm, thereby facilita­
ting radicle protrusion and inhibiting physical damage to the 
radicle's tip as it begins to expand. An additional role which 
endosperm weakening may have is to "signal" or "trigger" 
radicle elongation as may be speculated from the work on Striga 
lutea (Egley, 1 9 7 2 ), species of Syringa (Juntilla, 1973a )  and 
Stachys alpina (Pinfield et al., 1 9 7 2 ) . This is suggested by 
the induction of radicle protrusion by puncturing the endo-
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sperm (Evenari and Neumann, 1952? Speer, 197*0. Such a 
mechanism would require a "messenger" which would be pro­
duced and upon endosperm degradation would travel to the 
embryonic axis.

Ethylene may be such a "messenger" (Figure 60).
Stewart and Freebairn (1969) reported that gibberellic acid 
stimulates ethylene synthesis and, in turn, lettuce seed 
germination. Using temperature-inhibited seeds which had been 
previously exposed to different light treatments and measuring 
ethylene released by ungerminating seeds separately from germ­
inating ones, Abeles and Lonski (1969) suggested that germin­
ating seeds produce ten-fold more ethylene that nongerminating 
seeds. Different light treatments did not seem to affect the 
results. They concluded that ethylene production is a result 
of germination, Burdett (1972c) did a time course study of 
ethylene production during the pregermination and germination 
periods of lettuce seeds. The reported ethylene levels 
increase 6 hr prior to germination at 20°C and the endogenous 
levels of ethylene appear to be sufficient to promote germin­
ation, ' Esashi and Leopold (1969) reported similar results 
with subterranean clover as the experimental plant material.
At higher temperatures (30°C), ethylene production is inhibited 
and the level of ethylene measured does not appear until 
germination occurs. Burdett (19?2b, c) hypothesized that 
endogenous ethylene is involved in the germination process and 
that the inhibition of germination by higher temperatures is 
due to an inhibition of ethylene production. This hypothesis
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is further supported by studies on thermodormancy with the 
additional finding that endogenous carbon dioxide assists and 
is necessary for ethylene-stimulated germination (Negm et al.. 
1972; Negm et al,, 1973? Keys et al,, 1975)*

Not only does exogenously applied ethylene induce 
germination, but also endogenous concentration of ethylene 
is sufficient for stimulation and arises within the seed 
during the latter part of the pregermination period (Burdett, 
1972b, c). Furthermore, ethylene has been reported to be a 
"wounding" hormone, released as a result of cell damage, e.g., 
in fruit abscission (Cooper et al,, 1 9 6 9 * Rasmussen, 1973). A 

model is proposed (Figure 61) which takes into account this 
"triggering" mechanism and the effects of light, temperature 
and some growth regulators. There is some progress in eluci­
dating the steps, respiratory/energy, during hydration 
(Gesundheit and Poljakoff-Mayer, 1962; Evenari, 1965; Mayer, 
1973; Mayer and Shain, 197*0 and the steps, endoglucanase/ 
endosperm weakening, near the end of the pregermination 
period (reported in this thesis). However, it is further 
noted that the steps between germination induction by temper­
ature and light and endoglucanase activity are unknown (Figure 
60b) and the role of ethylene is speculative.
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Figure 61. Proposed model for lettuce seed germination
involving endoglucanase activity and endosperm weakening.
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SUMMARY AND CONCLUSION

