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Abstract:
A series of four waxy-normal endosperm isogenic pairs developed in three barley (Hordeum vulgare)
lines were used to evaluate the effect of the waxy endosperm gene on certain germination and
agronomic traits during and after kernel maturation as well as on malting quality and speed of
imbibition. Plots in two locations were sampled three times per week from shortly after anthesis to
harvest maturity to evaluate seed size, alpha-amylase activity, and germination characteristics during
kernel maturation. A second set of plots was used to evaluate the effect of the waxy endosperm gene on
yield, malt quality, and other agronomic traits at harvest maturity. Speed of imbibition in four
Compana isotypes grown in three environments was determined in a 48 hour, 20° C, unaerated steep.
Isogenic analysis showed that waxy endosperm isotypes exhibited significantly less dormancy, smaller
seeds, and greater alpha-amylase activity during kernel maturation than did normal endosperm
isotypes. Waxy and normal endosperm isotypes did not vary significantly in germination behavior,
yield, heading date, or in most malting quality characteristics at harvest maturity. Waxy endosperm
isotypes were significantly lower in diastatic power, had significantly lower seed weights, and in
certain genetic backgrounds were shorter than normal isotypes.

Waxy and normal endosperm isotypes did not differ significantly in speed of imbibition although
preliminary information showed that waxy isotypes could reach a 45% moisture level from 9.1 to 14.0
hours sooner than normal Compana isotypes. Naked Compana isotypes imbibed water significantly
faster, yielded 17% less, had a 16% smaller seed weight and exhibited significantly less dormancy and
a greater germination speed during kernel maturation and at harvest maturity than did covered
Compana isotypes. 
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ABSTRACT

xii i

A s e r i e s  o f  f o u r  waxy-normal endosperm i s o g e n i c  p a i r s  developed 
in  t h r e e  b a r l e y  (Hordeum v u l g a r e ) l i n e s w e r e  used to  e v a l u a t e  the  
e f f e c t  o f  t h e  waxy endosperm gene on c e r t a i n  germ ina t ion  and agronomic 
t r a i t s  d u r in g  and a f t e r  kernel  m a tu ra t i o n  as well  as  on m a l t i n g  
q u a l i t y  and speed o f  im b i b i t i o n .  P l o t s  in  two l o c a t i o n s  were sampled 
t h r e e  t im es  per  week from s h o r t l y  a f t e r  a n t h e s i s  t o  h a r v e s t  m a t u r i t y  
t o  e v a l u a t e  seed s i z e ,  a lpha -am y lase  a c t i v i t y ,  and germ ina t ion  
c h a r a c t e r i s t i c s  d u r in g  kernel  m a t u r a t i o n .  A second s e t  o f  p l o t s  
was used t o  e v a l u a t e  t h e  e f f e c t  o f  th e  waxy endosperm gene on 
y i e l d ,  m a l t  q u a l i t y ,  and o t h e r  agronomic t r a i t s  a t  h a r v e s t  m a t u r i t y .  
Speed o f  i m b i b i t i o n  in  f o u r  Compana i s o t y p e s  grown in  t h r e e  e n v i ro n ­
ments was de te rmined  in  a 48 hour ,  20° C, u n ae ra ted  s t e e p .  I sogen ic  
a n a l y s i s  showed t h a t  waxy endosperm i s o t y p e s  e x h i b i t e d  s i g n i f i c a n t l y  
l e s s  dormancy,  s m a l l e r  s e e d s ,  and g r e a t e r  a lpha -am ylase  a c t i v i t y  
d u r in g  kernel  m a tu ra t i o n  than  d id  normal endosperm i s o t y p e s .  Waxy 
and normal endosperm i s o t y p e s  d id  no t  vary  s i g n i f i c a n t l y  in  ge rm ina t ion  
b e h a v i o r ,  y i e l d ,  heading d a t e ,  o r  in  most m a l t in g  q u a l i t y  c h a r a c t e r i s ­
t i c s  a t  h a r v e s t  m a t u r i t y .  Waxy endosperm i s o t y p e s  were s i g n i f i c a n t l y  
lower in  d i a s t a t i c  power, had s i g n i f i c a n t l y  lower seed  w e i g h t s ,  and 
in  c e r t a i n  g e n e t i c  backgrounds were s h o r t e r  than  normal i s o t y p e s .
Waxy and normal endosperm i s o t y p e s  d id  no t  d i f f e r  s i g n i f i c a n t l y  in  . 
speed o f  im b ib i t i o n  a l though  p r e l i m i n a r y  in fo rm a t io n  showed t h a t  waxy 
i s o t y p e s could reach  a 45% m o i s tu r e  l e v e l  from 9.1 to  14.0  hours 
sooner  than  normal Compana i s o t y p e s .  Naked Compana i s o t y p e s  imbibed 
w a te r  s i g n i f i c a n t l y  f a s t e r ,  y i e l d e d  17% l e s s ,  had a 16% s m a l l e r  
seed w eigh t  and e x h i b i t e d  s i g n i f i c a n t l y  l e s s  dormancy and a g r e a t e r  
ge rm in a t io n  speed d u r ing  kernel  m a tu ra t i o n  and a t  h a r v e s t  m a t u r i t y  
than  d id  covered Compana i s o t y p e s .
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Waxy b a r l e y  s t a r c h  i s  more r e a d i l y  m od i f ied  by e i t h e r  chem icals  

o r  enzymes than  i s  normal b a r l e y  s t a r c h .  This  and o t h e r  unique p roper  

t i e s  o f  waxy b a r l e y  s t a r c h  i n d i c a t e  t h a t  waxy b a r l e y  may become 

i n c r e a s i n g l y  im por tan t  in  c e r t a i n  i n d u s t r i a l  p ro c e s s e s .  L i t t l e  i n ­

fo rm a t io n  has been developed on th e  e f f e c t  o f  t h e  waxy endosperm 

gene on agronomic,  g e rm i n a t i o n ,  and m a l t  q u a l i t y  c h a r a c t e r i s t i c s  

be fo re  and a f t e r ,  h a r v e s t  m a t u r i t y .

The o b j e c t i v e s  o f  t h e  fo l l o w in g  s t u d i e s  were to  de te rm ine  the  

e f f e c t  o f  t h e  waxy endosperm gene on g e rm i n a t i o n ,  dormancy,  seed s i z e ,  

and a lpha -am y lase  a c t i v i t y  d u r in g  kernel  m a tu ra t i o n  and on im b ib i t i o n  

and m a l t i n g  q u a l i t y  in  t h e  mature g r a i n .
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Germination C h a r a c t e r i s t i c s  o f  Developing B ar ley  Grain

I s o l a t e d  b a r l e y  embryos can germ ina te  a t  a very  e a r l y  s t a g e  o f  

development ,  even as e a r l y  as f i v e  days a f t e r  a n t h e s i s  (Bishop,  1944; 

Gordon, T969) . The a b i l i t y  o f  t h e  embryo t o  germinate  a t  t h i s  e a r l y  

s t a g e  depends on a c r i t i c a l  embryo s i z e  (Cameron-Mills  and D u f fu s ,

1980).  I n t a c t  s e e d s ,  however,  cannot  germ ina te  in  t h e  e a r l y  deve lop­

mental  s t a g e s .  Gordon (1969) r e p o r t e d  t h a t  on ly  a few i n t a c t  b a r l e y  

seeds  germinated  in  t h e  f i r s t  42 days a f t e r  a n t h e s i s .  W el l ing ton  (1964) 

r e p o r t e d  no germ ina t ion  in  b a r l e y  seeds  u n t i l  3-4  weeks a f t e r  a n t h e s i s ,  

w h i l e  B i ld e rb a c k  (1971) showed no ge rm ina t ion  up t o  20 days a f t e r  

a n t h e s i s  when th e  seeds  were immediately  p laced  on m o is t  sand.

S i m i l a r  r e s u l t s  a r e  r e p o r t e d  f o r  wheat  (W el l ing ton ,  1956a,  1956b; 

M i tc h e l l  e t  a l . ,  1980).

The seed  c a n ,  however,  ge rmina te  a t  a very  e a r l y  s t a g e  i f  the  

embryo i s  exposed to  t h e  a i r  by r u p t u r i n g  th e  p e r i c a r p  and t e s t a .

Gordon (1969) r e p o r t e d  a germ ina t ion  r a t e  in  b a r l e y  o f  75% t e n  days 

a f t e r  a n t h e s i s  under t h e s e  c o n d i t i o n s .  Wheat can germ ina te  as e a r l y  as 

3-4 weeks a f t e r  a n t h e s i s  when th e  embryo i s  exposed m e c h an ic a l ly  

(W el l ing ton ,  1956b) . Drying o f  t h e  immature g r a in  has a s i m i l a r  

e f f e c t .  A i r  d r i e d  g r a i n  germ ina tes  a t  an e a r l i e r  s t a g e  o f  m a t u r i t y  (10 

days a f t e r  a n t h e s i s )  and a t  a f a s t e r  r a t e  th a n  undr ied  g r a in
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(M itche l l  e t  a l . ,  1980) .  Wel l ington  r e p o r t e d  ge rm ina t ion  o f  d e s i c c a t e d  

immature wheat  t h r e e  weeks a f t e r  a n t h e s i s  compared to  f i v e  weeks a f t e r  

a n t h e s i s  in  undr ied  g r a i n  (W el l ing ton ,  1956b) .

The ge rm in a t io n  c a p a c i t y  o f  immature g r a in  develops  e a r l y  a f t e r  

f e r t i l i z a t i o n ,  p robab ly  w i t h i n  t h e  f i r s t  10-15 days fo l l o w in g  a n t h e s i s  

(Gordon, 1969; LaCrox e t  a l . ,  1976; Gordon e t  a l . ,  .1979; M itche l l  

e t  a l . ,  1980; T a k a h a s h i , 1980).  The ge rm in a t io n  c a p a c i t y  r i s e s ,  then 

d e c re a s e s  r a p i d l y  w i th  d e c r e a s i n g  m o i s t u r e  c o n t e n t  and th e  i n d u c t i o n  o f  

dormancy ( T a k a h a s h i , 1980) .  High te m p e ra tu r e s  d u r in g  seed fo rmat ion  

(10-20 days p q s t  a n t h e s i s )  r e p r e s s  dormancy in d u c t io n  w h i le  low temper­

a t u r e s  enhance t h e  i n d u c t io n  o f  dormancy (T aka hash i , 1980). LaCroix 

e t  a l . (1976) r e p o r t e d  a d e c re a s e  in  ge rm in a t io n  p e rc e n ta g e  in  s p r in g  

wheat  34^-40 days a f t e r  a n t h e s i s .  W el l ing ton  (1964) r e p o r t e d  a 14% 

and 22% r e d u c t io n  in  ge rm in a t io n  o f  Domen,and Herta b a r l e y s  r e s p e c t ­

i v e l y ,  as  secondary  dormancy was imposed.  Th is  dormancy b reaks  down 

w i th  i n c r e a s i n g  m a t u r i t y  and s t o r a g e .

The p e r i c a r p  i s  im p l i c a t e d  as having some c o n t ro l  o ve r  germina­

t i o n  in  d eve lop ing  b a r l e y  (W el l ing ton ,  1964; Gordon, 1969; Br iggs ,

1978; M i tc h e l l  e t  a l . ,  1980) .  Water  l o s s  th rough  th e  p e r i c a r p  occurs  

w h i l e  t h e  embryo and remainder  o f  t h e  g r a i n  i s  s t i l l  accum ula t ing  w a te r .  

The c a p a c i t y  t o  germ ina te  f i r s t  occurs  when 50% o f  th e  w a te r  has been 

l o s t  from t h e  o u t e r  p e r i c a r p  (M itche l l  e t  a l . ,  1980).

The c a p a c i t y  t o  ge rm ina te  a t  h a r v e s t  t im e  and d u r in g  b a r l e y
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development i s  a v a r i e t a l  c h a r a c t e r  t h a t  i s  s u b j e c t  t o  environmenta l  

v a r i a t i o n .  A s tu d y  o f  4 m a l t i n g  and 3 nonmalt ing b a r l e y  v a r i e t i e s  

showed i n i t i a l  ge rm in a t io n  c a p a c i t y  o c c u r r i n g  25-44 days a f t e r  a n t h e s i s  

and 50% ge rm in a t io n  c a p a c i t y  o c c u r r i n g  between 30 and 60 days a f t e r  

a n t h e s i s  (LaBerge e t  a l . ,  1971).  Gordon e t  a l .  (1979) showed t h a t  a 

50% g e rm in a t io n  p o t e n t i a l  in  wheat  occu r red  32-38 days a f t e r  a n t h e s i s .  

Speed o f  ge rm in a t io n  i n c r e a s e s  w i th  i n c r e a s i n g  m a t u r i t y  in  b a r l e y  

(B i ld e rb a c k ,  1971) and wheat  (LaCroix e t  a l . ,  1976).

Alpha-amylase Development in  Developing B a r ley  Grain

In b a r l e y  and wheat  a t  l e a s t  two ty p e s  o f  a lpha -am ylase  e x i s t  

(Daussant  and Mayer, 1980; Kruger,  1980; Gordon,  1980; S a r g e a n t ,  1980). 

Green a lp h a -a m y la s e ,  a lpha -am ylase  I ,  i s  found in  d eve lop ing  s eeds .

Malt  a lp h a -a m y la s e ,  a lpha -am ylase  I I ,  i s  found predom inan t ly  in  germin­

a t i n g  seeds  (Daussant  and Mayer, 1980; Gordon,  1980).  Recent  ev idence  

i n d i c a t e s  both  ty p e s  o f  a lpha -am ylase  a r e  p r e s e n t  in  ge rm ina t ing  

b a r l e y  s e e d ,  a l th o u g h  most o f  th e  a lpha -am y lase  a c t i v i t y  i s  due to  

a lpha -am y lase  I I  (Daussant  and Mayer, 1980).

Green a lp h a -a m y la s e ,  l o c a t e d  in  t h e  p e r i c a r p  o f  d ev e lo p in g  s e e d s ,  

i s  independen t  o f  t h e  embryo o r  exogenous g i b b e r e l l i c . a c i d  f o r  

s y n t h e s i s  (MacGregor e t  a l . ,  1972; A l l i s o n  e t  a l . ,  1974; Daussant  and 

Mayer, 1980; Gordon,  1980; S a r g e a n t ,  1980).  The a l e u ro n e  l a y e r  and 

t h e  s c u te l lu m  s y n t h e s i z e  m a l t  a lpha -am y lase  de novo in  re sponse  to
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g i b b e r e l l i n s  from t h e  embryo o r  exogenous GA (Daussant  and Mayer, 1980).  

The two ty p e s  o f  a lp h a -am y lase  have d i f f e r e n t  e l e c t r o p h o r e t i c  p rope r ­

t i e s ,  pH optimums, pH and h e a t  s t a b i l i t i e s  and s t a r c h  d i g e s t i n g  

p r o p e r t i e s  (Daussant  and Mayer, 1980).

Alpha-amylases  in  immature b a r l e y s  i n c r e a s e  r a p i d l y  a f t e r  a n t h e s i s ,  

then  d e c l i n e  t o  a Tow, s t a b l e  l e v e l  (D uffus ,  1969; LaBerge e t  a l . ,

1971; MacGregor e t  a l . ,  1971; MacGregor e t  a l . ,  1972; A l l i s o n  e t  a l ,  

1974; Riggs and G o th a rd , 1976; Gordon,  1980).  C o n s id e rab le  v a r i a t i o n  

i n  a lpha -am y lase  developmental  p a t t e r n s  e x i s t s  due to  envi ronm enta l  and 

c u l t i v a r  c h a r a c t e r i s t i c s  (MacGregor e t  a l . ,  1974; LaCroix e t  a l . ,  1976; 

Riggs and G o tha rd , 1976).  LaBerge e t  a l .  (1971) in  a s tu d y  o f  seven 

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

amylase l e v e l s  i n c r e a s e d  immedia te ly  a f t e r  a n t h e s i s ,  peaked in  th e  

f i r s t  t e n  days fo l l o w in g  a n t h e s i s ,  th e n  d e c l in e d  t o  a low le v e l  by 

10-15 days a f t e r  a n t h e s i s .  Al I i son e t  a l .  (1974) dem ons t ra ted  t h a t  

p e r i c a r p  a n t h e s i s  in  G o ld f i e l d  b a r l e y  peaked about  f i f t e e n  days a f t e r  

a n t h e s i s .  Riggs and Gothard (1976) r e p o r t e d  peak a lpha -am ylase  

a c t i v i t y  10-16 days a f t e r  a n t h e s i s  in  s i x  b a r l e y  c u l t i v a r s  a l though  a 

h u l l e s s  b a r l e y  c u l t i v a r ,  N ack ta , showed no d e f i n i t e  peak.  Maximum 

a lpha -am y lase  a c t i v i t y  d i f f e r e d  markedly between c u l t i v a r s  a l though ,  

t h e r e  were no c u l t i v a r  d i f f e r e n c e s  in  a lpha -am ylase  a c t i v i t y  from 31 

days a f t e r  a n t h e s i s  t o  m a t u r i t y .  Conquest  b a r l e y  showed a peak a lpha -  

amylase a c t i v i t y  11 days a f t e r  e a r  emergence (two days a f t e r  a n t h e s i s )
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when grown in  t h e  f i e l d  w h i l e  maximum a c t i v i t y  o f  Conquest and Fergus 

b a r l e y  grown in  a growth chamber o c c u r re d  9-10 days and f o u r  days a f t e r  

a n t h e s i s ,  r e s p e c t i v e l y  (MacGregor e t  a l . , 1971; MacGregor e t  a l . ,  1972)!. 

The a lpha -am y lase  a c t i v i t y  i n  Conquest  d e c l i n e d  t o  1/10 i t s  maximum 

a f t e r  28 days and remained c o n s t a n t  u n t i l  m a t u r i t y .  Duffus (1969) 

r e p o r t e d  peak a lpha -am y lase  l e v e l s  in  b a r l e y  grown i n . B r i t a i n  occur red  

20-30 days a f t e r  a n t h e s i s  and t h a t  c h l o r o c h o l i n e  c h l o r i d e  a p p l i e d  

s h o r t l y  a f t e r  a n t h e s i s  i n h i b i t e d  a lpha -am y lase  s y n t h e s i s .  S im i l a r  

enzyme development p a t t e r n s  and c u l t i v a r  v a r i a t i o n s  a r e  r e p o r t e d  in  

wheat  (LaCroix e t  a l . ,  1976; Gordon e t  a l . ,  1979; King and Gale ,  1980).