These studies indicate that endoglucanase activity, 
and endosperm weakening precede embryo elongation and are 
correlated with seed germination. Endoglucanase activity 
peaks prior to the peak percentage of .seeds with SEK- 
observable endosperm weakening and both these peaks occur 
prior to the peak in the rate of germination. Treatment 
of seeds with ribonucleic acid and protein synthesis inhibitors 
indicate that endoglucanases were synthesized de novo during 
the imbibition period. Extracts of endoglucanase activities 
were chromatographed in order to determine the presence of 
different enzymes. Five endoglucanases obtained from low and 
high salt extracts were characterized with respect to molecular 
weight, subunit composition and isoelectric point and these 
enzymes were related to bulk activity extracted from seeds 
imbibed for different times. Activity of these endoglucanases 
as well as bulk activity was localized in 0-1 and 9-10 hr 
imbibed seeds by extracting endoglucanases from surgically 
separated seed parts. Activities were predominantly in the 
radicle end and all activities (low salt extract) were in the 
endosperm of the radicle end (surrounding the embryonic axis) 
of 9-10 hr imbibed seeds. This suggests that endoglucanases
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are synthesized de_ novo in the endosperm between 5’ and 9 hr 
from the start of imbibition. Both endoglucanase activities 
and SEM-observable weakening of the endosperm were inhibited 
by exposure to continuous darkness, far red light treatment 
and higher temperatures of 24- and 35°C. These affects were 
correlated with the inhibition of germination by these treat­
ments. Furthermore, embryo elongation was separated from 
endosperm rupture by treatment of seeds with isocyanurate. 
jsocyanurate-treated seeds did not have either endoglucanase 
activity or endosperm weakening. Isocyanurate by inhibiting 
endoglucanase activity may inhibit the weakening of the endo­
sperm and, since the embryonic axis elongates, this may result 
in buckling of the embryo within the endosperm sack.

The results summarized above suggest that germination
is correlated with and preceded by endoglucanases, which,

»

possibly in conjunction with other cell wall degrading enzymes, 
weaken the endosperm surrounding the embryonic axis. By this 
action, the mechanical restraint imposed by the endosperm 
against the embryo is lessened. This weakening of the endo­
sperm layer, thereby, facilitates the ability of the elongating 
embryo to protrude through the endosperm at the radicle end, 
resulting in normal or typical germination.



APPENDIX A 

PROCEDURES

Schedule I. Solutions for Extraction and Assay
1 . Phosphate b u f fe r ,  pH 5 . 9 , 0 .0 5  M 

0 .1  M K2HP0^ 10 ml

0 .1  M KH2PO4 . 90 ml

d i s t i l l e d  H2O 100 ml

2 . Hom ogenizing S o lu t io n

0 .0 2 5  M sodium meta b i  s u l f i t e  (Na2S20^) (p h en o la se  

in h ib i t o r )  added 1 hr p r io r  to  u se  to

0 .0 0 3  M (0 .0 2 # )  sodium a z id e  (NaN3 ) (a n t i-m ic r o b ia l  agent) 

d is s o lv e d  in  0 .0 5  M p otassium  phosphate b u f fe r , pH 5*9.

3 . S a l t  F o r t i f ie d  Hom ogenizing S o lu t io n

1 M NaCl was added to  hom ogenizing s o lu t io n  1 hr p r io r  to u s e .  

S u b stra te  S o lu t io n

1 .5 #  c a r b o x y m e th y lc e llu lo se  (CMC), 7 HS and 7H (H ercu les

Powder) d is s o lv e d  w ith

0 .0 0 3  M (0 .0 2 # )  NaN3 in

0 .0 5  M p otassiu m  phosphate b u f fe r , pH 5*9

CMC was d is s o lv e d  w ith  a m agnetic s t i r r e r  fo r  2 hr a t

room tem perature

1 8 5
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F in a l c o n c e n tr a t io n s  a f t e r  m ix in g  1 p a r t  s u b s tr a te  

s o lu t io n  and 1 p a r t  enzyme e x tr a c t  fo r  a ssa y  a r e t  

0 ,7 5 %  CMC, 0 .0 0 3  M NaN3 , 0 .0 5  M p otassiu m  phosphate  

b u ffe r  (pH 5 .9 )  ( s a l t  f o r t i f i e d )  0 .5  M NaCl.

S ch ed u le  I I .  P r o te in  D eterm in ation  ( fo l lo w in g  Goa, 1953)

1 .  3# sodium h yd rox id e (NaOH)

2 . 11# t r i c h lo r a c e t i c  a c id  (TCA)

3 . Benedicts reagent*
a )  d is s o lv e  sodium c i t r a t e  fo r  a  f i n a l  c o n c e n tr a t io n  o f

1 7 . 3#  and sodium carb on ate  fo r  a  f i n a l  c o n c e n tr a t io n  o f

10#  by h e a t in g  w ith o u t b o i l in g j  th e  s o lu t io n  i s  f i l t e r e d  

warm.

b) d is s o lv e  cu p r ic  s u l f a t e  (*5^ 0 ) fo r  a  f i n a l  c o n c e n tr a t io n  

o f  1 . 73# by h e a t in g

c )  s o lu t io n s  a ) and b) m ixed in  v o lu m e tr ic  f l a s k ,  c o o le d  

and f i l l e d  to  volume w ith  d i s t i l l e d  w a te r i B e n e d ic t 's  

s o lu t io n  was k ep t in  a  sto p p ered  dark b o t t l e ,

4 .  P r o te in  stan d ard

a ) b o v in e  serum album in (BSA) was prepared  in  c o n c e n tr a t io n s  

o f  2 . 5 , 2 . 0 , 1 .5  and 1 .0  mg/ml

b) one ml o f  each BSA s o lu t io n  was t r e a te d  a s  d e sc r ib e d  

in  5 ( f o l lo w in g ) .

5 .  Procedure*
a )  one ml o f  p r o te in  s o lu t io n  (1 p a r t  e x tr a c t*  1 p a r t  

b u f fe r )  was m ixed w ith  4- ml o f  R eagent 2 .

b) a f t e r  l e t t i n g  a )  s ta n d  fo r  10 min a t  room tem perature
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i t  was c e n tr ifu g e d  a t  2500 r /m in  fo r  15 m in.

c )  su p ern a ta n t was d ra in ed  and th e  p e l l e t  (TCA- 

p e r c ip i t a t e )  r e d is s o lv e d  in  ^ ml o f  R eagent 1 .

d) 0 .2  ml o f  R eagent 3 was added to  c )  and b lank was 

p rep ared .

e )  a f t e r  20 to  kO min a t  room tem perature, o p t ic a l  

d e n s ity  was m easured a t  330 nm w ith  a S p e c tro n ic  20 

(Bausch-Lomb).

f ) p r o te in  c o n te n t  was c a lc u la te d  from stand ard  curve  

o b ta in ed  u s in g  b o v in e  serum album in (**)•

Schedule III. Column Chromatogr aphy
1 .  Column d im ensions -  d iam eter = 2 ,5  cm, le n g th  = k 5  cm

2 . Bed h e ig h t  = 1*0*5 cm

3. Bed volume s  200 ml

i*. Plow r a t e  (Sephadex G-100) 55 7 .5  drops/m in  = k  m l/cm 2 hr

5 . O perating  p r essu r e  (G -100) = 25 -30  cm H2O

O p eratin g  p r e ssu r e  (G -200) * 1 0 -1 5  cm H2O

O p eratin g  p ressu r e  was m ain ta in ed  u s in g  a  M a rr io tt f la s k

made w ith  a column r e s e r v o ir  (R25-Pharm acia)

6 . Void volume was determ ined  w ith  b lu e  b ex tra n  2000 

(1 mg/ml) and was about 50 to  5 2 .5  Ml.

7 . G el s w e l l in g !

G-100; 16  gm w ere s w e lle d  in  300 ml phosphate b u f fe r ,  

pH 5 .9  (S ch ed u le  I )  p lu s  0 ,0 0 3  M (0 .0 2 # )  NaN3 fo r  5 hr in  

b o i l in g  w ater b ath  and 2 -3  dy a t  room tem perature  

G-200; 8 gm were sw e lle d  a s  ab ove.



188

8 . Column p ack in g  t

Column was le v e le d  and a f t e r  g e l  s w e l l in g ,  g e l  was poured  

in to  column w ith  a  lo n g  g la s s  s t i r r i n g  ro d . Sample a p p l i ­

c a to r  or f lo w  adaptor a s  w e ll  a s  a M a rr io tt f la s k  were 

a tta c h e d  to  column and e n t ir e  assem b ly  was p la ced  in  c o ld  

room a t  8°C . F r a c tio n s  were e lu te d  w ith  0 .0 5  M p otassiu m  

p hosphate b u f fe r ,  pH 5*9 , p lu s  0 .0 0 3  M sodium a z id e .