A s e t  o f  a lpha -am y lase  isozymes which have s i m i l a r  i s o e l e c t r i c  

p o i n t s  t o  ge rm ina t ion  a lpha -am y lase  have been r e p o r t e d  in  deve lop ing  

immature wheat  in  a d d i t i o n  t o  t h e  green a lpha-am ylase  normal ly  

p r e s e n t  (Kruger ,  1980). The p re sen ce  o f  t h e s e  isoenzymes i n d i c a t e s  

t h a t  some leakage  may occur  in  t h e  ge rm ina t ion  c o n t ro l  mechanisms and 

t h a t  c o n t ro l  over  ge rm ina t ion  may not  be 100% e f f e c t i v e .  Malt ing  

b a r l e y s ,  w i th  c h a r a c t e r i s t i c  s t r o n g  enzyme systems and s h o r t  dormancy 

pe r iods ,  showed i n c r e a s e d  a lpha -am y lase  a c t i v i t y  d u r in g  l a t e  r i p e n i n g  

i n  r e sponse  to  r a i n  (LaBerge e t  a l . ,  1971). Riggs and Gothard (1976) 

r e p o r t e d  a s t r o n g  c o r r e l a t i o n  between peak a lpha -am ylase  a c t i v i t y  d u r ­

ing  b a r l e y  development and ge rm ina t ion  energy  t h r e e  weeks a f t e r  h a r v e s t .

The purpose of alpha-amylase in the pericarp during grain develop­

ment and the reasons for  i t s  disappearance during maturity are
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unknown (MacGregor e t  a l . ,  1972; A l l i s o n  e t  a l . ,  1974; Riggs and 

G o tha rd , 1976; Daussant  and Mayer, 1980).  MacGregor e t  a l . (1972) and 

Al I i son e t  a l .  (1974) s p e c u la t e d  t h a t  g reen  a lpha -am ylase  in  t h e  p e r i ­

ca rp  may hydro lyze  p e r i c a r p  s t a r c h  e a r l y  in  development to  p rov ide  

energy  f o r  growing k e r n e l s  o r  produce s h o r t  chain  p r im ers  to  be used 

in  dndosperm s t a r c h  s y n t h e s i s .  S a rg ean t  (1980) showed t h a t  in wheat ,  

g reen  a lpha -am y lase  in  th e  p e r i c a r p  i s  no t  involved  in  s t a r c h  s y n th e ­

s i s .  D isappearance  o f  g reen  a lpha -am y lase  d u r ing  m a tu r a t i o n  may be 

due to  i n h i b i t i o n ,  i n a c t i v a t i o n ,  i n s o l u b i l i z a t i o n ,  o r  d e g r a d a t io n  o f  

enzymatic p r o t e i n  (MacGregor e t  a l . ,  1972; Riggs and G o tha rd i T976; 

Daussant  and Mayer, 1980).

The a l e u ro n e  s y n t h e s i z e s  a lpha -am y lase  in  re sponse  t o  g i b b e r e l l i c  

a c i d  (Gordon, 1980).  The a b i l i t y  t o  respond in  t h i s  way a r i s e s  e a r l y  

in  development.  Gordon (1980) s t a t e d  t h a t  th e  a b i l i t y  o f  a l e u ro n e  

l a y e r s  t o  respond  t o  GA a r i s e s  25-30 days a f t e r  a n t h e s i s ,  a l though  

c u l t i v a r s  vary  c o n s i d e r a b l y  in  t h i s  p r o p e r t y .  The s t a g e  o f  development 

a t  which t h e  embryo can s y n t h e s i z e  g i b b e r e l I  in s  remains u n c l e a r  

(Gordon, 1980).  Cool r i p e n i n g  envi ronments  t h a t  slow g r a i n  dehyd ra t ion  

a l s o  slow embryo m a tu r a t i o n  as well  as  th e  a l eu rone  c e l l s '  a b i l i t y  to  

produce germin a t i v e  a lpha -am y lase .  Marchylo e t  a l . (1980) ha rv es te d  . 

wheat  25,  32,  and 39 days a f t e r  f lo w e r in g  and found t h a t  t h e  embryo 

s c u t e l l urn could s y n t h e s i z e  a lpha -am ylase  in  t h e  absence  o r  p resence  

o f  GAg 25 days a f t e r  f l o w e r in g .  The immature endosperm-a leurone



produced a lpha -am y lase  in  r e sponse  t o  GA3 32 days a f t e r  f l o w e r in g .  At 

s u c c e s s i v e  developmenta l  s t a g e s  t h e  t i s s u e s  s y n th e s i z e d  h ig h e r  l e v e l s  

o f  a lp h a -am y lase .  B i ld e rb ack  (1971) showed t h a t  a l e u ro n e  l a y e r s  in  

Himalaya b a r l e y  s t i l l  could no t  respond t o  exogenous GA3 25 days a f t e r  

a n t h e s i s .  However, d r i e d  immature seeds  a t  l e a s t  20 days o ld  when 

in c u b a ted  i n  exogenous g i b b e r e l l i c  a c i d ,  produced l a r g e  amounts o f  

a lp h a -am y lase .  King and Gale (1980) r e p o r t e d  no a lpha -am y lase  produc­

t i o n  in  h a l f  seeds  o f  wheat  a f t e r  GA3 i n c u b a t io n  u n t i l  35-40 days 

a f t e r  a n t h e s i s .  A r t i f i c i a l l y  d r i e d  de tached  h a l f  seeds  responded to  

GA3 as e a r l y  as 22 days a f t e r  a n t h e s i s .  T h e . r a t e  and d u r a t i o n  o f  

d ry ing  in f l u e n c e d  t h e  a b i l i t y  o f  t h e  immature g r a in  to  respond to  

GA3 and produce  a lpha -am y lase  (King and G a le ,  1980).

B ar ley  S t a r c h  in  t h e  Mature B ar ley  Kernel

S t a r c h ,  a g lu c a n ,  forms th e  food r e s e r v e  p o ly s a c c h a r id e  in  

p l a n t s  (Greenwood, 1964).  S t a r c h ,  t h e  most  s i g n i f i c a n t  chemical 

component o f  th e  c e r e a l  g r a i n  c o n s t i t u t e s  tw o - t h i r d s  o f  t h e  dry  weight  

o f  b a r l e y  ( H a r r i s , 1962).  S t a r c h  comprises  63-65% o f  t h e  dry  weight  

o f  plump, two rowed b a r l e y  ( H a r r i s ,  1962; B r ig g s ,  1978). The endo­

sperm s t o r e s  t h e  m a j o r i t y  o f  t h e  s t a r c h  in  b a r l e y ,  making up 85-89% 

o f  t h i s  t i s s u e  (B r ig g s ,  1978).

S ta r c h  i s  e x c l u s i v e  t o  p l a n t s ,  be ing  a m ix tu re  o f  two type s  o f  

g lu c o se  po lym ers ,  one l i n e a r  and th e  o t h e r  branched ( H a r r i s ,  1962;
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Bewley and Black ,  1978; B r ig g s ,  1978; Bohli n s k i , 1979) .  Amylose i s  a 

s t r a i g h t  cha in  polymer c o n t a in in g  D-glucopyranose u n i t s  l i n k e d  by 

a l p h a ( l - 4 )  g l u c o s i d i c  bonds which may be as long as  2000 g luc ose  r e s i ­

dues .  Amylopectin i s  a much l a r g e r  molecule  w ith  a h ig h l y  branched 

s t r u c t u r e  in  which t h e  a l p h a ( I -4 )  l i n k e d  g lucopyranose  c h a in s  a re  

branched w i th  a l p h a ( l - 6 )  l i n k a g e s  eve ry  24-26 g lucose  r e s i d u e s .

The r e l a t i v e  p r o p o r t i o n  o f  amylose and amylopect in  can be 

e s t i m a t e d  by t h e  io d i n e  b ind ing  c a p a c i t y  o r  io d i n e  a f f i n i t y  t e s t ,  

c a p i t a l i z i n g  on th e  f a c t  t h a t  amylose b inds  io d in e  a t  c o n s t a n t  f r e e  

io d i n e  c o n c e n t r a t i o n s  up to  a l i m i t i n g  va lue  while  am ylopect in  binds 

l i t t l e  i o d i n e .  S t a r c h ,  be ing  a m ix tu re  o f  t h e  two polymers ,  has an 

i n t e r m e d i a t e  b ind ing  c a p a c i t y .  The p r o p o r t i o n  o f  amylose i s  e s t im a ted  

by e x t r a p o l a t i o n  o f  t h e  l i n e a r  p o r t i o n  o f  t h e  amylose and s t a r c h  

b ind ing  cu rves  to  zero  f r e e  i o d i n e  and us ing  th e  fo l lo w in g  r e l a t i o n ­

s h i p  (Greenwood, 1964):

% Amylose = A f f i n i t y  o f  amy T o s e x ^00

Enzymes degrade s t a r c h  (Greenwood, 1964; Bewley and Black ,  1978; 

B r ig g s ,  1978; B o h in s k i , 1979).  The two p r i n c i p l e  h yd ro lyz ing  enzymes 

a r e  a l p h a -  and b e ta -am y las e .  Both a t t a c k  a l p h a ( l - 4 )  bonds but  in  d i f f e r ­

e n t  p a t t e r n s .  Alpha-amylase c l e a v e s  a l p h a ( l - 4 )  bonds a t  random p o in t s  

w h i le  be ta -am y lase  a c t i o n  removes s u c c e s s i v e  m a l tose  u n i t s  beg inning  

a t  t h e  non- reduc ing  t e rm inus  o f  t h e  g lucopyranose  c h a in .  N e i the r  

a l p h a -  nor  b e ta -am y las e  can remove branch p o i n t s ,  w i th  c l eav ag e  s to pp ing

\
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two to  t h r e e  g lucose  u n i t s  from th e  a l p h a ( l - 6 )  bond. Thus amylose can 

t h e o r e t i c a l l y  be conver ted  e n t i r e l y  to  g lucose  p lus  m a l to se  and a lpha  

and b e t a  d e x t r i n s  by t h e  combined a c t i o n  o f  a l p h a - a n d  be ta -am y lase .

The same two enzymes w i l l  on ly  p a r t i a l l y  degrade  am ylopec t in .  Even 

though th e  t h e o r e t i c a l  y i e l d  o f  m a l to s e  from amylose d i g e s t e d  by pure 

b e ta -am y lase  i s  100% ( H a r r i s ,  1962) t h e  a c t u a l  y i e l d  i s  n e a r  73%. This  

incomple te  co n v e r s io n  o f  amylose by be ta -am y lase  i s  p robab ly  due to  

some m o d i f i c a t i o n  in  amylose s t r u c t u r e  (Greenwood, 1964) ,  p o s s i b l e  

anomalous a l p h a (1-6) l i n k a g e s  (B r ig g s ,  1978). Beta-amylase  c onve r t s  

on ly  58% o f  am ylopec t in  t o  m a l to se  (Greenwood, 1964).

S t a r c h  g r a i n s  a r e  l a i d  down as i n s o l u b l e  p a r t i c l e s .  The s t a r c h  

c o n t e n t  o f  t h e  g r a i n  d u r in g  g r a i n  development r i s e s  in  a l o g a r i t h m ic  

( H a r r i s ,  1962) o r  s igmoidal  f a s h io n  (B r ig g s ,  1978). N i n e t y - f i v e  

p e r c e n t  o f  t h e  s t a r c h  i s  d e p o s i t e d  in  t h e  i n i t i a l  11-28 days a f t e r  . 

s p ik e  emergence (MacGregor e t  a l . ,  1971; B r ig g s ,  1978). Genotype and 

envi ronmenta l  c h a r a c t e r i s t i c s  c o n t ro l  t h e  amount and p r o p e r t i e s  o f  

s t a r c h  ( H a r r i s ,  1962). Amylose and amylopect in  a r e  not  s y n th e s iz e d  

s i m u l t a n e o u s l y  ( H a r r i s ,  1962; MacGregor e t  a l . ,  1971; B r ig g s ,  1978).

The amylose c o n t e n t  o f  th e  s t a r c h  i n c r e a s e d  from a v a lu e  o f  13.8% a f t e r  

14 days t o  22.5% and remained c o n s t a n t  to  m a t u r i t y ,  i n d i c a t i n g  t h a t  

d u r in g  th e  e a r l y  s t a g e s  o f  g row th , t h e  amylopect in  f r a c t i o n  was syn the ­

s i z e d  a t  a r e l a t i v e l y  f a s t e r  r a t e  than  amylose (MacGregor e t  a l . ,  1971) 

The p r o p o r t i o n  o f  smal l  s t a r c h  g ran u le s  i n c r e a s e s  d r a m a t i c a l l y  w i th
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m a t u r i t y  (MacGregor e t  a l . ,  1971; B r ig g s ,  1978).

B a r ley  s t a r c h  g r a n u le s  a r e  g e n e r a l l y  round and fo l lo w  a b i modal 

s i z e  d i s t r i b u t i o n  p a t t e r n .  The small  and l a r g e  s i z e  g ran u le s  being 

I . 7 - 2 . 5  urn and 2 2 .5 -4 7 .5  urn in  d i a m e te r ,  r e s p e c t i v e l y  (B r ig g s ,  1978).

Two d i s t i n c t  s t a r c h  g ran u le  s i z e s  were found in  wheat ,  t h e  l a r g e r  

g r a n u le s  be ing  25 urn in  d ia m e te r  and t h e  small  g ran u le s  5 urn in  d i a ­

m e te r .  The small  s t a r c h  g r a n u le s  accounted  f o r  90% o f  t h e  t o t a l  number 

o f  g r a n u le s  bu t  comprised on ly  10% o f  t h e  t o t a l  s t a r c h  w e igh t  (Bewley and 

B lack ,  1978). Small s t a r c h  g r a n u le s  have a h ig h e r  g e l a t i n i z a t i o n  

t e m p e ra tu r e  and amylose c o n t e n t  (41.3%) than  l a rg e  g ran u le s  (26.9%) 

(B r ig g s ,  1978).

Normal b a r l e y  s t a r c h  c o n t a in s  app rox im ate ly  25% amylose and 75% 

am ylopect in  (Bewley and B lack ,  1978; E s l i c k ,  1979). Var ious  r e p o r t s  

on amylose show i t s  range t o  be from 11-26% o f  the  s t a r c h  ( H a r r i s ,  1962; 

Greenwood, 1964; B r i g g s ,  1978).  G ene t ic  m uta t ions  in  b a r l e y  and in  

o t h e r  c e r e a l s  have r e s u l t e d  in  s t a r c h e s  c o n t a in in g  a lm os t  100% 

am ylopec t in  (Banks e t  a l . ,  1970; Bewley and Black ,  1978).  In t h e o ry ,
i

t r u e  waxy b a r l e y s  c o n t a in  100% am ylopect in  ( E s l i c k ,  1979) a l though  waxy 

endosperm b a r l e y s  do c o n t a in  some amylose (0-3%) (Banks e t  a l . , 1970; 

Goering e t  a l . ,  1973; B r ig g s ,  1978).  High amylose m u ta t i o n s  have 

a l s o  been r e p o r t e d  (Greenwood, 1964; B r i g g s ,  1978).

Nonwaxy and waxy b a r l e y  k e rn e l s  and p o l l e n  g r a in s  can be d i s t i n ­

gu ished  by io d i n e  s t a i n i n g  ( E r ik s s o n ,  1969).  A s i n g l e  r e c e s s i v e  gene
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on chromosome one t h a t  e x p re s s e s  xen ia  c o n t r o l s  th e  waxy endosperm 

c h a r a c t e r  ( E s l i c k ,  1979). E r i ck sso n  (1969) r e p o r t e d  t h e  spontaneous  

m u ta t io n  r a t e  to  t h e  waxy phenotype i n  b a r l e y  to  range from 5.1 x l 0 ~ 6 

t o  15 x IO"6 .

Many p r o p e r t i e s  o f  waxy endosperm b a r l e y s  have been s t u d i e d  and 

documented.  A s tu d y  o f  two J ap an es e  waxy endosperm b a r l e y  c u l t i v a r s  

showed bo th  to  have l e s s  th a n  0.5% amylose ,  a b e t a - a m y l o ly s i s  l i m i t  

o f  54% co n v e r s io n  i n t o  m a l to s e ,  and an average  cha in  l e n g t h  o f  23 

g lu c o se  u n i t s  (Banks,  e t  a l . ,  1970).  The average  m o le c u la r  weigh t  o f  

t h i s  s t a r c h  was 300 x 10° and showed a b i modal d i s t r i b u t i o n  o f  l a rg e  

and small  s t a r c h  g r a n u le s  w i th  a range  o f  22 and 3 urn in  d ia m e te r ,  

r e s p e c t i v e l y .  Waxy b a r l e y  s t a r c h  g e l a t i n i z e s  a few deg ree s  lower than  

waxy corn  s t a r c h .

Waxy endosperm b a r l e y  s t a r c h e s  a r e  more s u s c e p t i b l e  t o  enzymatic,  

a c t i o n  p o s s i b l y  because  t h e  pure am ylopec t in  s t a r c h  g r a n u le s  a r e  l e s s  

r e s i s t a n t  t o  enzymolys is  than  th e  amylose/amyl o p e c t i n  hybr id  g ranu le  

found in  nonwaxy b a r l e y  (Goering e t  a l . ,  1973; Fox and E s l i c k ,  1979).  

Goering e t  a l .  (1973) has shown t h a t  waxy b a r l e y  s t a r c h  has a 20°C lower 

p a s t i n g  t e m p e ra tu r e  than  normal b a r l e y  (750C vs .  95°C).  In corn  and . 

sorghum t h e  amylose c o n t e n t  o f  t h e  s t a r c h  does no t  i n f l u e n c e  g e l a t i n i -  

z a t i o n  t e m p e ra t u r e .  Goering e t  a l .  (1973) a l s o  showed waxy Gompana 

b a r l e y  s t a r c h  had a s i m i l a r  Brabender  cooking  curve  t o  t h a t  o f  waxy 

sorghum s t a r c h  but  had on ly  h a l f  t h e  s w e l l i n g  power and o n e - t h i r d  t h e
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s o l u b i l i t y  o f  Waxy sorghum s t a r c h ,  i n d i c a t i n g  t h a t  t h e  amylopect in  

in  waxy Qbmpana was a unique s t a r c h .  Waxy b a r l e y  s t a r c h  m a l t s  more 

r a p i d l y  th a n  normal b a r l e y  s t a r c h  when measured by m a l to s e  p roduc t ion  

(Fox and E s l i c k ,  1979). Waxy b a r l e y  f l o u r  i s  h ig h e r  t h a n  normal 

b a r l e y  f l o u r  in  b e t a - g l u c a n s .  The s t a r c h  from waxy shor t -aw n  nude 

Companai grown a t  one l o c a t i o n  r e t a i n e d  s u f f i c i e n t  a l p h a -a m y l a s e -1 i ke 

a c t i v i t y  t o  l i q u i f y  i t s e l f  and f o u r  t im es  i t s  we igh t  o f  waxy o r  normal 

corn  s t a r c h  (Goering and E s l i c k ,  1976). A new p ro cess  f o r  p roduc t ion  

o f  u l t r a  high m a l to se  syrup  from waxy endosperm b a r l e y s  i s  based on 

some o f  t h e s e  unique p r o p e r t i e s  o f  waxy b a r l e y s  (Goering e t  a l . ,  1980) 

I t  was f u r t h e r  sugges ted  t h a t  th e  e a s e  o f  I i q u i f i c a t i o n  o f  waxy b a r l e y  

s t a r c h  as wel l  as  o t h e r  c h a r a c t e r i s t i c s  make waxy b a r l e y s  p o t e n t i a l l y  

u se fu l  in  t h e  brewing i n d u s t r y  (Goering e t  a l . , 1973; Goering and 

E s l i c k ,  1976).