Schedule IV. M olecu lar W eight Standards

1 . A ld o la se  (1 5 8 ,0 0 0  D a lto n s) 100 mg (2 0 -2 5 #  p r o t e in i

7 5 -8 0 #  su c r o se )

Chym otrypsinogen A (2 5 .0 0 0  D) 20 ml 

Sucrose 120 mg

2 ml o f  e lu a n t  s o lu t io n  (Schedu le I I I )

2 . Ovalbumin (^ 5 ,0 0 0  D) 20 mg

R ib on u clease A (1 6 ,7 0 0  D) 20 mg

Sucrose 200 mg

2 ml o f  e lu a n t  s o lu t io n

3 . B lue D extran 2000 (2X10* D) 2 mg

2 ml o f  e lu a n t s o lu t io n

Bovine Serum Albumin (6 7 ,0 0 0  D) 20 mg 

Sucrose 200 rag

2 ml o f  e lu a n t  s o lu t io n

5 . P a r t i t io n  C o e f f ic ie n t s  (Kav)

Kav = (Ve-Vo) / ( Va-Vo)

Ve s  e lu t io n  tube fo r  each  p r o te in

Vo = v o id  volume (tu b e ) determ ined w ith  b lu e  Dextran 2000  

Va = bed volume ( tu b e s )
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Schedule V. Poly-Acrylamide Gel Electrophoresis
1 . IN HC1 24 ml

T r is  1 8 .1  gm

Temed 0 .1 2  ml d i l u t e  to  100 ml w ith  d i s t i l l e d  w ater

2 . IN HC1 48 ml

T r is  5 .9 8  gm

Temed 0 .4 6  ml d i lu t e  to  100 ml w ith  d i s t i l l e d  w ater

3 . A crylam ide 28 gm

B is 0 .7 3 5  gm d i lu t e  to  100 ml w ith  d i s t i l l e d  w ater

4 . A crylam ide 20 gm

B is 5 gm d i l u t e  to  100 ml w ith  d i s t i l l e d  w ater

5 . R ib o f la v in  4  gm in  100 ml d i s t i l l e d  w ater

6 . S u cro se  40 gm in  100 ml d i s t i l l e d  w ater

7 , Ammonium P e r s u lfa t e  0 .1 4  gm in  100 ml d i s t i l l e d  w ater

8 , A l l  s o lu t io n s  were s to r e d  in  dark b o t t l e s  a t  4°C, 

S o lu t io n s  6 and 7 w ere made on same day a s  u sed .

9 , S ep a ra tin g  Gel*

1 p a r t  1 * 1 p a r t  3 : 2 p a r ts  7

1 0 . R in s in g  s o l u t i o n »

1 p a r t  2 i 1 p a r t  5 * 6 p a r ts  d i s t i l l e d  w ater

1 1 . S ta c k in g  G elt

1 part 2 1 1 part 4« 1 part 5* 4 parts 6t 1 part
distilled water

1 2 . Gel tu b et

S ep a ra tin g  g e l  = 5 cm topped  w ith  

s ta c k in g  g e l  = 1 cm

r in s in g  s o lu t io n  u sed  to  wash tub e a f t e r  s e p a r a t in g  g e l
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hardens and p r io r  to  a d d it io n  o f  s ta c k in g  g e l .

1 3 . T rack ing  dyes

a )  Brom cresol green  0 .0 5 #  in  d i s t i l l e d  w ater

used  a t  pHs below  7» 1 drop added a top  each  tube

b) Bromphenol b lu e  0 .0 0 5 #  in  d i s t i l l e d  w ater

u sed  a t  pHs above 8* 4 drops added to  upper chamber

o f  ap p a ra tu s.

1 4 . C itr a te -P h o sp h a te  B u ffer

1 - 0 .1  M c i t r i c i a c i d  I I - 0 .2  M d ib a s ic  sodium phosphate  

a l l  s o lu t io n s  d i lu te d  to  100 ml w ith  d i s t i l l e d  w ater and 

t i t r a t e d  to  proper pH when n e c e s s a r y

a ) PH 4 .0 3 0 .7  ml I 1 9 .3  ml I I

b) pH 4 .2 2 9 .4 f t 2 0 .6 If

c ) PH 4 .3 2 8 .6 if 2 1 .4 99

d) PH 4 .4 2 7 .8 II 2 2 .2 f t

e ) PH 4 .5 2 7 .2 5 it 2 2 .7 5 V

f ) pH 4 .6 2 6 .7 N 2 3 .3 f t

g ) PH

00•-3- 2 5 .2 II 2 4 .8 If

h) PH 5 .0 2 4 .3 99 2 5 .7 99

i ) PH 5 .1 2 3 .8 99 2 6 .2 99

j ) PH 5 .2 2 3 .3 If 2 6 .7 99

1 5 . Phosphate B u ffer

1 - 0 ,2  M m onobasic sodium  phosphate I I - 0 .2  M d ib a s ic  

sodium phosp h ate a l l  s o lu t io n s  d i lu te d  to  400 ml and 

t r i t r a t e d  to  proper pH

a ) pH 6 .0  i 8 7 .7  ml I  1 2 .3  ml I I

b) pH 7 .0  » 3 9 .0  " 6 1 .0
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c )  pH 8 .0  » 5 .3  ml I  9 ^ .7  ml I I

1 6 . B o ric  A cid -B o rax  B u ffe r

I  -  0 .2  M b o r i c  a c id  I I  -  0 .0 5  M b o ra x  (0.2M  sodium

b o r a te )  a l l  s o lu t i o n s  d i l u t e d  to  kOO ml and  t i t r a t e d  

to  p ro p e r  pH

a )  pH 9 .0  i 50 ml I  59 ml I I

S ch ed u le  V I. S can n in g  E le c t r o n  M icroscopy  S o lu t io n s

1 , F ix a t io n

a )  C a c o d y la te  B u ffe r

I  -  0 .2  M sodium  c a c o d y la te  I I  -  0 .2  M HC1 

pH 7 .2  t 50 ml I  k , 2 ml I I

b )  G lu te ra ld e h y d e  S o lu t io n

6 ml o f  50# g lu te r a ld e h y d e  s o l u t i o n  was ad d ed  to  kk  ml 

o f  c a c o d y la te  b u f f e r  ( a ) .

c )  s e e d s  w ere  im m ersed in  b ) f o r  2 days a t  k°C

d ) a f t e r  c ) ,  s e e d s  w ere w ashed th r e e  t im e s  w ith  

c a c o d y la te  b u f f e r  ( a )  a t  ^°C .

e )  a f t e r  one to  t h r e e  d ay s i n  ( a ) ,  s e e d s  w ere  d i s s e c t e d  

and  d e h y d ra te d .

2 . D e h y d ra tio n  t

f )  a f t e r  d i s s e c t i o n ,  s e e d s  w ere p la c e d  i n  a  w ire  b a s k e t

g ) b a s k e ts  ( f )  w ere p la c e d  i n  10# e th a n o l  f o r  10 m in

h )  a f t e r  (gi) b a s k e ts  w ere  p la c e d  f o r  5 m in  in  each  o f»  

2 0 , 30 , kO, 5 0 , 60, 70 , 80 , 90 an d  100# e th a n o l .

i )  b a s k e ts  w ere p la c e d  two a d d i t i o n a l  t im e s  i n to  100# 

e th a n o l  f o r  10 and  20 m in r e s p e c t i v e l y
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j )  b a s k e ts  w ere  p la c e d  i n  10#  F reo n  113 f o r  10 m in

k )  a f t e r  ( j ) ,  b a s k e ts  w ere  p la c e d  f o r  5 m in i n  e a c h  o f t

20 , 30 , 4 0 , 5 0 , 60 , 7 0 , 80 an d  90# F reo n

1 )  b a s k e ts  w ere  p la c e d  t h r e e  t im e s  i n to  100#  F re o n  f o r

10 m in , 20 m in and  o v e r n ig h t  r e s p e c t i v e l y

m) a f t e r  above d e h y d r a t io n ,  b a s k e ts  w i th  s e e d s  w ere  p la c e d

i n t o  a  c r i t i c a l  p o in t  d r y e r  (T e c h n ic s ) ,  w ashed f o r  5 m in

> w i th  F reo n  13 and  c r i t i c a l  p o in t  d r i e d  w i th  F reo n  1 3 . 

n )  a f t e r  c r i t i c a l  p o in t  d r y in g ,  s e e d s  w ere  p la c e d  i n  

P e t r i  d is h e s  and  l e t  s t a n d  f o r  one to  t h r e e  d ay s  a t  room 

te m p e ra tu r e  i n  a i r  b e f o r e  p r e p a re d  f o r  v ie w in g  w i th  SEM.