S u l l i n s  and.Rooney (1974) dem ons t ra ted  t h a t  waxy sorghum was 

more r a p i d l y  s o l u b i l i z e d  by a lpha -am y lase  enzymes and by b u f fe re d  

rumen f l u i d  th a n  nonwaxy sorghum and t h a t  t h e  waxy sorghum kernel  had 

l e s s  p e r i p h e r a l  endosperm. F u r the rm ore ,  waxy sorghum had a p e r i ­

phera l  endosperm l e s s  dense  than  nonwaxy sorghum, hav ing l a rg e  

s t a r c h . g r a n u l e s  w i t h  a l e s s  dense p r o t e i n  m a t r ix  more s u s c e p t i b l e  to  

enzyme a t t a c k  (S u l I i n s  and Rooney, 1975). They concluded t h a t  th e  pro 

p e r t i e s  o f  t h e  p e r i p h e r a l  endosperm were r e s p o n s i b l e  f o r  waxy sorghum 

s t a r c h  be ing  more s u s c e p t i b l e  t o  enzyme a t t a c k .



Yie ld  t r i a l s  conduc ted over  43 envi ronments  w i th  waxy and normal 

i s o g e n i c  p a i r s  have shown no s i g n i f i c a n t  y i e l d  r e d u c t io n  in  t h e  waxy 

endosperm genotype ( E s l i c k ,  1979).  Yie ld  comparisons o f  covered and 

h u l l e s s  i s o g e n i c  p a i r s  grown in  r e p l i c a t e d  y i e l d  t r i a l s  o v e r  149 

envi ronments  i n d i c a t e  an average  y i e l d  r e d u c t io n  o f  12% f o r  t h e  h u l l e s s  

c h a r a c t e r  ( E s l i c k ,  1979). I s o g e n ic  comparisons between s h o r t  awn 

and long awn i s o g e n i c  p a i r s  in  r e p l i c a t e d  y i e l d  t r i a l s  o ve r  95 e n v i ro n ­

ments have shown no s i g n i f i c a n t  d i f f e r e n c e s  in  y i e l d  ( E s l i c k ,  1979).

Endosperm M o d i f i c a t i o n  and Enzyme Development

The m o b i l i z a t i o n  o f  c e r e a l  endosperm r e s e r v e s  d u r in g  ge rm ina t ion  

i s  r e q u i r e d  t o  r e p l e n i s h  embryo c a rb o h y d ra t e  r e s e r v e s  d e p l e t e d  dur ing  

th e  f i r s t  24-48 hours  fo l l o w in g  i m b i b i t i o n  (Bewley and B lack ,  1978).

The embryo c o n t r o l s  t h e  m o b i l i z a t i o n  o f  endosperm r e s e r v e s .  The 

embryo s y n t h e s i z e s  and r e l e a s e s  g ib b e re T l i n  t o  t h e  a l e u ro n e  l a y e r  

where p ro d u c t io n  and r e l e a s e  o f  h y d r o l y t i c  enzymes occurs  (Bewley and 

Black ,  1978; B r ig g s ,  1978).  M o b i l i z a t i o n  commences n e a r  t h e  scu te l lum  

a n d s p re a d s  a long t h e  endosperm as t h e  a l e u ro n e  l a y e r  beg ins  enzyme . 

r e l e a s e  (Bewley and B lack ,  1978; Gibbons,  1980).

H ydro lys is  o f  s t a r c h  g r a i n s  does no t  t a k e  p la c e  i f  t h e  e n c lo s in g  

c e l l  w a l l s  a r e  i n t a c t .  Wheat c e l l  w a l l s  a r e  composed o f  15% p r o t e i n  

and 75% c a r b o h y d r a t e s .  B e ta -g luca ns  and a rab inoxy lan  make up most o f  

t h e  c a rb o h y d ra t e  f r a c t i o n .  P r o t e i n a s e s , a r a b i n o x y la n a s e s ,  and

14
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p en tp san a se s  a r e  s y n th e s i z e d  in  t h e  a l e u r o n e  l a y e r  and r e l e a s e d  in  

r e sponse  t o  g i b b e r e l l i n  (Bewley and B la ck ,  1978).  Acid p hospha tase ,  

r i b o n u c l e a s e ,  and e n d o - b e t a - g l ucanase  can be s y n th e s i z e d  in  t h e  absence  

o f  g i b b e r e l l i n  but  t h e i r  a c t i v i t i e s  a r e  enhanced and t h e i r  r e l e a s e  

c o n t r o l l e d  by g i b b e r e l l i n s  (Bewley and B lack ,  1978; B r ig g s ,  1978).  

B e t a - g lu c a n a s e ,  a r a b i n o x y l a n a s e s ,  and p r o t e i n a s e s  degrade c e l l  

wa l l  c o n s t i t u e n t s  and d i s s o l v e  c e l l  w a l l s .  D egradat ion  o f  t h e  endosperm 

wall  occurs  i n i t i a l l y  i n  t h e  s u b -a le u ro n e  l a y e r s  then  p ro g re s s e s  to  

t h e  c e n t e r  o f  t h e  endosperm. E ros ion  o f  s t a r c h  g ran u le s  begins  on ly  

a f t e r  c e l l  w a l l s  have been m odi f ied .  D i s s o l u t i o n  o f  c e l l  w a l l s  renders  

t h e  enc lo sed  s t a r c h  a c c e s s i b l e  to  enzym atic  a t t a c k  (Bewley and Black,  

1978).

G i b b e r e l l i n s ,  r e l e a s e d  by t h e  embryo, induce  t h e  a l e u ro n e  l a y e r  

to  undergo m e ta b o l i c  changes r e s u l t i n g  in  t h e  r e l e a s e  o f  many enzymes. 

Much o f  t h e  work,  however , on b a r l e y  enzyme s y n t h e s i s  has focused  on 

t h e  s y n t h e s i s  o f  a lpha -am y lase .  Levels  o f  a lpha-am ylase  a c t i v i t y  ■ 

i n c r e a s e  d u r in g  b a r l e y  ge rm in a t io n  (.Kneen, 1944; B r ig g s ,  1964; Reynolds 

and MacWi 111 am, 1966; B r ig g s ,  1968a; Pa lm er ,  1969; Kruger ,  1976;

Bewley and Black ,  1978; B r ig g s ,  1978; MacGregor, 1978; MacGregor and 

D au ssa n t , 1979; Daussant  and Mayer, 1980).  Bar ley  k e r n e l s  s y n th e s i z e  

a lpha -am y lase  de novo p r i m a r i l y  in  t h e  a l e u ro n e  l a y e r  i n  re sponse  to  a 

g i b b e r e l l i n  t r i g g e r  r e c e iv e d  from th e  embryo. De novo a lpha-am ylase  

s y n t h e s i s  i s  documented and suppor ted  by many f a c t s  i n c l u d i n g
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(a)  t h e  p ro d u c t io n  o f  a lpha -am y lase  in  i s o l a t e d  b a r l e y  a l e u ro n e  l a y e r s

in  re sponse  t o  endogenous GA, (b) subsequen t  d e c l i n e s  and in c r e a s e s

in  enzyme p ro d u c t io n  as t h e  hormone i s  removed and r e a p p l i e d  (Briggs

1964; Bewley and Black ,  1978 ) ,  and (c)  immediate s to ppage  o f  a lp h a -

amylase s y n t h e s i s  by 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  (B r ig g s ,  1963, 1964;

Bewley and Black ,  1^78).  D e f i n i t i v e  p ro o f  o f  de novo s y n t h e s i s  o f

IRa lpha-am ylase  was shown by l a b e l i n g  amino a c i d s  w i th  0 (Bewley and 

B lack ,  1978) o r  r a d i o a c t i v i t y  (B r ig g s ,  1964) and s u b s e q u e n t ly  d e t e c t i n g  

t h e  l a b e l e d  amino a c i d s  in  s y n th e s i z e d  a lpha -am ylase .

Severa l  s t u d i e s  have shown s y n th e s i z e d  g i b b e r e l l i n  i s  involved  

in  enzyme s y n t h e s i s .  Experiments have shown t h a t  e x c i se d  b a r l e y  

embryos can r e l e a s e  g i b b e r e l l i n  up t o  60 hours  in  v i t r o  ( B r ig g s ,  1978),  

t h a t  t h e  endosperm o f  degermed g ra in  can be modif ied  in  t h e  p resence  o f  

exogenous GA w h i le  l i t t l e  m o d i f i c a t i o n  occurs  w i th o u t  t h e  GA (B r iggs ,

1968a , 1978) ,  and t h a t  t h e  embryo can be removed two t o  t h r e e  days 

a f t e r  g e rm in a t io n  b e g i n s ,  w i th  l i t t l e  e f f e c t  on enzyme l e v e l  (B r iggs ,  

1978).  Up t o  seven isozymes o f  a lpha -am y lase  i n c lu d in g  th e  two major 

groups o f  t h e  enzyme appea r  in  GA t r e a t e d  i s o l a t e d  a l e u ro n e  l a y e r s  and 

d u r in g  g e rm in a t io n  (Bewley and B la ck ,  .1978; MacGregor, 1978; MacGregor 

and D a u s sa n t , 1979; D aussan t  and Mayer, 1980).

During th e  l a g  phase  between g i b b e r e l l i n  a r r i v a l  a t  t h e  a leu rone  

l a y e r  and r a p id  a lp h a -am y lase  s y n t h e s i s  t h e  hormone r e d i r e c t s  p r o t e i n  

s y n t h e s i s  in  t h e  a l e u ro n e  c e l l s ,  p o s s i b l y  by enhancing s y n t h e s i s  o f  RNA
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i n c l u d i n g  mRNA f o r  a lpha -am y lase .  G i b b e r e l l i n  may a l s o  enhance a c t i v a ­

t i o n  o r  p r o t e c t i o n  o f  mRNA in  th e  a l e u ro n e  c e l l s .  There  i s  l i t t l e  f i rm  

ev idence  t h a t  GA a c t s  a t  t h e  t r a n s l a t i o n a l  l e v e l  o f  c o n t ro l  (Bewley and 

Black ,  1978).

The a l e u ro n e  l a y e r  produces  about  85% o f  th e  a lpha -am y lase  and th e  

s c u t e l l urn 15%. Malted b a r l e y  shows about  7% o f  th e  a lpha -am ylase  i s  

l o c a t e d  in  t h e  embryo w i th  t h e  remain ing  93% in  the  endosperm i n d i c a ­

t i n g  t h a t  about  h a l f  t h e  a lpha -am y lase  produced in  t h e  embryo i s  

r e l e a s e d  t o  t h e  endosperm (B r ig g s ,  1964,  1 978 . ) .  Alpha-amylase accum­

u l a t e s  in  t h e  a l e u ro n e  l a y e r  b e fo re  i t s  r e l e a s e  (B r ig g s ,  1978).  Synthe­

s i s  o f  a lpha -am y lase  i s  p robab ly  l i m i t e d  no t  by t h e  i n a b i l i t y  o f  the  

a l e u ro n e  l a y e r  t o  respond  to  g i b b e r e l l i n  but  by th e  supp ly  o f  

g i b b e r e l l i n  t o  t h e  a l e u ro n e  l a y e r  (Atanda and M i f l i n ,  1970; B r iggs ,  

1978). The d e f i c i e n c y  in  g i b b e r e l l i n  supp ly  to  t h e  a l e u ro n e  l a y e r  i s  . 

p robab ly  due t o  d e f i c i e n c i e s  in  t h e  t r a n s p o r t  o f  g i b b e r e l l i n  t o  t h e  

a l e u ro n e  r a t h e r  than  la c k  o f  s y n t h e s i s  a t  t h e  embryo s i n c e  endosperm 

a r e a s  d i s t a l  to  th e  embryo produce d i s p r o p o r t i o n a t e l y  small  amounts o f  

a lpha -am y lase  (Atanda and M i f l i n ,  1970).

High embryo s u g a r  l e v e l s  may d ep re s s  l e v e l s  o f  a lpha -am ylase
.

p ro d u c t io n  (B r ig g s ,  1964) o r  p reven t  g i b b e r e l l i n  p ro d u c t io n  o r  r e l e a s e  

from th e  embryo (B r ig g s ,  1978). Enzyme s y n t h e s i s  may be c o n t r o l l e d  

th rough  a feedback  loop in  which g i b b e r e l l i n  p roduc t ion  i s  c o n t r o l l e d  

by th e  s u g a r  l e v e l s  in  t h e  embryo w h i le  sugar  l e v e l s  a r e  c o n t r o l l e d  by
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enzyme s y n t h e s i s  and u l t i m a t e l y  g i b b e r e l l i n  p roduc t ion  (B r ig g s ,  1978).  

P r o t e o l y s i s ,  removal o f  s t a r c h  and ca lc ium i o n s ,  and a f a l l i n g  pH 

c o n t r i b u t e  t o  d e c l i n i n g  enzyme a c t i v i t y  (B r ig g s ,  1968a).  E x t e r n a l l y  

a p p l i e d  g i b b e r e l l i n s  can r e p l a c e  o r  augment embryo produced g i b b e r e l l i n  

t o  i n i t i a t e  o r  i n c r e a s e  a lpha -am y lase  fo rm at ion  (B r ig g s ,  1963,  1964; 

Reynolds and MacWilliam, 1966; B r ig g s ,  1968a; Palmer,  1969; Atanda and 

M i f l i n ,  1970; Bewley and Black ,  1978; B r ig g s ,  1978; MacGregor, 1978; 

Smith and B r ig g s ,  1978). The amount and r a t e  o f  a lpha -am y lase  produc­

t i o n  i s  a l s o  in f l u e n c e d  by b a r l e y  genotype (Atanda and M i f l i n ,  1970; 

G othard ,  1974; Bewley and Black ,  1978; MacGregor, 1978) ,  tem p era tu re  

and w a te r  c o n d i t i o n s  d u r in g  germ ina t ion  (Kneen, 1944; B r ig g s ,  1968a; 

MacGregor and D aussan t ,  1979) ,  oxygen a v a i l a b i l i t y  (Smith and B r iggs ,  

1978) and mechanical  damage (B r ig g s ,  1968b).

P r o t e i n a s e s  s y n th e s i z e d  de novo in  t h e  a l eu ro n e  l a y e r  in  response  

t o  g i b b e r e l l i n ,  a c t i v a t e  b e t a - a m y la s e ,  p r e s e n t  in  a bound i n s o l u b l e  form 

in  ungerminated b a r l e y ,  by reduc ing  t h e  number o f  d i s u l f i d e  bridges,  

between t h e  enzyme molecule  and i n s o l u b l e  p r o t e i n s  (Bewley and Black ,  

1978; B r ig g s ,  1978). Beta-amylase  i s  no t  s y n th e s i z e d  de novo. Beta-  

and a lpha -am y lases  work t o g e t h e r  in  s t a r c h  breakdown and can com ple te ly  

hydro lyze  amylose a l though  amylopect in  d i g e s t i o n  h a l t s  w i th  th e  produc­

t i o n  o f  l i m i t  d e x t r i n s  (Bewley and B lack ,  1978).

Two debranch ing  enzymes a r e  r e p o r t e d  in  c e r e a l s .  R enzyme, found 

in  b a r l e y  m a l t ,  debranches  am ylopect in  and b e t a - l i m i t  d e x t r i n s ,  w h i le
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a t t a c k s  a l p h a -  and b e t a - l i m i t  d e x t r i n s  bu t  does not  debranch amylopec t in  

(Bewley and Black ,  1978). The a le u ro n e  l a y e r  s y n t h e s i z e s  l i m i t  

d e x t r i n a s e  de novo a t  t h e  t im e  o f  s t a r c h  breakdown, i t s  a c t i v i t y  being 

enhanced 10-15 f o l d  between th e  f i r s t  and f o u r t h  days f o l l o w i n g  im b ib i ­

t i o n  (Bewley and Black ,  1978).

S t a r c h  amolys is  produces  two major  p r o d u c t s ,  a lp h a -  and b e t a -  

m a l to s e .  A l p h a - g lu c o s i d a s e ,  an enzyme p r e s e n t  in  t h e  q u i e s c e n t  b a r l e y  

embryo and a le u ro n e  l a y e r s ,  hydro lyzes  t h e s e  p roduc ts  (Bewley and 

B lack ,  1978; B r i g g s i 1978).  The enzyme a c t i v i t y  i n c r e a s e s  a t  both,  

s i t e s  d u r in g  t h e  f i r s t  f i v e  days fo l l o w in g  im b i b i t i o n .  B ar ley  h a l f  

g r a i n s  r e l e a s e  a de novo^syn thes ized  a lpha -am ylase  from t h e  a leu rone  

l a y e r  w i th i n  12 hours o f  t h e  a d d i t i o n  o f  GA (Bewley and B lack ,  1978).  

G lucose ,  t h e  r e s u l t i n g  p ro d u c t  o f  a l p h a - g l u c o s i d a s e  a c t i v i t y ,  i s  

absorbed  by t h e  s c u t e l l u m ,  conver ted  t o  s u c r o s e ,  and t r a n s p o r t e d  to  

t h e  growing embryo (Bewley and Black ,  1978).

Germination

The ge rm ina t ion  p ro c e s s  r e s u l t s  i n  growth o f  t h e  g r a i n  embryo, man­

i f e s t e d  by t h e  growth o f  t h e  r o o t  and an i n c r e a s e  in  t h e  l e n g th  o f  t h e  

s h o o t ,  w i th  c o n c u r r e n t  m o d i f i c a t i o n  o f  t h e  c o n te n t s  o f  t h e  endosperm. 

( S c h u s t e r ,  1962).  Germination beg ins  as t h e  s u r f a c e  l a y e r s  p ic k  up 

w a te r  which p e n e t r a t e s  th rough  th e  m icropy le  i n t o  th e  kerne l  (B r iggs ,

19
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1978).  The g r a i n  s w e l l s  d u r in g  t h e  f i r s t  24 hours and t h e  embryo 

becomes t u r g i d  and i n c r e a s e s  in  s i z e .  Germinat ion  begins  w i th  the  

emergence o f  th e  c o l e o r h i z a ,  p r im ary ,  and secondary  seminal  r o o t s  from 

th e  embryo. (P o l lo c k ,  1962; B r ig g s ,  1978).  At almost  t h e  same t ime th e  

c o l e o p t i l e  b reaks  th rough  th e  t e s t a  and begins  e l o n g a t i o n .  The co leop-  

t i l e  grows up th e  d o r s a l  s i d e  o f  t h e  k e r n e l ,  p r e s s in g  a groove in  the  

endosperm and emerging from t h e  apex o f  th e  kernel  o r  th rough  th e  lemma 

a long  one s i d e  ( S c h u s t e r ,  1962; B r ig g s ,  1978). The o u t s i d e  g r a in  

cove r ings  p robab ly  r e s t r i c t  p h y s i c a l l y  t h e  e l o n g a t io n  o f  t h e  plumule 

s i n c e  t h e  e l o n g a t io n  o f  t h e  plumule in  dehusked g r a in  d u r in g  ge rm ina t ion  

i s  c o n s id e r a b ly  g r e a t e r  th a n  in  i n t a c t  b a r l e y  k e rn e l s  ( S c h u s t e r ,  1962).  