S ch ed u le  V I I .  S ta n d a rd  E r r o r  (K ru y t, 1954* M a c h lis  and  

T o rre y , 1 9 5 6 i S oko l and R o h lf , 1 9 6 9 )

1 .  a r i t h m e t i c  m ean—  x

2 . i n d iv i d u a l  d e v i a t i o n  from  th e  mean —  / x i - x /

Xi -  d e te r m in a t io n

3 . s q u a re  o f  2 —  / x i - x /

4 . sum o f  a l l  3 s —% /x i-x / 2

5 .  d iv id e  4  by  th e  num ber o f  d e te r m in a t io n s  (N) l e s s  th a n

one —
N -l

6 . s q u a re  r o o t  o f  5 ( s ta n d a r d  d e v i a t i o n )

g/*1-*/2 = S D
N -l

*
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7 . s ta n d a r d  e r r o r *  d iv id e  6 ( s ta n d a r d  d e v i a t i o n )  by  

s q u a re  r o o t  o f  N — ^ X i - x / 2

  = S .E .

ft?)Ci-iy
V  N -l
~ 7 T r

8 . S ta n d a rd  e r r o r  was c a l c u l a t e d  from  t h r e e  to  t e n

d e te r m in a t io n s  f o r  m easurem ent, an d  was r e p r e s e n te d  by  

v e r t i c a l  b a r s  su p e rim p o sed  on i n d iv i d u a l  m e asu rem e n ts .



APPENDIX B 

MODELS AND SCHEMES

ABBREVIATIONS:

A = a b s c i s i c  a c id

a c t  = a c t i v e  form

C = c o ty le d o n

D = d a rk n e s s

EA = em bryonic  a x i s

EN = endosperm

f r  “  f a r  r e d  l i g h t  e x p o su re

G = g i b b e r e l l i n

i n a c t  = i n a c t i v e  form

K -  k i n e t i n

L * l i g h t

N2 = n i t r o g e n

O2 55 o x y te n

P = phy toch rom e

r  = r e d  l i g h t  ex p o su re

T = t h i o u r e a

Z = z e a t i n

19^



APPENDIX B

SCHEDULE I i  PHYTOCHROME MODEL FOR LETTUCE SEED GERMINATION 
(m o d if ie d  from  M a n c in e l l i  and  B o rth w ick , 1964- and

Ikuma an d  Thim ann, 196*0

Pr %
\ D  c o n v e rs io n

PRIMARY PHOTOREACTION

02
h o r m o n e ------------ »enzyme a c t i v a t i o n

N a tm .p ro d u c ^  \ ( h y d r o ly t i c ? )

o r b? e a o ta n t  ^ --------------- .g e m i n a t i o n
DARK REACTION

SCHEDULE H i  TWO PIGMENT MODEL FOR LETTUCE SEED GERMINATION 
(m o d if ie d  from  N egbi e t  a l . , 1968  and  V id av e r  and H s ia o , 197*0

Pr. r > Pfr +  S (membrane integrity?)
f r

« ,  A . '

K
•actth e rm a l  ,

p r e c u r s o r  Pact -  " -  p ro lo n g e d
r ; Jf A  d a rk  s to r a g e ,

-g e rm in a t io n

 -
h e a t  in d u c e d ?  A

P inact
cytokinin? ^ *nact 
low temperature?
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SCHEDULE I I I i  HIGH TEMPERATURE CUT-OFF AND GROWTH REGULATORS 
AND LETTUCE SEED GERMINATION (from  R ey n o ld s and  Thompson, 1973)

D L

SCHEDULE IV* TEMPERATURE/LIGHT MODEL FOR LETTUCE SEED 
GERMINATION (m o d if ie d  from  B e r r i e ,  1 9 6 6 )

i n h i b i t o r ?
t

PREDOMINATES b
ABOVE 2 ^[Irreversible

3 equilibrium
PREDOMINA5R5S^4^e 
BELOW 25°C d

d e g ra d e d  below  25 C

u i l i b r i u m  
s t a t e

-♦germination

SCHEDULE V* SURGICAL CUTS AND LETTUCE SEED GERMINATION 
(fro m  Ikuma an d  Thim ann, 1963a)