Endogenous r e s e r v e s  s u p p o r t  i n i t i a l  growth o f  t h e  embryo w h i le  subse ­

quen t  growth makes use o f  p roduc ts  from t h e  endosperm d i s s o l u t i o n  

(B r ig g s ,  1978).  .

Endosperm breakdown beg ins  im media te ly  below th e  s c u te l lu m  in  a 

l a y e r  o f  compressed c e l l s  and moves toward th e  g r a in  apex ( S c h u s t e r ,  

1962; B r ig g s ,  1978).  A f t e r  a s h o r t  p e r i o d ,  a l t e r a t i o n  p roceeds  f a s t e r  

im media te ly  below t h e  a l e u ro n e  l a y e r  ( B r ig g s ,  1978).  The asymmetry 

o f  endosperm breakdown r e s u l t s  from th e  ang le  o f  th e  s c u t e ! I a r  f a c e  . 

a g a i n s t  t h e  endosperm, t h e  sequence and l o c a t i o n  in  which d e g r a d a t iv e  

enzymes a r e  formed,  and t h e  p ro p e r ty  o f  r e s i s t a n c e  t o  enzymat ic  degrad ­

a t i o n  by r e s i d u a l  w a l l s  in  t h e  n u c e l l a r  s h e a f  c e l l s  (B r ig g s ,  1978).  

Endosperm a l t e r a t i o n  beg ins  w i th  t h e  h y d r o l y t i c  decomposi t ion  o f  high



21

m o lecu la r  w e igh t  m a t e r i a l s  by enzymes p r e s e n t  in  the .  b a r l e y  

( S c h u s t e r ,  1962).  The s y n t h e s i s  o f  c e r t a i n  enzymes fo l l o w  soon a f t e r  

t h e  beg inn ing  o f  ge rm ina t ion  ( S c h u s t e r ,  1962).  One o f  t h e s e  enzymes, 

a lp h a -a m y la s e ,  deve lops  r a p i d l y  in  ge rm in a t in g  g r a i n ,  and w i th  b e t a -  

amylase and c e r t a i n  o t h e r  enzymes a t t a c k s  s t a r c h  g r a n u l e s ,  caus ing  

g ra n u le  p i t t i n g  a n d / o r  g ran u le  e ro s io n  and u l t i m a t e l y  s t a r c h  g ranu le  

breakdown ( S c h u s t e r ,  1962; B r ig g s ,  1978). The d e g r a d a t io n  p roduc ts  o f  

t h e  enzymes r a p i d l y  d i f f u s e  th rough t h e  s c u te l lu m  and a r e  used f o r  

r e s p i r a t i o n  and t h e  energy  p ro c e s s e s  o f  growth (S c h u s t e r ,  1962).

Germination begins  w i th  w a te r  a b s o r p t i o n  and r e h y d r a t i o n  o f  th e  

kerne l  (Brown, 1975; Bewley and B lack ,  1978).  The kerne l  r e q u i r e s  a 

minimum o f  35% w a te r  f o r  a c t i v e  ge rm ina t ion  (Essery  e t  a l . ,  1954;

Kirsop e t  a l . ,  1967; Brown, 1975; Wainwright  and Buckee, 1977).  Ade­

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

i n c r e a s e  in  w a te r  p e rc e n ta g e  to  42-45% (Kirsop  e t  a l . ,  1967) o r  43-46% 

(Brookes e t  a l . ,  1976).  Var ious  r e s e a r c h e r s  have concluded t h a t  good 

m a l t i n g  per formance i s  p o s i t i v e l y  c o r r e l a t e d  w i th  th e  a b i l i t y  o f  b a r l e y  

t o  t a k e  up w a te r  r a p i d l y  (Brookes ,  e t  a l . ,  19 /6 ;  Ulonska arid Baumer, 

1976; Wainwright  and Buckee , 1977).

Var ious  f a c t o r s  a f f e c t  w a te r  i m b i b i t i o n  by th e  b a r l e y  seed .  Large 

k e rn e l s  have been r e p o r t e d  t o  i n i t i a l l y  imbibe w a te r  f a s t e r  than  small 

kerne ls ,  a l though  small  k e r n e l s  reach  t h e  a p p r o p r i a t e  l e v e l  f o r  

ge rm ina t ion  more r a p i d l y ,  and a f t e r  pro longed  s t e e p i n g  have a h ighe r
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m o is tu r e  p e r c e n t a g e ,  th a n  l a r g e  k e rn e l s  ( P o l lo c k ,  1962; Brookes e t  a l . ,  

1976; Davidson e t  a l . ,  1976).  Briggs  (1978) r e p o r t e d  s m a l l e r  k e rn e l s  

t a k e  up m o i s tu r e  f a s t e r  and t o  a h ig h e r  f i n a l  l e v e l  than  l a r g e  k e r n e l s .  

A p o s i t i v e  c o r r e l a t i o n  between s t a r c h  c o n t e n t  and t ime r e q u i r e d  to  

reach  a p rede te rm ined  m o i s tu r e  l e v e l  has been r e p o r t e d  (P o l lo c k ,  1962; 

Brookes e t  a l . , 1976) as well  as  a co r re s p o n d in g  in v e r s e  r e l a t i o n s h i p  

between n i t r o g e n  c o n t e n t  and i m b i b i t i o n  r a t e  (Brookes e t  a l , , 1976).  

C o n t r a d i c t o r y  r e p o r t s  as  t o  t h e  i n f l u e n c e  o f  i n i t i a l  b a r l e y  m o is tu re  

c o n t e n t  on w a te r  up ta ke  e x i s t  bu t  i t  i s  p robab le  t h a t  b a r l e y ,  l i k e  

o t h e r  s e e d s ,  has a v e l o c i t y  o f  w a te r  up take  i n v e r s e l y  p r o p o r t i o n a l  t o  

th e  amount o f  w a te r  p r e v i o u s l y  absorbed  (Brookes e t  a l . ,  1976). Old,  

d ry  b a r l e y  seed  abso rbs  w a te r  a t  a much s low er  r a t e  than  does f r e s h ,  

m o i s t  s e e d ,  however. I n c r e a s i n g  t e m p e ra t u r e  i n c r e a s e s  t h e  r a t e  o f  

i m b i b i t i o n  (P o l lo c k ,  1962; MacLeod, 1967; Brookes e t  a l . ,  1976;

B r ig g s ,  1978).  All  b a r l e y s  p robab ly  have a s i m i l a r  t e m p e ra t u r e  co­

e f f i c i e n t  o f  i m b i b i t i o n .  A l i n e a r  i n v e r s e  r e l a t i o n s h i p ,  e x i s t s  between 

t e m p e ra tu r e  and t h e  log  o f  t h e  t ime r e q u i r e d  by g r a in  to  r eac h  a 

p a r t i c u l a r  m o i s t u r e  l e v e l  (B r ig g s ,  1978).  Water  s e n s i t i v i t y  

(Brookes e t  a l . ,  1976) ,  embryo a n d /o r  mic ropyI e  s i z e  (Davidson e t  a l , ,  

1976) and v a r i e t y  (Ulonska and Baumer, 1976) may a l s o  i n f l u e n c e  w ate r  

up ta ke .

Upon immersion o f  b a r l e y  in  w a te r  an immediate m o i s tu re  l a y e r  

(2-3% f r e s h  w eigh t )  forms around t h e  kerne l  (Kirsop e t  a l . ,  1967;
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Brookes e t  a l . ,  1976; Davidson e t  a l . 9 1976; B r ig g s ,  1978). This  

f i l m  o f  w a te r  must be removed f o r  a c c u r a t e  w a te r  uptake s t u d i e s  

(B r ig g s ,  1978). Drying by b l o t t i n g  f a i l s  to  remove a l l  w a te r  on the  

e x t e r n a l  s u r f a c e  and may i n f l a t e  e s t i m a t e s  o f  w a te r  up ta ke  by 1% o r  

more (Davidson e t  a l . ,  1976).  S u r f a c e  l a y e r s  h yd ra te  r a p i d l y ,  w i th in  

t h e  f i r s t  two hours in  h u l l e d  b a r l e y  and th e  f i r s t  30 seconds in  

hu l l  e s s  g r a i n s  (B r ig g s ,  1978). In naked g r a i n  th e  p e r i c a r p  conducts  

w a te r  so wel l  t h a t  t h e  g r a i n  i n t e r i o r  h y d ra te s  a t  t h e  same r a t e  

w hether  t h e  apex ,  t h e  b a s e ,  o r  th e  whole g r a i n  i s  immersed in  w a te r .  

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

p r o g r e s s i v e l y  d e c l i n i n g  r a t e  u n t i l ,  i f  ge rm ina t ion  does n o t  o c c u r ,  i t  

approxim ate s  a l i m i t i n g  v a lu e  (B r ig g s ,  1978).

Numerous r e s e a r c h e r s  have r e p o r t e d  a t r i p h a s i c  p a t t e r n  o f  w a te r  

up take  in  g e rm in a t in g  seeds  (Brookes e t  a l . ,  1976; Bewley and Black,  

1978; T a k a h a s h i , 1980).  Phase I ( im b i b i t i o n )  i s  p u re ly  a p hys ica l  

p r o c e s s ,  o c c u r r i n g  d u r in g  th e  f i r s t  s i x  t o  t e n  hours a f t e r  immersion,  

c h a r a c t e r i z e d  by r a p i d  w a te r  uptake  a c c o u n t in g  f o r  60% o f  t o t a l  w a te r  

up take .  Seed c o l l o i d s  imbibe w a te r  p r e v i o u s l y  l o s t  d u r in g  r i p e n i n g  

r e g a r d l e s s  o f  dormancy o r  v i a b i l i t y  problems.  P e r m e a b i l i t y  o f  th e  

seed in tegument  c o n t r o l s  t h i s  phase.  Phase I I  (10-20 hours)  i s  t h e  lag  

o r  a c t i v a t i o n  phase  d u r in g  which w a te r  uptake  slows o r  c e a s e s .  Major 

m e ta b o l i c  p ro c e s s e s  beg in  and w a te r  up take  resumes w i th  i n c r e a s i n g  

osmot ic p r e s s u r e .  Dormant seed does no t  undergo t h i s  phase as c o n t ro l  .
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i s  e x e r t e d  by embryo dormancy. Phase I I I  (20+ h o u r s ) c o n s t i t u t e s  a 

s t e a d y  l i n e a r  i n c r e a s e  in  w a te r  uptake  t h a t  can be c o r r e l a t e d  t o  p l a n t  

metaboli sm.  This  phase ,  an a c t i v e  p r o c e s s ,  occurs  on ly  in  v i a b l e  seed 

and in c lu d e s  th e  v i s i b l e  o n s e t  o f  ge rm ina t ion .

The s u r f a c e  l a y e r s  o f  th e  b a r l e y  kerne l  a r e  th e  p r i n c i p l e  b a r r i e r s  

t o  w a te r  e n t r y .  The t e s t a  i s  semi-permeable and may r e s t r i c t  w a te r  

e n t r y  f o r  t h e  f i r s t  few hours .  The p e r i c a r p ,  however, i s  t h e  p r i n c i p l e  

b a r r i e r  t o  w a te r  e n t r y  (Brookes e t  a l . ,  1976).  Gaps e x i s t  in  th e  p e r i ­

c a rp  and t e s t a ,  e s p e c i a l l y  n ea r  th e  embryo, which may a l low  w a te r  

e n t r y .  The embryo p r e f e r e n t i a l l y  t a k e s  up w a te r  (Kirsop e t  a l . ,  1967; 

MacLeod, 1967; Brookes e t  a l . ,  1976).  Embryo m o i s tu r e  c o n t e n t  may 

reach  65-70% w h i le  t h e  endosperm m o i s tu r e  c o n t e n t  i s  41%. Most w a te r  

up take by t h e  kerne l  l i k e l y  occurs  in  t h e  m i c ro p y la r  re g io n  (P o l lo c k ,  

1962; MacLeod, 1967; Brookes e t  a l . ,  1976; B r ig g s ,  1978).

A b a r l e y  i m b i b i t i o n  s tu d y  conducted a t  13° C i n d i c a t e d  t h a t  the  

a x i s  o f  t h e  embryo and th e  s c u te l lu m  abso rb  w a te r  c o n s i d e r a b l y  f a s t e r  

than  a l l  o t h e r  kernel  p a r t s  exce p t  th e  husk (Reynolds and MacWiIliam, 

1966). Rapid a b s o r p t i o n  o f  w a te r  by t h e  embryo f o r  s i x  hours 

fo l low ed  by .a d e c l i n i n g  r a t e  o f  a b s o r p t i o n  r e s u l t e d  in  abou t  58% 

m o i s tu r e  a f t e r  24 hours in th e  imbibed embryo. The s c u t e l l u m  lagged 

behind t h e  embryo in  w a te r  uptake u n t i l  about  s i x  hours t h e n  p a r a l l e l e d  

t h e  embryo m o i s t u r e  c o n t e n t  up t o  58% m o i s t u r e  a t  24 hours* The 

endosperm absorbed w a te r  more s lo w ly ,  r e a c h in g  35% m o i s t u r e  a t  24
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hours .  Water  c o n t e n t  o f  t h e  whole g r a i n  was 38.4% a f t e r  24 hours.  

Ano ther  s tu d y  conduc ted a t  25° C showed w a te r  c o n t e n t  in  whole g ra in  

i n c r e a s i n g  from 17.4% t o  23.8%, 26.2%, and 30.5% a f t e r  2 ,  4 ,  6 ,  and 

8 h o u rs ,  r e s p e c t i v e l y  (Davidson e t  a l . ,  1976).

Many f a c t o r s  a f f e c t  t h e  ge rm in a t io n  o f  s e e d ,  one o f  th e  most 

im p o r ta n t  be ing  seed dormancy. Seed dormancy can be d e f in e d  to  

i n c lu d e  a l l  i n s t a n c e s  o f  i n h i b i t i o n  o f  g e rm in a t io n ,  w he the r  they  a r e  

connec ted  w i th  t h e  p r o p e r t i e s  o f  t h e  seeds  themselves  o r  w he the r  they  

a r e  de te rmined  by envi ronmenta l  c o n d i t i o n s .  In t h e  b r o a d e s t  sense  

dormancy i s  t h e  absence  o f  ge rm ina t ion  o r  as  a g r e a t e r  o r  l e s s e r  

r e d u c t io n  o f  t h e  germin a t i v e  c a p a c i t y  o f  s e e d s ,  o r  f i n a l l y  as the  

ma in tenance  o f  t h e  c a p a c i t y  t o  germ ina te  on ly  w i th i n  a smal l  range o f  

c o n d i t i o n s  (N iko laeva ,  1969).  B ar ley  seeds  sometimes f a i l  t o  germin­

a t e  due t o  p r im ary  ( i n t r i n s i c )  dormancy o r  secondary  dormancy,  the  

l a t t e r  o f  which i s  imposed by e x t e r n a l  f a c t o r s  (B r ig g s ,  1978).

Dormancy v a r i e s  among samples a c c o rd in g  to  c u l t i v a r  (Deming and 

R obe r t son ,  1933; Chang, 1943; Bishop,  1944,  1945, 1946; Essery  e t  a l . ,  

1954; F i n l a y ,  1960a; Bel l  and Lup ton , 1962; Carson and Horne,  1962; 

P o l lo c k ,  1962; W e l l in g to n ,  1964; MacLeod, 1967; B e lde rok ,  1968; Gordon 

1969; L a l lu k k a ,  1976; B r ig g s ,  1978; S t r a n d ,  1980) ,  w ea the r  c o n d i t i o n s  

d u r in g  growth and h a r v e s t  (Bishop ,  1945,  1946; W e l l in g to n ,  1964; 

MacLeod, 1967; B e lde rok ,  1968; L a l lu k k a ,  1976; Reiner  and Loch,  1976; 

B r ig g s ,  ,1978; D e r e r a , 1980; Gordon, 1980; S t r a n d ,  1980; T a k a h a s h i ,
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1980),  s t o r a g e  and handl ing  p rocedu res  (Bishop ,  1944, 1945, 1946; 

MacLeod, 1967; Gordon, 1969; Brookes e t  a l . ,  1976; B r iggs ,  1978)* and 

t h e  methods used t o  t e s t  ge rm ina t ion  (Bishop,  1945, 1946; Essery  e t  a l . 

1954; Essery  e t  a l . ,  .1955; Po l lock  e t  a l . ,  1955a,  1955b; P o l lo c k ,  1962; 

W el l in g to n ,  1964; Gordon, 1969, 1970; B r ig g s ,  1978; S t r a n d ,  1980).  .

Dormancy ex p re s sed  as a s i n g l e  number i s  u s u a l l y  u n s a t i s f a c t o r y ,  

s i n c e  t h e  ge rm ina t ion  r a t e ,  as  well  as  f i n a l  pe rce n tage  may change 

du r ing  s t o r a g e ,  e . g .  a b a r l e y  lo t .  w i th  100% germ ina t ion  reached  50% 

ge rm in a t io n  w i t h i n  Si hours  immediately  a f t e r  h a r v e s t  bu t  r e q u i r e d  only  

15.5  hours a f t e r  t h r e e  weeks o f  s t o r a g e  (Gordon, 1969).  Thus a d i s ­

c u s s io n  o f  dormancy should  in c lu d e  t h e  r a t e  as well as  t h e  f i n a l  

ge rm ina t ion  p e r c e n ta g e  under a d e f in e d  s e t  o f  c o n d i t i o n s  (B r ig g s ,  1978) 

Numerous a t t e m p t s  have been made t o  a s s i g n  s i n g l e  d e s c r i p t i v e  numbers 

t o  ge rm ina t ion  t e s t s  ( F i n l a y ,  1960a,  1960b; Gordon, 1969; Goodchild 

and Walker,  1971; Bewley and Black ,  1978) .  The b e s t  ty p e  o f  p r e s e n t a ­

t i o n  appea rs  t o  be a graph o f  cum ula t ive  ge rm ina t ion  a g a i n s t  t im e  f o r  

each s e t  o f  ge rm ina t ion  c o n d i t i o n s  (B r ig g s ,  1978).