, t y p i c a l  
c u t s  -  a

a t y p i c a l

$

A  J*
,0

SITES OF 
OPERATION

V
MODES OF GERMINATION

3  n o te  — R a d ic le  h a s  a l s o  p r o t r u d e d  th ro u g h  
th e  endosperm .
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EXPLANATION OP FIGURES

Figures 40 through 50* 52 through 54 and 59 are scanning 
electron micrographs of the outer surface of the endosperm 
at the radicle end of lettuce seeds unless otherwise stated 
and are observations of seeds sown in distilled water at 
20°C in continuous white light unless otherwise stated. 
Figures 56 and 57 are light micrographs.

AG "atypically" germinated seed
B break
BG-- "buckling groove”
BS-- "buckled" seed
C crack
CO cotyledon
D--— degraded area
EN endosperm
G grain
HS half seed
I integument
L large crack
N net-like area
ND nondegraded area
NG-- "normally" germinated seed
NU-- "normally" ungerminated seed
P pit
PER— pericarp 
PIN— "pinching"
R radicle
W cell wall (nondegraded)



Figure *K). Dry (0 hr imbibed) seeds showing nondegraded
cell walls. a: X170, b: X560.

Figure *J>1. 3 hr imbibed seeds showing nondegraded cell
walls. a: XI80, b: X520.



Figure 40

Figure 41



Figure 42. 6 hr imbibed seeds showing nondegraded
cell walls. a? X120, b: X220, cs X600.



F ig u re  k2



F ig u re  43 . 8 h r  im b ibed  s e e d s ,  n o te  n o n d eg rad e d  (

an d  d eg ra d e d  (a , c ,  d) a r e a s .  a? X180, b t 

c t  X340, d :  X200.

a ,  b , d) 

X360,



Figure ^3



F ig u r e  44 . 9 h r  im b ib ed  s e e d s ,  n o t e  p i t s  and c r a c k s ,

as X320, bs X530.

F ig u re  45 . 10 h r  im b ib ed  s e e d s ,  n o te  b re a k  ( a ) ,  n e t - l i k e

a r e a  ( b ) ,  p i t s  and  r i p p l e s  a lo n g  c e l l  w a l l s ,  a :  X330,

b ;  X500.



Figure 44

F ig u re  45



F ig u re  *1-6. 12 h r  im bibed  s e e d p n o t e  c o l l a p s e d  a r e a

( a f b ) f l a r g e  c r a c k  (a ,  c )  and  num erous p i t s  and 

c r a c k s  (b , c ,  d ) . a t  X200f bs X600, c :  X530»

d :  X70 0 .



Figure ^6



F ig u re  ^7 . a ,  b , c i  12 h r  im b ib ed  s e e d ,  n o t e  n e t - l i k e

a r e a  (a )  and  num erous p i t s  and  c r a c k s  ( a ,  b , c ) ;  

d t 10 h r  im bibed  s e e d ,  n o t e  n e t - l i k e  a r e a  and p i t s ,  

a :  X270, bs X*K)0, c :  X700, d j  X390.



F ig u re  k?



F ig u r e  ^ 8 . a :  12 h r  im b ib ed  s e e d ,  n o t e  b r e a k ,

b :  10 h r  im b ibed  s e e d ,  c :  11 h r  im bibed  s e e d ,

d :  12 h r  im b ibed  s e e d .  Note open endosperm a t

r a d i c l e  e n d , a :  X170, b :  X100, c :  X100,

d :  X100.



F ig u re  ^8



F ig u r e  ^9 . a :  12 h r  im b ibed  s e e d ,  n o te  l a r g e  c r a c k s

and  p o s s i b l e  b r e a k  o r  c o l l a p s e d  a r e a ,  b» 12 h r  

im b ibed  s e e d ,  n o t e  b r e a k ,  c :  13 h r  im bibed  s e e d ,

n o t e  o p e n in g  and n e t - l i k e  a r e a .  Note deve lopm en t o f  

an  o p e n in g  i n  endosperm , ds mid s e c t i o n  o f  an  11 h r  

im b ibed  s e e d  ( F ig u r e  ^8c) w hich  h as  an o p e n in g  a t  

t i p .  a :  XI60, b : X120, c :  Xl60, d* X460.