A m ix tu re  o f  f a c t o r s  o c c u r r i n g  w i t h i n  t h e  g r a in  and i t s  s u r f a c e  

l a y e r s  i n t e r a c t i n g  w i th  envi ronmenta l  f a c t o r s  p robab ly  cause  b a r le y  

dormancy. Embryo dormancy in' b a r l e y  i s  r a r e  (Bishop,  1944; P o l loc k ,  

1962; Gordon, T970; B r ig g s ,  1978) a l though  embryo dormancy has been 

r e p o r t e d  in  Hordeum spontaneum (Belde.rok,  1968).  Briggs  (1978) r e ­

p o r te d  a s tudy  in  which i n t a c t  b a r l e y  germina ted  6% w i th  ge rm ina t ion
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i n c r e a s i n g  t o  12%, 46%, and 48% as 25%, 50%, and 75% o f  t h e  endosperm 

was removed, r e s p e c t i v e l y .  Dehusked g r a i n  germinated a t  12%, 58%,

65%, and 81% under  t h e  same c o n d i t i o n s .  Germinat ion  o f  i s o l a t e d  

embryos was 100%, i n d i c a t i n g  no embryo dormancy and a c e r t a i n  germina­

t i o n  i n h i b i t i n g  e f f e c t  a s s o c i a t e d  w i th  t h e  seed  c o v e r in g s .

The most p romis ing  th e o ry  on b a r l e y  dormancy in v o lv es  th e  i n t e r n a l  

l e v e l  o f  f r e e  oxygen in  t h e  embryo (P o l lo c k ,  1962; Be lderok ,  1968; 

B r ig g s ,  1978).  Dormant and nondormant g r a i n s  r e s p i r e  a t  abou t  th e  same 

r a t e  (P o l lo c k ,  1962; B r ig g s ,  1978).  The embryos o f  dormant g r a i n s ,  as  

shown by exper im en ts  w i th  i s o l a t e d  embryos, have a h ig h e r  f r e e  oxygen 

requ i re m en t  o r  r e q u i r e  a, h ig h e r  oxygen t e n s i o n  than  nondormant embryos. 

Th i s  oxygen requ i re m en t  o f  th e  embryo p r o g r e s s i v e l y  d e c l i n e s  d u r ing  

a f t e r - r i p e n i n g  (P o l lo c k ,  1962; B r ig g s ,  1978) o r  th e  seed c o a t s  become 

more permeable to  oxygen.  E v e n t u a l l y  enough Oxygen r eaches  t h e  embryo 

f o r  both  ge rm ina t ion  and growth (B e lde rok ,  1968). R e s p i r a t o r y  p rocesses  

in  t h e  embryo compete f o r  oxygen w i th  th e  growth p r o c e s s e s  (P o l lo c k ,  

1962; B e lde rok ,  1968).  R e s p i r a t i o n  in  dormant seed may r e q u i r e  so much 

oxygen t h a t  l i t t l e  may be l e f t  f o r  ge rm in a t io n  (Be lderok ,  1968).  The 

s u r f a c e  s t r u c t u r e  o f  t h e  s e e d ,  s u r f a c e  m o i s t u r e ,  and m ic ro b ia l  popula­

t i o n s  on th e  seed l i m i t  t h e  oxygen supply  to  the  embryo (B r ig g s ,  1978).  

The seed  s u r f a c e  l a y e r s  r e s t r i c t  oxygen f lo w ,  so dormancy may be broken 

o r  reduced by damaging th e  p e r i c a r p  m e c h a n ic a l ly .  The s u r f a c e  w a te r  

f i l m  reduces  oxygen uptake because  o f  t h e  t im e  taken  f o r  oxygen to
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d i s s o l v e  i n t o  w a t e r ,  t h e  t im e  t o  d i f f u s e  i n t o  t h e  g r a i n ,  and th e  lower 

oxygen c o n t e n t  in  water , as  compared t o  a i r .  Mic robia l  p o p u la t i o n s  on 

th e  seed i n f l u e n c e  seed dormancy by t h e i r  high consumption o f  oxygen 

( B r ig g s ,  1978). The p ro d u c t io n  o f  g i b b e r e l l i n s  in  p l a n t  t i s s u e s  

r e q u i r e  a e r o b i c  c o n d i t i o n s .  The embryo r e q u i r e s  oxygen in  o r d e r  to  

form g i b b e r e l l i n s  o r  t o  c o n v e r t  bound g i b b e r e l l i n s  to  f r e e  g i b b e r e l l i n s  

(Be lde rok ,  1968).

Pronounced dormancy may be s e p a r a t e d  i n t o  t h r e e  phases  in  b a r l e y  

(Be lderok ,  1968). The f i r s t  i s  an immediate p o s t - h a r v e s t  phase in  

which p r a c t i c a l l y  no g r a i n s  germ ina te  in  t h e  ge rm ina t ion  t e s t .  The . 

second is, a t r a n s i t i o n a l  phase  fo l l o w i n g  t h e  a f t e r - r i p e n e d  s t a t e  in  

which dormancy t e r m i n a t e s  in  g r a d u a l l y  i n c r e a s i n g  numbers o f  g r a i n s .

In th e  t h i r d  phase g r a i n s  f u l l y  germ ina te  a t  optimum m o i s t u r e ,  but  

canno t  do so i f  excess  w a te r  i s  p r e s e n t .  Th is  l a t t e r  b eh av io r  demon­

s t r a t e s  w a te r  s e n s i t i v i t y .  Essery  e t  a l .  (1954) f i r s t  d e t e c t e d  w a te r  

s e n s i t i v i t y  when th e y  found c e r t a i n  b a r l e y s  would no t  germ ina te  

under normal s t e e p i n g  c o n d i t i o n s .  These b a r l e y s  showed normal germina­

t i v e  energy  under c o n d i t i o n s  o f  th e  acc ep ted  t e s t ,  bu t  i f  t h e  amount o f  

w a te r  was i n c r e a s e d  from 4ml to  8ml ge rm ina t ion  d e c l in e d  (Po l lock  

e t  a l . , 1955b).  Water  s e n s i t i v e  b a r l e y s  f a i l  t o  germ ina te  because  th e  

embryos f a i l  t o  respond  t o  t h e  low i n t e r n a l  oxygen t e n s i o n  r e s u l t i n g  

from th e  p re sen ce  o f  an unduly t h i c k  w a te r  f i l m  (MacLeod, 1967).  Low 

g e rm in a t iv e  energy  may a l s o  r e f l e c t  a d e f i c i e n c y  o f  oxygen i n  the
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no w a te r  s e n s i t i v i t y  in  h i s  s tudy  o f  t h e  g e n e t i c  and envi ronmenta l  

v a r i a t i o n s  in  ge rm ina t ion  b eh av io r  in  800 c u l t i v a r s .  In f a c t ,  8ml o f  

w a te r  a c c e l e r a t e d  th e  ge rm ina t ion  r a t e  o ve r  t h e  use o f  4mI o f  w a te r  in 

t h e  t e s t .  Rate  o f  w a te r  a b s o r p t i o n  (Be lderok ,  1968; B r ig g s ,  1978) and 

n i t r o g e n  c o n t e n t  (Bishop,  1946; B e lde rok ,  1968) do n o t  i n f l u e n c e  

dormancy.

The fo l l o w i n g  t r e a t m e n t s  r e p o r t e d l y  b reak  dormancy: d ry in g  w i th  

h e a t  (Bishop,  1944; P o l lo c k ,  1962; B e lde rok ,  1968; B r ig g s ,  1978), 

g i b b e r e l l i n  t r e a t m e n t  (MacLeod, 1967; B e lde rok ,  1968; Brookes e t  a l . ,  

1976; B r ig g s ,  1978) ,  removal o f  seed  c o a t  o r  mechanical  damage (Bishop,  

1944,  1945; P o l lo c k  e t  a l . ,  1955a,  1955b; W e l l in g to n ,  1964; Be lderok ,  

1968; Gordon, 1970; Bishop ,  1978) ,  f r e e z i n g ,  s t r a t i f i c a t i o n  o r  cold 

te m p e ra tu r e s  (Bishop,  1944; B r ig g s ,  1978) ,  ge rmina t ion  in  oxygen 

(Bishop,  1944,  1945; P o l lo c k ,  e t  a l . ,  1955b; B r ig g s ,  1978) and va r ious  

chemical  t r e a t m e n t s  (Bishop,  1944,  1945; P o l lock  e t  a l . ,  1955b;

P o l lo c k ,  1962; Brookes e t  a l . ,  1976; B r ig g s ,  1978).  One o r  two r e c e s ­

s i v e  g e n e t i c  f a c t o r s  r e p o r t e d l y  c o n t ro l  dormancy in  b a r l e y  (Belderok ,  

1968).

The w a te r  c o n d i t i o n s  d u r in g  a ge rm ina t ion  t e s t  a l s o  a f f e c t  the  

f i n a l  ge rm ina t ion  o f  t h e  b a r l e y  l o t .  In a d d i t i o n  to  c o n d i t i o n s  f a v o r ­

ing  w a te r  s e n s i t i v i t y  and w a te r  i m b i b i t i o n  as p r e v io u s l y  d i s c u s s e d ,  

t h e  p o s i t i o n  o f  t h e  embryo r e l a t i v e  t o  th e  w a te r  l e v e l ,  w a te r
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t e m p e r a t u r e ,  and d i s s o l v e d  ions  may a f f e c t  ge rm ina t ion .  Gordon (1969) 

r e p o r t e d  s i g n i f i c a n t  d i f f e r e n c e s  in  germ ina t ion  in  a f a c t o r i a l  e x p e r i ­

ment comparing t a p  and d i s t i l l e d  w a te r .

Tem perature  a l s o  i n f l u e n c e s  ge rm in a t io n .  Kneen (1944) re p o r te d  

t h e  r e l a t i v e  growth r a t e  o f  wheat and sorghum, as measured by average 

c o l e o p t i l e  l e n g th  i n c r e a s e d  as ge rm ina t ion  t e m p era tu re  was i n c re a s e d  

from 14° C t o  30° C. Gordon (1969) r e p o r t e d  t h a t  t h e  germ ina t ion  temp­

e r a t u r e  in f l u e n c e d  th e  e x p re s s io n  o f  t o t a l  ge rm ina t ion  under  e x c e ss iv e  

m o i s t u r e  c o n d i t i o n s  bu t  t h a t  i t  had l i t t l e  e f f e c t  on t h e  f i n a l  

ge rm ina t ion  p e rc e n ta g e  under optimum m o i s t u r e  c o n d i t i o n s .  The r a t e  o f  

w a te r  a b s o r p t i o n  in  b a r l e y  depends on t e m p e ra tu r e  (P o l lo c k ,  1962). 

S p e c i f i c  t e m p e ra tu r e s  have been noted such as 5 ° C'as m in im a l , 29° C as 

o p t i m a l ,  and 38° C as maximal f o r  b a r l e y  ge rm ina t ion  (B r ig g s ,  1978).  

Such f i g u r e s  a r e  m i s l e a d in g  s i n c e  samples o f  g r a in  vary  w ide ly  in  r e s ­

ponse t o  d i f f e r e n t  germ ina t ion  c o n d i t i o n s .  Within l i m i t s  matu re  g r a in  

germ ina tes  more r a p i d l y  a t  h ig h e r  t e m p e ra tu re s  (B r iggs ,  1978).  One 

s tudy  showed r o o t l e t  appea rance  in  s i x  days a t  5° C, t h r e e  days a t  

10.5° C, two days a t  15 .5°  C, and one and t h r e e - f o u r t h  days a t  17 .8° C. 

Dormant g r a i n ,  however, ge rmina te s  b e t t e r  a t  lower t e m p e r a t u r e s .

Most dormant b a r l e y  w i l l  ge rminate  a t  2 -7°  C. As th e  g r a i n  m a tu res ,  

t h e  t e m p e ra tu r e  range over  which ge rm ina t ion  occurs  widens (B r iggs ,  

1978). Fixed t ime o r  t e m p era tu re  t e s t s  may be m i s l e a d in g .  Germination 

o f  one g r a i n  sample showed t h a t  ge rm in a t io n  in  f i v e  days was b e s t  a t
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12° C (67%). The same seed  sample germinated  b e t t e r  (95%) in  an 

e leven  day t e s t  a t  5° C. In t h e  l o n g e r  t e s t  ge rm ina t ion  a t  12° C was 

on ly  86%.

M echan ica l , h e a t ,  and p r e g e rm in a t io n  damage reduce ge rm ina t ion  

c a p a c i t y  o f  b a r l e y  (P o l lo c k ,  1962). Microorganisms i n f l u e n c e  germina­

t i o n  by i n c r e a s i n g  dormancy o r  by c au s in g  seed o r  s e e d l i n g  dea th  

(B r ig g s ,  1978).  Aging o f  seed leads  t o  a d i sa p p e a ra n c e  o f  dormancy and 

a slow d e g e n e r a t i o n  o f  t h e  embryo l e a d in g  t o  even tua l  d e a th  (P o l lo c k ,  

1962).  G u l t i v a r  c h a r a c t e r i s t i c s  and s t o r a g e  c o n d i t i o n s  a f f e c t  

b a r l e y  germin a t i v e  c a p a c i t y  and l i f e  ( P o l lo c k ,  1962; B r ig g s ,  1978).

Assessment o f  ge rm ina t ion  c h a r a c t e r i s t i c s  o f  g r a in  g e n e r a l l y  f a l l s  

i n t o  t h r e e  groups o f  t e s t s :  ge rm ina t ion  c a p a c i t y  t e s t s ,  ge rm ina t ion

energy  t e s t s , and s p e c i a l  ge rm ina t ion  t e s t s  such as t h e  w a te r  s e n s i t i ­

v i t y  t e s t  (P o l lo c k ,  .1962). Germination energy  t e s t s  a s s e s s  th e  

p e r c e n t  ge rm ina t ion  o f  a g iven seed l o t  a t  a p a r t i c u l a r  t im e  under 

s t a n d a r d  c o n d i t i o n s  (Bishop,  1944; B e lde rok ,  1968; B r ig g s ,  1978;

Brookes , 1980).  Germination c a p a c i t y  t e s t s  de te rm ine  t h e  v i a b i l i t y  o f  

th e  seed  l o t  as  t h e  p e r c e n ta g e  o f  s e e d ,  bo th  dormant and nondormant 

(Bishop,  1944; B e lde rok ,  1968; B r ig g s ,  1978; Brookes,  1980).  The 

d i f f e r e n c e  between germin a t i v e  energy and germin a t i v e  c a p a c i t y  d e t e r ­

mines th e  amount o f  dormancy in  th e  sample (B r iggs ,  1978).  The d i f f e r ­

ence between germ ina t ion  w i th  4 ml o f  w a te r  and germ ina t ion  w i th  

8 ml o f  w a te r  has been d e f in e d  as w a te r  s e n s i t i v i t y  (Essery  e t  a l . ,  .
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1955; Wainwright and Buckee5 1977; B r i g g s 5 1978).

Many s t a n d a r d i z e d  germ ina t ion  methods e x i s t  a l though  many have 

s e r i o u s  l i m i t a t i o n s  (B ishop,  1944, 1945,  1946; Essery  e t  a l . ,  1954,

1955; P o l lo c k  e t  a l . ,  1955a,  1955b; P o l l o c k ,  1962; MacLeod, 1967; 

B e lderok ,  1968; Gordon, 1969; Wainwright and Buckee,  1977; B r ig g s ,  1978; 

Gordon e t  a l . ,  1979). T e s t s  and c r i t e r i a  f o r  germ ina t ion  d i f f e r  de­

pending on in ten d ed  use o f  t h e  seed  (B r ig g s ,  1978).  M a l t s t e r s  r e q u i r e  

r a p id  ge rm ina t ion  such as 50% in  one t o  two days and 95-100% in  t h r e e  

days and s c o re  g r a i n s  as germinated  as soon as the  c o l e o r h i z a  appea rs .  

For seed t e s t i n g  purposes  the  seed must produce a whole ,  normal ,  

v igo rous  s e e d l i n g  w i th  an adequa te  r o o t  sys tem,  a c o l e o p t i l e ,  and a t  

l e a s t  one s e e d l i n g  l e a f  (B r ig g s ,  1978). M alt ing  ge rm ina t ion  t e s t s  

g e n e r a l l y  r e q u i r e  on ly  t h r e e  t o  f o u r  days w h i le  seed t e s t i n g  germina­

t i o n  r e q u i r e  7-14  days (B r ig g s ,  1978).  R e l i a b l e  germ ina t ion  r e s u l t s  

r e q u i r e  r e p l i c a t e d  subsamples under r i g i d l y  s t a n d a r d i z e d  c o n d i t i o n s  

o f  t e m p e r a t u r e ,  amount o f  w a t e r ,  and t e s t  d u r a t i o n  (B r ig g s ,  1978).  . 

In a d e q u a te ly  c o n t r o l l e d  c o n d i t i o n s  may le ad  t o  s e r i o u s  d i s c r e p a n c i e s  

between v a r i o u s  ge rm ina t ion  t e s t s  (Esse ry  e t  a l . ,  1954; B r i g g s ,  1978).  

Micro-organ ism i n f e c t i o n s  can cause  mold growth and r o t t i n g  dur ing  

t e s t i n g  (B r ig g s ,  1978). Most m ic ro b ia l  i n f e c t i o n s  can be c o n t r o l l e d  by 

seed t r e a t m e n t .

Germina tive  energy  t e s t s  a r e  u s u a l l y  conducted a t  15-20° C and a r e  

about  72 hours in  d u r a t i o n  a l though  some may ta k e  l o n g e r  (Esse ry  e t  a l . ,
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1954).  Some o f  t h e  common germin a t i v e  energy t e s t s  i n c lu d e  the
J

Schonfe ld  t e s t ,  t h e  Aubry method,  t h e  Coldewe o r  Schonjahn method, and 

th e  Buchingor  t e s t  (Bishop,  .1944; E sse ry  e t  a ] . ,  1954; B r ig g s ,  1978).  

More s a t i s f a c t o r y  t e s t s  can be done in  f l a t  d i s h e s ,  on f i l t e r  p a p e r s ,  

in  graded sand o r  s o i l  t h a t  i s  as  uniform as p o s s i b l e  t o  which e x a c t l y  

measured p r o p o r t i o n s  o f  w a te r  a r e  added (B r ig g s ,  1978). No d i f f i c u l ­

t i e s  a r i s e  when d e t e rm in in g  g e rm in a t iv e  energy in  f u l l y  matu re  b a r l e y  

a l though  th e  p r e c i s e  envi ronment  d u r in g  th e  t e s t  de te rm ines  germination  

i f  some degree  o f  dormancy e x i s t s  in  t h e  b a r l e y  sample (P o l lo c k ,  1962).

Germination c a p a c i t y  t e s t s  de te rm ine  v i a b i l i t y  d i r e c t l y  by f o r c i n g  

dormant seeds  to  ge rm ina te  o r  i n d i r e c t l y  by de te rm in ing  v i a b i l i t y  in  

some o t h e r  way (P o l lo c k ,  1962; B r ig g s ,  1978). D i r e c t  germination,  capa­

c i t y  t e s t s  i n v o l v e  p r e t r e a t m e n t  to  e l i m i n a t e  dormancy. Common 

methods i n c lu d e  s t e e p i n g  in  d i l u t e  hydrogen pe rox ide  (Thunaeus t e s t )  

(P o l lo c k ,  1962; Wainwright  and Buckee, 1977; B r ig g s ,  1978) ,  c u t t i n g  

t h e  g r a i n s  in  h a l f  t r a n s v e r s e l y  fo l lowed  by ge rm ina t ion  (Eckhardt  

t e s t )  (Bishop ,  1944; B r i g g s ,  .1978), t r e a t m e n t  w i th  g i b b e r e l l i c  ac id  

(P o l lo c k ,  1962),  removal o f  t h e  husk and p e r i c a r p  w i th  s u l f u r i c  ac id  

(P o l loc k  e t  a l . ,  1955a; P o l lo c k ,  1962; B r ig g s ,  1978) ,  mechanical  

p e e l in g  (Bishop,  1944,  1945,  1946; P o l lo c k ,  1962; B r ig g s ,  1978) ,  and 

germ ina t ion  in  a s o l u t i o n  o f  potass ium n i t r a t e  (0.2%) (B r ig g s ,  1978; 

Gordon e t  a l . ,  1979). I n d i r e c t  measurements o f  v i a b i l i t y  use chemical 

s u b s t r a t e s  to  de te rm ine  th e  v i a b l e  p r o p o r t i o n  o f  seed .  Dead seeds
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t a k e  up barium c h l o r i d e  and r e s a z u r i n  o r  in d igo  carmine s t a i n s  and 

t h e s e  have been used to  de te rm ine  germin a t i v e  c a p a c i t y  (B r ig g s ,  1978). 

More s u c c e s s f u l  i n d i r e c t  methods d e t e c t  l i v i n g  t i s s u e s  by t h e  a b i l i t y  

o f  t h e i r  endogenous enzymes and s u b s t r a t e s  to  reduce m a t e r i a l s  such as 

d i n i t r o b e n z e n e  (Bishop,  T944; B r ig g s ,  1978) ,  s a l t s  o f  se len ium 

(Bishop,  1944,  1945,  1946; P o l lo c k ,  1962; B r ig g s ,  1978) ,  t e l l u r i u m  

(B r ig g s ,  1978),  o r  t e t r a z o l i urn s a l t s  (B ishop,  1946; P o l lo c k ,  1962; 

MacLeod, 1967; Wainwright  and Buckee, 1977; B r ig g s ,  1978) to  c o l o r e d ,  

i n s o l u b l e  s u b s t a n c e s  which s t a i n  v i a b l e  t i s s u e s .  T e t r a z o l iu m  t e s t s  

a r e  th e  most common, t h e  chemical be ing  reduced to  h ig h ly  i n s o l u b l e ,  

b r i g h t  red  f o r a z a n s  in  v i a b l e  t i s s u e  ( B r ig g s ,  1978).

Measurement o f  seed dormancy may in v o lv e  de te rm in in g  t h e  l e n g th  o f  

th e  dormant p e r i o d ,  d e t e rm in in g  dormancy i n t e n s i t y  {% dormant seed) o r  

both  ( S t r a n d ,  1980).  The l e n g th  o f  dormancy i s  th e  number o f  days 

between t h e  h a r v e s t  s t a g e  and th e  t ime when a given p e rc e n ta g e  of

g r a in  ( e . g . , 50%, 85%, 98%) i s  capa b le  o f  ge rm ina t ing  under s e l e c t e d  

t e s t  c o n d i t i o n s  (B e lde rok ,  1968). S t r a n d  (1980) de f in e d  t h e  l e n g th

o f  t h e  dormant p e r io d  as th e  number o f  s t o r a g e  days a t  20° C re q u i re d  

t o  reduce  dormancy t o  an a c c e p ta b l e  l e v e l .  Dormancy l e n g t h  t e s t s  

g e n e r a l l y  in v o lv e  e a r - g e r m in a t io n  t e s t s  which begin a t  h a r v e s t  r ip e n e s s  

and a r e  conduc ted a t  r e g u l a r  i n t e r v a l s  u n t i l  dormancy i s  gone o r  germin­

a t i o n  r eac h es  a p rede te rm ined  l e v e l  (Be lde rok ,  1968; Olsson and 

M a t t s s o n , 1976). Olsson and Mat tsson (1976) conducted a s tu d y  on the
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l e n g th  o f  t h e  dormancy p e r io d  in  wheat  by ge rm ina t ing  seeds  a t  18° C 

tw ic e  p e r  week from f u l l  r i p e n i n g  u n t i l  50% ge rm ina t ion .  They found 

l a r g e  c u l t i v a r  d i f f e r e n c e s  in  t h e  l e n g th  o f  t h e  dormancy p e r io d .  

Dormancy i n t e n s i t y  can be d e f in e d  as t h e  pe rce n tag e  o f  dormant seeds in  

a sample.  Dormancy i n t e n s i t y  d e t e r m i n a t i o n  may in v o lv e  ge rm ina t ion  a t  

v a r io u s  t e m p e ra tu r e s  w i th  t h e  s e n s i t i v i t y  o f  the  t e s t  depending on 

ge rm ina t ion  t e m p e ra tu r e  ( S t r a n d ,  1980).  O the r  dormancy i n t e n s i t y  

t e s t s  i n c lu d e  hanging g r a i n  bundles  in  a c lo se d  room, keeping them 

m ois t  and e v a l u a t i n g  th e  e x t e n t  o f  ge rm ina t ion  a t  7 ,  10,  o r  14 days 

by use o f  a p rede te rm ined  s c a l e  o r  a l t e r n a t e l y  by t e r m i n a t i n g  germina­

t i o n  a f t e r  3-5 days and e s t i m a t i n g  th e  amount o f  ge rm in a t io n  by an 

a lp h a -am y lase  t e s t  (Be lderok ,  1968). A ccura te  dormancy d e t e r m in a t io n  

r e q u i r e s  t e s t i n g  a t  th e  same m a t u r i t y  s t a g e  (Be lderok ,  1968; S t r a n d ,  

1980) ,  c a r e f u l  t h r e s h i n g  to  avoid  ke rne l  damage ( S t r a n d ,  1980),  

low m o i s t u r e  l e v e l s  t o  e l i m i n a t e  w a te r  s e n s i t i v i t y  ( S t r a n d ,  1980), 

c a r e f u l  a t t e n t i o n  to  ge rm ina t ion  t e m p e ra tu r e s  ( S t r a n d ,  1980) and s t a n ­

d a rd iz e d  s t o r a g e  o f  l o t s  to  be t e s t e d  (Olsson and M a t t s s o n , 1976; 

S t r a n d ,  1980).  Length o f  wheat  dormancy p e r io d s  i n c r e a s e d  from 12 to  

15 t o  50 days as s t o r a g e  t e m p e ra tu re  d e c re ase d  from 22° C t o  18° C to  

2° C, r e s p e c t i v e l y  (Olsson and M a t t s so n ,  1976).  Noll and Czarnecki  

(1980) r e p o r t e d  a c c u r a t e  dormancy t e s t i n g  could  be de layed  f o r  up to  

4-5  months in  wheat  by s t o r a g e  a t  -15° C o r  by i n c r e a s i n g  th e  germina­

t i o n  t e m p e ra tu r e  to  30° C. The same v a r i e t a l  rank ing  f o r  dormancy was

35
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ach ieved  Under t h e s e  c o n d i t i o n s  as was found immediately  a f t e r  

h a r v e s t .  R e s u l t s  from s p ik e  and g r a in  germ ina t ion  t e s t s  show t h a t  

dormancy depends p r i m a r i l y  on g r a in  p r o p e r t i e s  w h i le  s p ik e  type  ( e r e c t  

o r  n o d d in g ) , d e n s i t y  o f  t h e  head,  and th e  p resence  o f  glumes have a 

minor e f f e c t  on ge rm in a t io n  behav io r  (Be lde rok ,  1968).

Breeding  p o p u la t i o n s  can be s c reened  f o r  dormancy in  t h e  F2 o r  

l a t e r  g e n e r a t i o n s  by p l a n t i n g  seeds  in  m o i s t  sand in  a bench and a l low ­

ing  t h e  seeds  to  ge rm ina te .  Upon t e r m i n a t i o n  o f  t h e  ge rm ina t ion  the  

seeds  a r e  s i f t e d  from th e  sand ( S t r a n d ,  1980) .  The germina te d  seeds 

a r e  d i s c a r d e d  and t h e  dormant seed saved and d r i e d  f o r  subsequen t  

p l a n t i n g .  S e l e c t i o n  p r e s s u r e  i s  r e g u l a t e d  by the  dormancy le v e l  in  t h e  

p o p u la t i o n  a t  t h e  t im e  o f  th e  t e s t  and th e  pe rce n tage  o f  th e  po p u la t io n  

expec ted  t o  s u r v i v e  t h e  t e s t .  The l e v e l  o f  dormancy o f  t h e  p o p u la t io n  

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

o f  dormancy,  s t o r a g e  t e m p e r a t u r e ,  and t h e  t ime from m a t u r i t y  t o  t e s t i n g .  

The t e s t  i s . f r o m  5-10 days in d u r a t i o n  a t  t e m p era tu re s  from 10-20° C.

The h ig h e r  t e m p e ra tu r e s  m a n i f e s t  more dormancy and a r e  a p p l i e d  to  low 

dormancy m a t e r i a l  o r  f o r  a low s e l e c t i o n  p r e s s u r e  toward nondormancy 

( S t r a n d ,  1980).

Germination p e r c e n ta g e  o b ta in e d  under s p e c i f i e d  c o n d i t i o n s  i s  t h e  

most  commonly used measure o f  g e rm in a t io n .  I t  r e v e a l s  n o th i n g ,  however, 

about  t h e  r a t e  o r  u n i f o r m i ty  o f  ge rm ina t ion  (Bewley and Black ,  1978). 

Ano ther  commonly used ge rm ina t ion  measure i s  t h e  ge rm ina t ion  r a t e  which
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can be ex p re s sed  f o r  a s i n g l e  s e e d ,  f o r  a p o p u l a t i o n ,  o r  a p ro p o r t i o n  

o f  t h e  p o p u la t i o n ,  t h e  mean ge rm in a t io n  r a t e  o f  a p o p u la t i o n  may be 

ex p re s sed  by Kotowski1s c o e f f i c i e n t  o f  v e l o c i t y  (Cy ) (Bewley and 

Black ,  1978).  Var ious  a t t e m p t s  have been made to  combine both  t h e  

ge rm ina t ion  r a t e  and f i n a l  ge rm ina t ion  v a lu e  i n t o  a s i n g l e  numerical 

v a l u e .  C z a b a t o r 1s ge rm ina t ion  v a lu e  (C) and Timson' s  ge rm ina t ion  index 

have been c r i t i c i z e d  because  s i m i l a r  v a l u e s  may be o b t a in e d  from 

d i f f e r e n t  cum ula t ive  ge rm ina t ion  cu rves  (Bewley and B lack ,  1978). 

F i n l a y ' s  ge rm ina t ion  b eh av io r  v a lu e  (G) ( F i n l a y ,  1960a) and Gordon's  

ge rm in a t io n  r e s i s t a n c e  (G .R . ) and u n i f o r m i ty  f a c t o r  (U .F . )  (Gordon,

1969) p ro v id e  s i n g l e  numerica l  v a lu e s  e x p r e s s in g  ge rm ina t ion  behav io r .  

Goodchild and Walker (1971) combined mean germ ina t ion  r a t e ,  t o t a l  

g e r m i n a t i o n ,  and v a r i a t i o n s  in  r a t e  i n t o  a po lygon ia l  r e g r e s s i o n  

method o r  curve  f i t t i n g  w h i le  J ansse n  advoca ted  a method us ing  th e  

av e rage  ge rm ina t ion  t i m e ,  t h e  s t a n d a rd  d e v i a t i o n ,  and t h e  t o t a l  accum­

u l a t e d  sum o f  t h e  normal curve  (Bewley and B lack ,  1978).

B ar ley  ge rm in a t io n  b eh av io r  i s  q u i t e  v a r i a b l e  and f a l l s  i n t o  

t h r e e  broad  c l a s s i f i c a t i o n s  based on a germ ina t ion  b ehav io r  va lue  (G) 

( F i n l a y ,  1960a).  The f i r s t  group (G=460) has f a s t  and even germination  

and i s  composed a lm os t  e n t i r e l y  o f  naked b a r l e y  types  a l th o u g h  a few 

e x c e p t io n a l  h u l l e d  v a r i e t i e s  approx imated t h i s  r a t e  o f  ge rm ina t ion .  The 

m a j o r i t y  o f  b a r l e y  v a r i e t i e s  f a l l  i n t o  a medium ca t e g o ry  (G=300) o f
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g e rm in a t io n .  A few b a r l e y  v a r i e t i e s  ge rm ina te  s lowly  and unevenly 

(G=145) .



MATERIALS AND METHODS 

General Experimenta l  Procedures

In t h e s e  exper im en ts  seeds  were germinated  between mois t  b l o t t e r  

pape rs  in  p l a s t i c  ge rm ina t ion  boxes.  The boxes were p laced  in  p le x ­

i g l a s s  ge rm ina t ion  chambers w i th  t e m p e ra tu r e  m a in ta ined  between 20 .  

and .25°.C and th e  r e l a t i v e  humidity n ea r  100%. Each box was watered 

as  needed t o  keep th e  b l o t t e r  papers  m o i s t .  T r i p l i c a t e  samples o f  

one hundred seeds  .were germinated  from each seed l o t .  Al I germination,  

t e s t s  l a s t e d  seven days .  Seeds were c o n s id e re d  germina te d  a t  the  

f i r s t  s ign  o f  embryo growth.  Counts were made a f t e r  seven days o r  

a f t e r  s p e c i f i c  days o f  ge rm ina t ion  as i n d i c a t e d  in  S p e c i f i c  e x p e r i ­

ments .  •

Base l e v e l s  o f  a lp h a -am y las e ,  d e f in e d  in  t h i s  exper iment  as 

t h a t  a lpha -am y lase  p r e s e n t  in  th e  kernel  p r i o r  to  any g e rm in a t io n ,  were 

e s t i m a t e d  us ing  a gel d i f f u s i o n - s t a r c h  d i g e s t i o n  t e c h n iq u e  d e s c r ib e d  

by Fox and E s l i c k  (1980) .  Areas o f  s t a r c h  d i g e s t i o n  r i n g s  were 

conver ted  t o  ng dye r e l e a s e /m in u te /m g  sample by c a l c u l a t i n g  a 

r e g r e s s i o n  l i n e  f o r  each p l a t e  from t h r e e  check samples o f  known 

a lpha -am y lase  a c t i v i t y  and s u b se q u e n t ly  de te rm in ing  enzyme a c t i v i t y  

f o r  each sample.  Where a p p l i c a b l e ,  a lpha -am ylase  a c t i v i t y  was con­

v e r t e d  t o  ng dye r e l e a s e / m i n u t e / k e r n e l .  . .



S t a t i s t i c a l  Methods

. The s t a t i s t i c a l  a n a l y s e s  u t i l i z e d  v a r i e d  w i th  t h e  exper iment .

An F t e s t  a n d / o r  Duncan's  New M u l t i p l e  Range Tes t  were used, to  

compare mean r e sponses  among groups (S te e l  and T o r r i e ,  I 9 6 0 ; .

Snedecor  and Cochran,  1967). Reg res s ion  and c o r r e l a t i o n  methods,  

were a l s o  used where a p p l i c a b l e  (Snedecor and Cochran,  1967; Sokal 

and Rohlf , 1969) .  P a i r ed  compar isons .were  made us ing  a p a i r e d  t  t e s t  

(Snedecor  and Cochran,  1967).

Some o f  t h e  d a t a  v i o l a t e d  t h e  a n a l y s i s  o f  v a r i a n c e  assumptions,  

o f  n o r m a l i t y  and homogeneity o f  v a r i a n c e .  Such d a t a  were t rans fo rm ed  

and ana lyzed  p a r a m e t r i c a l l y  o r  ana lyzed  us ing  nonparam etr ic  s t a t i s ­

t i c s  (Sokal and R o h l f 5 1969).  P a i r ed  nonparam etr ic  compar isons  were 

made us ing  t h e  s ig n  t e s t  o r  W i lcoxson 's  Signed-Rank T e s t  (S tee l  

^and T o r r i e ,  1960; Snedecor and Cochrani, 1967; Sokal and R o h l f , 1969).  

Unless d i f f e r e n t  r e s u l t s  were o b ta in e d  by a n a ly z in g  t r an s fo rm e d  da ta  

o r  u s ing  nonpa ram e t r i c  t e c h n iq u e s  o n ly  t h e  p a r a m e t r i c  a n a l y s i s  o f  

o r i g i n a l  d a t a  i s  r e p o r t e d .

Experiment I

The o b j e c t i v e  o f  t h i s  exper iment was t o  c h a r a c t e r i z e  t h e  

dormancy i n t e n s i t y  and ge rm ina t ion  b eh a v io r  o f  b a r l e y .  F i f t y  b a r l e y  

c u l t i v a r s  i n c lu d in g  25  two-row and 25 s ix - ro w  c i i l t i v a r s  r e p r e s e n t i n g  

commercial m a l t i n g  and feed  b a r l e y s  were p la n te d  18 A pr i l  1978 a t

40
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Bozeman, Montana. The b a r l e y  was damaged by ha i l  on 16 J u l y ,  dur ing  

t h e  heading  p e r io d .  Heads from 16 c u l t i v a r s , presumably r e p r e s e n t i n g  

a wide range o f  ge rm in a t io n  b e h a v i o r , were h a rv es te d  30 A ugus t  ̂

s h o r t l y  a f t e r  h a r v e s t  r i p e n e s s  (14% m o i s t u r e ) .

The heads were a i r  d r i e d  one week a t  20°C, then  t h r e s h e d  and 

ge rm ina ted .  Germination  Counts were made a f t e r  days f i v e  and seven.  .

Speed o f  ge rm ina t ion  was d e f in e d  as th e  r a t i o  o f  p e r c e n t  

g e rm in a t io n  on day f i v e  t o  t h e  f i n a l  ge rm in a t io n  p e r c e n t  on th e  

seven th  day.  Residual  seed from t h e s e  c u l t i v a r s  was s t o r e d  a t  20°C 

f o r  f i v e  months,  then  t e s t e d  f o r  ge rm in a t io n  a second t im e .  The 

d i f f e r e n c e  between f i n a l  ge rm ina t ion  p e rc e n ta g e  February 1979 

(Germin a t i v e  C a p a c i t y ) ,  and f i n a l  ge rm in a t io n  pe rce n tag e  September,  

T978 (Germin a t i v e  I n t e n s i t y ) ,  was d e f in e d  as t h e  p e r ce n tag e  o f  dor ­

mancy t h a t  had broken down d u r in g  f i v e  months o f  s t o r a g e .  Base a lp h a -  

amylase a c t i v i t y  l e v e l s  were de termined  f o r  a l l  c u l t i v a r s .