Figure ^9



F ig u r e  50* S can n in g  e l e c t r o n  m ic ro g ra p h s  o f  i n n e r  s i d e

o f  endosperm f l a p  o f  12 h r  im b ib e d  s e e s  w i th  an  o p e n in g ;  

n o t e  b reak u p  o f  c e l l u l a r  s t r u c t u r e ,  g r a i n s  i n  m a t r i x  and  

s m a l l  s e c t i o n  o f  c e l l  w a l l .  a* X1200, b* t i l t e d  

h-5°— a p p ro x im a te ly  X1000, c :  X1700, ds X3800 ( c lo s e u p

o f  c ) .



F ig u re  50



F ig u r e  5 2 .  12 h r  im b ib ed  s e e d s  sown i n  d a r k n e s s  and

ex p o sed  t o  f a r  r e d  l i g h t  be tw een  t h e  3 rd  and  4 th  h r  

o f  i m b i b i t i o n ,  a* X340, b i  X780.



Figure 52



F ig u re  5 3 . E f f e c t s  o f  t e m p e r a tu r e  (2 4 ° C) on  s u r f a c e

a p p e a ra n c e  o f  endosperm s o f  12 h r  im b ib e d  s e e d s  sown 

i n  c o n t in u o u s  w h i te  l i g h t  ( a ,  b )  o r  i n  c o n t in u o u s  

d a r k n e s s  ( c ) .  a t  X210t b t  X660, c :  X200.



Figure 53



F ig u r e  5^* E f f e c t s  o f  t e m p e r a tu r e  (35°C) on s u r f a c e

a p p e a ra n c e  o f  endosperm s o f  12 h r  im b ibed  s e e d s  sown in  

c o n t in u o u s  w h i t e  l i g h t  ( a ,  b , c )  o r  i n  c o n t in u o u s  

d a r k n e s s  ( d ) .  a» X280, b« X350, c t  X^IO, d i  X220.



Figure 5^



F ig u re  5 6 . L ig h t  m ic ro g ra p h s ,  a* Normal g e rm in a te d

and  u n g e rm in a te d  l e t t u c e  s e e d ,  b :  Normal g e rm in a te d

and  u n g e rm in a te d  s e e d s ,  "b u c k le d "  s e e d  sown i n  5 mg/ml 

iC f o r  ^  dy  ( p e r i c a r p  removed f o r  m ic ro g ra p h )  and h a l f  

s e e d  sown i n  5 mg/ml iC , c.* Seeds  sown i n  5 mg/ml 

iC — g r e e n  s e e d l i n g  w i th  g roove  i n d i c a t i n g  t h e  p r o b a b i l i t y  

o f  h a v in g  been  " b u c k l e d , " h a l f  s e e d  and  two " b u c k le d "  

s e e d s ,  a :  X15» bs X13» c :  X13.



Figure 56
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F ig u re  57 . Seeds  sown i n  5 mg/ml iC f o r  4 dy show

"b u c k le d "  se e d s  (a ,  b # c f d) an d  s e e d s  a t y p i c a l l y  

g e r m in a t in g  th r o u g h  m id  s e c t i o n  (d ,  e )  and  th ro u g h  

c o ty le d q n a r y  en d  ( f ) .  a? X l l ,  b :  X15» c :  X23, 

d :  9 .0 ,  e :  X15, f i  X15.



F ig u r e  5 7



F ig u re  59* S c an n in g  e l e c t r o n  m ic ro g ra p h s  o f  s e e d s

sown i n  5 mg/ml iC f o r  ^  dy a t  2 0 ° C and i n  16 h r  

p h o to p e r io d ,  a ,  b :  "B uckled" s e e d s ,  n o te  l a c k

o f  d e g r a d a t i o n ,  c i  g e rm in a te d  s e e d ,  n o t e  t h e  

" p in c h in g "  o f  r a d i c l e  a s  i t  em erges , a :  X250,

b :  X170, cs  X120.
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