E igh t  m a l t i n g . a n d  e i g h t  feed  b a r l e y  c u l t i v a r s  (MBIA, 1981) were 

e q u a l l y  d iv i d e d  between two- and s ix - ro w  type s  (Table I ) .  An F t e s t  

was used to  compare mean responses  among groups .  The e r r o r  mean 

square  was used t o  t e s t  v a r i a t i o n  w i t h i n  c l a s s i f i c a t i o n s  and v a r i a t i o n  

among C u l t i v a r s .  The w i t h i n  c l a s s i f i c a t i o n  mean square  was used to  

t e s t  v a r i a t i o n  among c l a s s i f i c a t i o n s ,  between malt  and feed  b a r l e y s ,  

between two- and s ix - ro w  b a r l e y s ,  and t h e  i n t e r a c t i o n  among 

c l a s s i f i c a t i o n s .  T h e .d a t a  was a l s o  ana lyzed  us ing a l o g a r i t h m i c
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Tab le  I .  Exper iment  I .  C l a s s i f i c a t i o n  o f  b a r l e y  c u l t i v a r s  by
use and row type  (MBIA, 1981).

C u l t i v a r P r i n c i p l e  Use 2 o r  6 -Row

Betzes Malt 2
Erbet Malt 2
Klages Malt 2
P i r o l i n e Malt 2

Dickson Malt 6
b a r k e r Malt 6
T r a i l l Malt 6
Trophy Malt 6

Compana Feed 2
Dekap Feed 2
Hector Feed 2
In g r id Feed 2

G al t Feed 6
. S te p to e Feed 6

Treb i Feed 6
Vantage Feed 6
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t r a n s f o r m a t i o n  a l th o u g h  no d i f f e r e n c e  in  r e s u l t s  was o b t a in e d .

Experiment 2

Th is  exper im en t  was conducted t o  e v a l u a t e  th e  e f f e c t  o f  th e  waxy 

endosperm gene on dormancy, g e rm in a t io n ,  and a lpha -am y lase  a c t i v i t y  

l e v e l s  d u r in g  kerne l  m a t u r a t i o n .  Four waxy-normal endosperm near  

i s o g e n i c  p a i r s ,  developed in  t h e  T i t a n ,  B e t z e s , and Compana c u l t i v a r s ,  

were grown a t  Bozeman and H unt ley ,  Montana in  p l o t s  1 .2  m e te rs  wide 

and 35 .0  m e te rs  long .  All i s o g e n i c s  invo lved  in  t h i s  exper im ent  were 

developed  by b a c k c ro s s in g  th e  waxy endosperm gene seven g e n e r a t i o n s  

i n t o  each c u l t i v a r .

F i f t y  to  s e v e n t y - f i v e  random s p ik es  were taken  from each p l o t  

ev e ry  two to  t h r e e  days from s h o r t l y  a f t e r  heading u n t i l  h a r v e s t  

m a t u r i t y  ( l e s s  than  14% m o i s t u r e ) .  Twenty-three samples were taken  

d u r in g  th e  p e r io d  from 27 J u l y  to  23 September a t  Bozeman. Four teen 

samples were c o l l e c t e d  a t  Huntley  (24 July,  t o  22 A u g u s t ) . Spikes 

were weighed,  a i r  d r i e d  f o r  one week a t  20°C in paper  b a g s ,  r e ­

weighed,  t h r e s h e d ,  and germina ted .  Spike m o is tu re  was e s t i m a t e d  

on a f r e s h  w eigh t  b a s i s  us ing  t h e  fo l l o w in g  eq u a t io n :

(
Fresh  w eigh t  -  Dry w eight ) x 100 = % s p ike  m o i s tu r eF resh  w eigh t

Spike m o i s t u r e  was de te rm ined  only  a t  Bozeman. P h y s io lo g i c a l  

m a t u r i t y  was d e f in e d  as  t h e  p o in t  in  t ime a t  which m o i s t u r e  had
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d ecreased  t o  40%. Germination counts  were made a f t e r  days t h r e e  and 

seven .  Germination speed was d e f in e d  by t h e  fo l lo w in g  e q u a t io n :

( I  g e rm in a t io n  day 7 > x 100 = G e m i n a t i o n  Speed Index

Seed w e igh t  f o r  each sample (mg/Kerne l) ,  was c a l c u l a t e d  by 

coun t ing  and weighing  two l o t s  o f  one hundred a i r  d r i e d  s e e d s .  Ger­

mination c a p a c i t y  was de te rm ined  a f t e r  f i v e  months o f  s t o r a g e .  Seeds 

which d id  n o t  ge rm ina te  in  t h e  seven day conven t iona l  germ ina t ion  

t e s t  were c u t  in  h a l f  l e n g th w is e  and p la ced  in  t e t r a z o l i u m  c h l o r i d e  

(TZ) s o l u t i o n  f o r  30 m inu tes .  Seeds w i th  b r i g h t l y  s t a i n e d  embryos 

were c o n s id e re d  v i a b l e .  Germination c a p a c i t y  was d e f in e d  as th e  

sum o f  p e r c e n t  ge rm in a t io n  in  t h e  conven t iona l  ge rm in a t io n  t e s t  p lus  

v i a b l e  seed  as  de te rmined  by t h e  TZ t e s t .  Dormancy o f  t h e  deve lop­

in g  seed was e s t i m a t e d  by s u b t r a c t i n g  t h e  p e r c e n t  germin a t i v e  

i n t e n s i t y ,  de te rmined  one week a f t e r  sampl ing ,  from th e  p e r c e n t  

g e rm in a t iv e  c a p a c i t y .  Base le v e l  a lp h a -am y lase  a c t i v i t y ,  in  the  

ungerminated s e e d ,  was de te rmined  f o r  each  c u l t i v a r - d a t e  combinat ion.

Data from th e  13 September sample grown a t  Bozeman was omi tted  

from s t a t i s t i c a l  a n a l y s e s  because o f  c o n s id e r a b l e  s p r o u t i n g  damage. 

Approx imately two inches  o f  r a i n f a l l  f e l l  s h o r t l y  b e fo re  sampling.

The heads were h a rv e s te d  wet and im proper ly  d r i e d  r e s u l t i n g  in  

d r a m a t i c a l l y  i n c r e a s e d  a lpha -am y lase  l e v e l s  and de p re s s e d  g e rm in a t iv e  

energy  and c a p a c i t y .
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I s o g e n ic  a n a l y s e s  between waxy and normal endosperm b a r l e y s  

were made by p a i r e d  compar isons  o f  waxy-nonwaxy l i n e s  a t  each d a t e  

us ing  a p a i r e d  t  t e s t .  S i m i l a r  compar isons  were a l s o  made between 

s h o r t  awn-nude Compana i s o t y p e s  and normal ( long awn-covered)  Compana 

i s o t y p e s  and between Washonupana (waxy s h o r t  awn-nude) and Compana 

(normal endosperm long awn-covered) .  P a i r e d  t  t e s t s  were made f o r  

each c h a r a c t e r i s t i c  a t  each l o c a t i o n  w i t h i n  each g e n e t i c  background 

then  a c r o s s  env i ronm en ts ,  and a c ro s s  g e n e t i c  backgrounds .  The waxy- 

normal endosperm compar isons  a c r o s s  g e n e t i c  backgrounds were made by 

a ve ra g ing  waxy and normal endosperm v a lues  a t  each d a t e  and su b se ­

q u e n t l y  comparing t h e  means ( p a i r e d  by d a t e ) .  P a i red  t  t e s t s  a c ro s s  

envi ronments  were made simply  by i n c r e a s i n g  t h e  number o f  p a i r s  in  

t h e  t e s t  to  in c lu d e  both  env i ronm ents .  I s o g e n ic  a n a ly se s  were a l s o  

performed u s in g  th e  s ign  and W i lcoxson 's  Ranked Sign t e s t s .

Graph ica l  p r e s e n t a t i o n s  o f  t h e  t im e  cou rses  o f  v a r io u s  experimen­

t a l  o b s e r v a t i o n s  were made us ing  a t h r e e - s a m p le  moving ave rage  to

smooth and s i m p l i f y  d a t a  cu rv e s .  Bozeman d a t a  i s  p r e s e n t e d  us ing th e
.

p e rc e n ta g e  o f  sp ik e  m o i s t u r e  as a m a t u r i t y  index .  Huntley  d a t a  i s  

p r e s e n t e d  c h r o n o l o g i c a l l y .  The s ign  o f  t h e  t  s t a t i s t i c  p r e s e n te d  in 

t a b l e s  4-9  i n d i c a t e s  t h e  r e l a t i v e  p o s i t i o n  o f  i s o t y p e s .  Normal i s o ty p e  

v a lu e s  were always s u b t r a c t e d  from mutant  i so type  va lues  in  th e  p a i re d  

t  t e s t .  Thus a p o s i t i v e  t  s t a t i s t i c  i n d i c a t e s  t h e  mutant  i s o ty p e  

va lue  i s  g r e a t e r  than  th e  normal i s o t y p e  va lue  and v i c e  v e r s a .
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Experiment 3

The purpose o f  t h i s  exper iment was to  de te rmine  t h e  e f f e c t  o f  

t h e  waxy endosperm gene on dormancy,  g e rm in a t io n ,  and m a l t  q u a l i t y  

c h a r a c t e r i s t i c s  a t  h a r v e s t  m a t u r i t y  ( l e s s  than  14% m o i s t u r e ) . Four 

waxy-normal endosperm i s o g e n i c  p a i r s  p lu s  t h r e e  check c u l t i v a r s ,

P i r o l i n e ,  S h a b e t , and Klages were p la n t e d  on recropped s o i l  a t  

Bozeman, Montana in  an e f f o r t  to  m a in t a i n  p r o t e i n  c o n t e n t  w i th in  

a c c e p t a b l e  m a l t i n g  l i m i t s .  The exper iment  was p la n te d  a s  a randomized 

complete b lock  w i th  f o u r  r e p l i c a t i o n s .  P l o t s  were f o u r  rows wide w i th  

30 cm between rows.  The rows were t h r e e  mete rs  long and were p la n te d  

a t  t h e  r a t e  o f  3 .25 grams pe r  me te r .  Heading d a t e  f o r  each  p l o t  was 

r eco rded  as  t h e  days a f t e r  I January  when t h e  f i r s t  f l o r e t  o f  th e  main 

t i l l e r  reached  th e  f l a g  l e a f  b lade  on 50% o f  th e  p l a n t s .  P l a n t  

h e i g h t  (cm) was measured from t h e  crown t o  t h e  to p  f l o r e t  a t  th e  

hard dough s t a g e .

At h a r v e s t  r i p e n e s s  1 .48  square  m e te rs  from th e  c e n t e r  two rows o f  

each p l o t  were h a rv e s te d  f o r  y i e l d ,  g e rm i n a t i o n ,  and m a l t  q u a l i t y  

e v a l u a t i o n s .  Y ie l d ,  g r a i n  weigh t  p e r  u n i t  a r e a ,  was conver ted  to  

q u i n t a l s  p e r  h e c t a r e .  T e s t  w e igh ts  were determined  us ing  th e  

lOhaus T e s t  Weight S c a l e 1 and con v e r ted  t o  K g / h e c t o l i t e r .  Kernel 

w e igh ts  (grams/1000 k e r n e l s )  were de te rm ined  by weighing and count ing  

30 grams o f  b a r l e y  seed and then  c a l c u l a t i n g  t h e  w eight  o f  1000 k e r n e l s .  

Malt e v a l u a t i o n s  were made on 350 gram sam ples ,  bulked in  equal
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p r o p o r t i o n s  from each r e p l i c a t i o n ,  a t  th e  USDA-ARS North C en t ra l  

Region B ar ley  and Malt L abo ra to ry  a t  Madison, Wiscons in.  Germination 

b eh av io r  was e v a l u a t e d  on I October  and 3 December o f  t h e  same h a r v e s t  

y e a r .  D a i ly  ge rm ina t ion  counts  were made in  t h e  t e s t s .  Germination 

speed was q u a n t i f i e d  us ing  F i n l a y ' s  g e rm in a t io n  behav io r  index  (G) 

( F i n l a y ,  1960a).

S t a t i s t i c a l  a n a ly s e s  invo lved  an F t e s t  t o  compare ge rm ina t ion  

and agronomic t r a i t s  o f  mutan t  i s o t y p e s ,  a p a i r e d  t  t e s t  to  compare 

m a l t  q u a l i t y  c h a r a c t e r i s t i c s  o f  waxy and normal endosperm i s o t y p e s ,  

and Duncan's  M u l t i p l e  Range T es t  to  compare d i f f e r e n c e s  among 

c u l t i v a r  means.

Experiment 4

This  exper iment  was conducted  t o  de te rm ine  th e  e f f e c t  o f  the  

waxy endosperm gene on t h e  r a t e  o f  w a te r  i m b i b i t i o n .  Seed from fo u r  

Compana i s o t y p e s  - Washonupana, Shonupana, Wapana, and Compana, 

grown in  t h r e e  envi ronments  was used in  t h e  s tu d y .  I n i t i a l  m o is tu re  

c o n t e n t  o f  t h e  seed was 7 .24-9.05%. Seed l o t s  from each envi ronment-  

c u l t i v a r  combination  were immersed in  20°C, unae ra ted  w a te r  in  t h r e e  

r e p l i c a t i o n s  and sampled a f t e r  0 .2 5 ,  0 . 5 0 ,  0 .7 5 ,  1 .0 0 ,  2 . 0 0 ,  4 .0 0 ,  

8 . 0 0 ,  36 .00  and 48 .00  hours  o f  s t e e p  t im e .  At each sampl ing  t im e ,  

app ro x im a te ly  1000 seeds  were removed from th e  w a t e r , i m m e d i a t e l y  

b l o t t e d  to  remove s u r f a c e  w a te r ,  weighed,  and then  d r i e d  in  a fo rced
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a i r  oven a t  80°C. Fina l  oven dry w e igh ts  were o b t a in e d  when no 

f u r t h e r  m o i s tu r e  l o s s  (measured by d e c r e a s i n g  w eigh t )  o cc u r r e d .  

M ois tu re  p e r c e n ta g e  was c a l c u l a t e d  on a f r e s h  weight  b a s i s .  Equat ions 

d e s c r i b i n g  w a te r  up take  f o r  each i s o t y p e  and f o r  each environment 

were developed  u s in g  r e g r e s s i o n  t e c h n iq u e s .  These e q u a t io n s  a re  

s i m i l a r  to  th o s e  d e r iv e d  by Shull  (1920) f o r  Xanthium s eed s .  The 

e q u a t io n  t a k e s  t h e  form Y=mlog^Q(X+l)+b i n  which Y=the t o t a l  pe rce n ­

t a g e  o f  m o i s tu r e  in  th e  seed ,  and X=the hours  o f  s t e e p  t i m e ,  m and b 

be ing c o n s t a n t s ,  r e p r e s e n t i n g  t h e  s lo p e  and Y - i n t e r c e p t ,  r e s p e c t i v e l y .

Seeds from t h e  same i so types  were a l s o  t e s t e d  f o r  germ ina t ion  

speed.  Seed from a l l  t h r e e  env ironments  had been s t o r e d  f o r  a minimum 

o f  two y e a r s  a t  20 C, th u s  reduc ing  dormancy to  a minimal l e v e l .  

Germination coun ts  were made d a i l y  f o r  seven days.  Germination speed 

was c a l c u l a t e d  as  t h e  ge rm ina t ion  promptness  index (GPI) in  which 

t h e  p e r c e n ta g e  ge rm in a t io n  on days one th rough  seven ,  r e s p e c t i v e l y ,  

a r e  weighed by a f a c t o r  o f  seven on day one to  one on day seven ,  and 

summed.

Data were s t a t i s t i c a l l y  ana lyzed  us ing  an F t e s t  t o  compare mean 

re s p o n s es  between waxy and normal Compana i s o ty p e s  and between s h o r t  

awn-nude and long awn-covered Compana i s o t y p e s .  I s o ty p e  and s t e e p  

t im e  were f i x e d  e f f e c t s ,  and environment was cons ide re d  a random 

e f f e c t . . Mean re sponses  among i s o t y p e s  were t e s t e d  us ing  th e  e n v i ro n ­

ment by i s p type  i n t e r a c t i o n  mean s q u a re .  S teep t ime re s p o n s es  were
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t e s t e d  us ing  t h e  envi ronment by s t e e p  t ime i n t e r a c t i o n  mean square .  

The s t e e p  t ime by i so type  i n t e r a c t i o n  was t e s t e d  us ing  t h e  mean 

square  o f  t h e  second o r d e r  i n t e r a c t i o n .  All o t h e r  F t e s t s  involved  

t h e  r e s i d u a l  mean s quare .



RESULTS AND DISCUSSION

Experiment I .  C h a r a c t e r i s t i c s  o f  M al t ing  and Nonmalting C u l t i v a r s  , 

P e rcen tag e  germin a t i v e  c a p a c i t y  (Tab les  2 and 3) v a r i e d  s i g n i f i ­

c a n t l y  among c u l t i v a r s  bu t  n o n s i g n i f i c a n t l y  between m a l t  and feed  

ty p e s  o r  between two- and s ix - row  b a r l e y s .  No s i g n i f i c a n t  i n t e r ­

a c t i o n  between t h e  m a l t - f e e d  and tw o - s ix  row c l a s s i f i c a t i o n s  was 

d e t e c t e d .  S i g n i f i c a n t  v a r i a t i o n  w i t h i n  t h e  s ix - row  c l a s s i f i c a t i o n  

bu t  no t  w i t h i n  t h e  two-row c l a s s i f i c a t i o n  was observed .

P e rcen tage  dormancy (Tab les  2 and 3) v a r i e d  s i g n i f i c a n t l y  

among c u l t i v a r s ,  a f a c t  well  documented (Deming and R ober t son ,  1933; 

Be lderok ,  1968).  Malt b a r l e y s  had s i g n i f i c a n t l y  l e s s  dormancy than  

f e e d  b a r l e y s .  A s h o r t  dormancy p e r io d  (LaBerge e t  a l . ,  1971) a nd /o r  

a low dormancy, i n t e n s i t y  (M alt ing  B ar ley  Improvement A s s o c i a t i o n ,  

1981) a r e  c h a r a c t e r i s t i c  o f  m a l t  b a r l e y s .  Two- and s ix - ro w  b a r l e y s  

d id  no t  vary  s i g n i f i c a n t l y  f o r  dormancy. The i n t e r a c t i o n  between 

m a l t - f e e d  and tw o - s ix  row c l a s s i f i c a t i o n s  was a l s o  n o n s i g n i f i c a n t .  

S i g n i f i c a n t  v a r i a t i o n  in  dormancy e x i s t e d  w i th i n  all.  c l a s s i f i c a t i o n s  . 

e x ce p t  t h e  m a l t  two-row c l a s s i f i c a t i o n .  S i g n i f i c a n t  v a r i a t i o n  w i th in  

t h e  feed  c l a s s i f i c a t i o n s  would be ex p ec ted .  By d e f i n i t i o n ,  malt  

b a r l e y s  must meet r i g i d  s t a n d a rd s  f o r  germ ina t ion  w h i le  feed  b a r l e y s  

i n c lu d e  a l l  b a r l e y s  n o t  meeting  m a l t  s t a n d a r d s .

Germination speed (Tab les  2 and 3) v a r i e d  s i g n i f i c a n t l y  among
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Table 2. Experiment I .  Mean g e rm in a t io n  b ehav io r  and a lpha -am ylase
a c t i v i t y  v a lues  f o r  s i x t e e n  b a r l e y  c u l t i v a r s  
c l a s s i f i e d  by use and row type .

T r a i t

G e r m in a t iv e • 
C apac i ty ‘ Dormancy

Germination
Speed

Alpha-amylase
A c t i v i t y

C l a s s i f i c a t i o n % ' % 100

Ring . 
d ia m e te r  

(mm) .

Malt 96.8 7 :8 96.0 7 .9
Feed 88 .4 25.5 73.1 7 .6  .
D i f f e r e n c e

(Mal t-Feed)
8 .4 -1 7 .7 22 .9 0 .3  .

Two-Row 98.5 17 .9 81.6 7 .6
Six-Row 86.7 15 .4  ■ 87.5 7 . 9
D i f f e r e n c e

(2-row T 6-row)
n . s 2 .5 - 5 . 9 - 0 .3

Malt  2-row 99.1 5 .4 97.4 7 .6
Malt  6 - row 94.5 10.2 94.5 8.1
Feed 2-row 98 .0 30 .4 65.7 7.5
Feed 6 - row . 78 .8 20.5 80.4 7 .8

O vera l l  means 9 2 . 6 16 .7 84.5 7.75



52

Table  3. Experiment T. A na ly s i s  o f  v a r i a n c e  f o r  c e r t a i n  ge rm ina t ion
t r a i t s  f o r  s i x t e e n  b a r l e y  c u l t i v a r s  c l a s s i ­
f i e d  by use and row type .

Source o f  V a r i a t i o n  d f

. Germinative 
C apac i ty Dormancy

Germination
Speed

M.S. M.S. M.S.

C u l t i v a r s  15 630.7** 807.9** 1084.7**

Among c l a s s i f i c a t i o n s  3 1057.0 1492.8 2543.4*
Malt  vs Feed I 841.7 3763.0* 6291.0*
2 vs 6 - row I 1692.0 77 .5 419.5  •
M vs F x 2 vs 6-row ... I 638.0 638.0 916.6

Within c l a s s i f i c a t i o n s  12 524.1** 636.7** 720.8**
Malt  2-row 3 1 .0 67 .0 18.6

. Malt  Srrow 3 153.2** 590;5** 38.1
Feed 2-row 3 18 .3 1258.3** 1320.8**
Feed 6-row 3 1923.7** 631.3** 1505.7**

E r ro r  32 9 .5 29.6 38 .3  .

* ,  ** S i g n i f i c a n t  a t  t h e  P=O.05 and P=O.01 p r o b a b i l i t y  l e v e l s ,  
r e s p e c t i v e l y .
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c u l t i v a r s  and between m a l t  and f eed  t y p e s .  This  a g re e s  w i th  p r i o r  

r e s e a r c h  ( F i n l a y ,  1960a; Ulonska and Baumer, 1976) r e p o r t i n g  wide 

v a r i a t i o n  in  ge rm in a t io n  speed .  Two- and s ix - row  b a r l e y s  d id  not  

vary  s i g n i f i c a n t l y  f o r  ge rm ina t ion  speed .  Feed b a r l e y s  had s i g n i f i ­

c a n t  v a r i a t i o n  w i th i n  c l a s s i f i c a t i o n s ,  b u t  no t  th e  m a l t  b a r l e y s .

Leve ls  o f  base a lp h a -am y lase  a c t i v i t y  d id  not  v a ry  much among 

c l a s s i f i c a t i o n s  (Table 2) and among c u l t i v a r s .  S t a t i s t i c a l  a na ly se s  

were n o t  conduc ted f o r  a lpha -am y lase  a c t i v i t y  due to  ina dequa te  

r e p l i c a t i o n .  A v a i l a b l e  in fo rm a t io n  s u p p o r t s  t h e  f i n d i n g  o f  Riggs and 

Gothard (1976) .  They r e p o r t e d  t h a t  a lpha -am y lase  l e v e l s  reached  a 

peak s h o r t l y  a f t e r  a n t h e s i s ,  d e c l in e d  t o  a n e g l i g i b l e  l e v e l  by 

31 days p o s t  a n t h e s i s ,  and then  remained s t a b l e  u n t i l  m a t u r i t y .  No 

s i g n i f i c a n t  d i f f e r e n c e s  were r e p o r t e d  among seven b a r l e y  c u l t i v a r s  

f o r  a lpha -am y lase  a c t i v i t y  in  t h e  p e r io d  from 31 days a f t e r  a n t h e s i s  

t o  m a t u r i t y .

This  exper iment conf irms  t h a t  ge rm ina t ion  b ehav io r  v a r i e s  

w ide ly  among b a r l e y  c u l t i v a r s  and between m a l t  and feed  b a r l e y s .

These r e s u l t s  a l s o  i n d i c a t e  t h a t  s c r e e n in g  f o r  malt  b a r l e y s  could 

i n v o lv e  t e s t i n g  f o r  dormancy,  ge rm in a t io n  speed ,  o r  bo th .  Row type  

i t s e l f  g iv e s  no i n d i c a t i o n  o f  ge rm in a t io n  behav io r .  . .
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Experiment 2: Kernel Weight ,  Germination C h a r a c t e r i s t i c s ,  and
Alpha-amylase Development During M atu ra t ion

M atu ra t ion  as  measured by m o i s tu r e  pe rce n tage

. P e rcen tage  s p ike  m o i s tu r e  o f  a l l  b a r l e y  l i n e s  sampled th roughou t

kernel  m a tu r a t i o n  a t  Bozeman (F ig u re s  1-4)  p a r a l l e l s  p a t t e r n s  o f

g r a i n  m o i s t u r e  c o n t e n t  d u r ing  kernel  development r e p o r t e d  f o r  b a r l e y
'  .  .

(W el l ing ton ,  1964; MacGregor e t  a l . ,  1971) and wheat  (Gordon e t  a l . ,

1979); I s o g e n ic  a n a l y s i s  (Table 4) showed s p ik e  m o i s tu r e  t o  be 

s i g n i f i c a n t l y  h ig h e r  f o r  t h e  waxy endosperm l i n e s  than  f o r  t h e  normal 

endosperm l i n e s .  Waxy endosperm T in e s  averaged  one t o  two p e rc e n t  

h ig h e r  sp ike  m o i s tu r e  than  d id  normal endosperm l i n e s  a t  each sampling 

d a t e  (F igu re  I ) .  During kerne l  m a tu r a t i o n  Washonupana and Watan had 

s i g n i f i c a n t l y  h ig h e r  sp ik e  m o i s tu r e  than  Shonuparia and T i t a n ,  r e s p e c ­

t i v e l y  (Table 4 ) .  Washonupana had a 2-16% h ig h e r  sp ik e  m o i s t u r e  p e r ­

cen tage  than  Shonupana (F igure  2) w h i le  Watan was 0 - 1 1 % h ig h e r  in  

s p ike  m o i s t u r e  p e rc e n ta g e  than  T i t a n  d u r in g  kernel  m a tu r a t i o n  (F igure  

3 ) .  No s i g n i f i c a n t  d i f f e r e n c e s  in  s p ik e  m o i s tu re  e x i s t e d  between 

Wapana and Compana and between Wabet and Betzes  d u r ing  t h i s  p e r io d .

P a i r ed  comparisons  among th e  f o u r . Compana i s o l i n e s  showed t h a t  

th e  s h o r t  awn-naked, i s o l i n e s  were,  in  both  c a s e s ,  s i g n i f i c a n t l y  

h ig h e r  in  s p ike  m o i s tu r e  du r ing  kerne l  m a tu r a t i o n  than  t h e  long awn- 

covered i s o l i n e s  (Table 4 ) .  The s h o r t  awn-naked i s o l i n e s ,  Washonu- 

pana and Shonupana averaged  2-14% h ig h e r  in  sp ik e  m o i s tu r e  than
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Mean o f  f o u r  waxy endo­
sperm i so ty p e s .

Mean o f  fo u r  normal 
endosperm i s o ty p e s .

Sampling Date

F igure  I .  Experiment 2. Average sp ik e  m o i s tu re  o f  f o u r  waxy and 
f o u r  normal endosperm b a r l e y  i s o ty p e s  sampled 23 t imes 
(27 J u l y  - 23 September 1978) d u r ing  kernel  m a tu ra t i o n  
a t  Bozeman, Montana.
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Washonupana

Shonupana

Wapana

Compana

Sampling Date

Figure 2. Experiment 2. Spike moisture of four Compana isotypes
sampled 23 times (27 July - 23 September 1978) during
kernel maturation at Bozeman, Montana.
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Watan

T i ta n

Sampling Date

Figure 3. Experiment 2. Spike moisture of two Titan isotypes
sampled 23 times (27 July - 23 September 1978) during
kernel maturation at Bozeman, Montana.
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Figure 4. Experiment 2. Average spike moisture of two short awn-
naked and two long awn-covered Compana isotypes sampled
23 times (27 July - 23 September 1978) during kernel
maturation at Bozeman, Montana.
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Table  4. Experiment 2 .  S t a t i s t i c a l  a n a l y s i s  us ing  a p a i r e d  t  t e s t
o f  p e rc e n ta g e  s p ik e  m o i s tu re  d u r in g  kernel  

. m a tu r a t i o n  f o r  e i g h t  b a r l e y  l i n e s  i s o g e n i c  
f o r  waxy and normal endosperm a t  Bozeman, 
Montana, 1978.

Comparison Bozeman 
. 22 d f

Mutant 
i s o ty p e

. Normal 
i s o ty p e Sign o f  t  + S.L.++

Washonupana Shonupana + ■ '**
Wapana Cpmpana - NS .
Watan T i t a n **
Wabet . Betzes + NS

Waxy (mean) Normal (mean)
■

+ **

Washonupana Wapana + **
Shonupana Compana . + * ..

S ho r t  awn- Long awn-
naked (mean) covered (mean) + **

Washonupana Compana + **

+ Sign o f  t  s t a t i s t i c  in  p a i r e d  t  t e s t  where normal i s o t y p e  v a lu e s  were 
s u b t r a c t e d  from mutan t  i s o t y p e  v a l u e s . .

++ S .L .  = S i g n i f i c a n c e  l e v e l  (one t a i l )  NS, * ,  .** d e n o te  n o n s ig n i f i c a n c e  
and s i g n i f i c a n c e  a t  t h e  P=O.05 arid P=0.01 p r o b a b i l i t y  l e v e l s ,  
r e s p e c t i v e l y .
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Wapana and Compana d u r in g  kerne l  m a tu r a t i o n  (F igu re s  2 and 4 ) .  A v a i l ­

a b l e  compar isons d id  n o t  pe rm i t  t h e  d e t e r m in a t io n  o f  w he ther  th e  

h ig h e r  s p ik e  m o i s tu r e s  in  t h e  s h o r t  awn-naked i s o l i n e s  were due to  

t h e  naked gene o r  t h e  s h o r t  awn gene,  o r  bo th .  Washonupana, c a r r y i n g  

th e  waxy, s h o r t  awn, and naked genes ,  m a in ta ined  s i g n i f i c a n t l y  h ig h e r  

s p ik e  m o i s tu r e  than  Compana (F igure  2 and Table 4 ) .

The f a c t  t h a t  waxy endosperm and s h o r t  awn-naked b a r l e y  i s o ty p e s  

m a in ta ined  h ig h e r  l e v e l s  o f  sp ik e  m o i s t u r e  dur ing  kernel  m a tu ra t i o n  

th a n  d id  normal endosperm and long awn-covered i s o t y p e s ,  r e s p e c t i v e l y ,  

i n d i c a t e s  t h a t  b a r l e y s  c a r r y i n g  t h e  waxy gene a n d /o r  t h e  s h o r t  awn 

and naked genes may lag  in  m a t u r i t y  when compared t o  b a r l e y s  not  

c a r r y i n g  t h e s e  genes .  Def in ing  h a r v e s t  m a t u r i t y  as  t h e  p o i n t  in  

t im e  a t  which m o i s tu r e  in  t h e  g r a i n  f a l l s  below 14%, a one t o  two 

day l a g  i n  m a t u r i t y  could  be expec ted  i n  waxy endosperm o r  s h o r t  awn- 

naked b a r l e y s .  Another exper iment  showed a l l  f o u r  Compana i s o ty p e s  

t o  have s t a t i s t i c a l l y  i d e n t i c a l  head ing d a t e s  (Experiment 3,  Table 11) 

Consequen t ly ,  i t  can be assumed t h a t  t h e  p e r io d  from a n t h e s i s  to  

h a r v e s t  m a t u r i t y  i s  l o n g e r  in  t h e  waxy endosperm and s h o r t  awn-naked 

i s o t y p e s .  Th i s  l a g  in  m a t u r i t y  could be due t o  d i f f e r e n c e s  in  d ry -  

down r a t e s  a l though  s p ike  m o i s tu r e  d i f f e r e n c e s  were a p p a re n t  dur ing  

th e  g r a i n  f i l l i n g  p e r io d  ( g r e a t e r  than  40% m o i s tu r e )  (F ig u re s  I and 

4 ) .



Kernel w eigh ts  d u r in g  m a tu ra t i o n

. Kernel w eigh ts  o f  normal i s o t y p e s  grown a t  Bozeman in c re a s e d  . , 

r a p i d l y  u n t i l  p h y s i o l o g i c a l  m a t u r i t y  (40% m o is tu re )  and then  s t a b i l ­

iz ed  (F igu re  5 ) .  Kernel w eigh t s  o f  s h o r t  awn a n d / o r  waxy endosperm 

. iso types  grown a t  Bozeman con t inued  t o  i n c r e a s e  as m o i s t u r e  c o n t e n t  .. 

d ec re a se d  t o  30% o r  l e s s  (F igu re s  5 ,  7 ,  10).  Growth p a t t e r n s  

s i m i l a r  t o  th o s e  o f  t h e  normal i s o t y p e s  grown a t  Bozeman a r e  r e p o r te d  

in  wheat  and b a r l e y  (MacGregor e t  a l . ,  1971; Riggs and G o tha rd , 1976; 

Gordon e t  a l . ,  1979).  MacGregor e t  a l . ,  (1971) showed t h a t  the  

m o i s tu r e  c o n t e n t  o f  b a r l e y  samples was about  40% 32 days a f t e r  

a n t h e s i s .  They f u r t h e r  showed t h a t  mg dry  m a t t e r / k e r n e l ,  mg p r o t e i n /  

k e r n e l , f a t ,  a s h ,  f i b e r ,  and mg s t a r c h / k e r n e l  a l l  i n c r e a s e d  to  

some p o i n t  n ea r  32 days a f t e r  a n t h e s i s  and then l e v e l e d  o r  decreased  

as  t h e  g r a i n  approached m a t u r i t y .  Kernel w eigh ts  o f  b a r l e y  grown 

a t  Huntley  remained r e l a t i v e l y  s t a b l e  th roughou t  the p e r io d  o f  

sampl ing  (F igu res  6 ,  8 ,  9,  11).  The la c k  o f  i n c r e a s i n g  kernel  

w e igh t s  d u r in g  t h e  e a r l y  sampl ing  d a t e s  a t  Huntley i n d i c a t e  t h a t  

sampl ing  d id  no t  beg in  u n t i l  a f t e r  p h y s i o l o g i c a l  m a t u r i t y  (40% 

m o i s t u r e ) .  This  should  be c o n s id e re d  when i n t e r p r e t i n g  d a t a  from 

Hunt ley.

P a i r e d  s t a t i s t i c a l  comparisons o f  waxy and normal , endosperm i s o ­

ty p e s  r e v e a l e d  t h a t  w i th  t h e  ex ce p t io n  o f  Wabet and Betzes  i n  both  , 

env i ronm en ts ,  and Watan arid T i t a n  a t  H un t ley ,  waxy endosperm

61
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Washonupana

Shonupana

Wapana

Compana

I  Sp ike Moisture

Figure 5. Experiment 2. Kernel weights of four Compana isotypes
sampled 23 times (27 July - 23 September 1978) during
kernel maturation at Bozeman, Montana.
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Washonupana

Shonupana

Wapana

Compana

8/7
Sampling Date

Figure 6. Experiment 2. Kernel weights of four Compana isotypes
sampled 14 times (24 July - 22 August 1978) during kernel
maturation at Huntley, Montana.
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Mean o f  f o u r  waxy 
endosperm i s o t y p e s .

Mean o f  f o u r  normal 
endosperm i s o t y p e s .
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Figure 7. Experiment 2. Average kernel weights of four waxy and
four normal endosperm barley isotypes sampled 23 times
(27 July - 23 September 1978) during kernel maturation
at Bozeman, Montana.
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Figure 8. Experiment 2. Average kernel weights of four waxy and
four normal endosperm barley isotypes sampled 14 times
(24 July - 22 August 1978) during kernel maturation at
Huntley, Montana.
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Figure 9. Experiment 2. Kernel weights of two Betzes isotypes
sampled 14 times (24 July - 22 August 1978) during
kernel maturation at Huntley, Montana.
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Figure 10. Experiment 2. Average kernel weights of two short awn-
naked and two long awn-covered Compana i sotypes sampled
23 times (27 July - 23 September 1978) during kernel
maturation at Bozeman, Montana.
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Figure 11. Experiment 2. Average kernel weights of two short awn-
naked and two long awn-covered Compana isotypes sampled
14 times (24 July - 22 August 1978) during kernel
maturation at Huntley, Montana.
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i s o t y p e s  had s i g n i f i c a n t l y  s m a l l e r  kerne l  w eigh ts  than  normal 

endosperm i s o t y p e s  (Table 5 ) .  Wabet had lower ,  though n o n s i g n i f i c a n t  

kerne l  w e igh t s  a t  Bozeman but  s i g n i f i c a n t l y  h ig h e r  kerne l  w eigh ts  

than  Betzes  a t  Hunt ley  (F igure  9) th rough  kernel  m a tu r a t i o n .

Normal endosperm i s o t y p e s  had s i g n i f i c a n t l y  l a r g e r  kerne l  weights  

than  waxy endosperm i s o t y p e s  when a n a ly s e s  were ex tended  ove r  env i ron  

ments e x ce p t  f o r  t h e  Wabet-Betzes comparison (Table 5 ) .  Mean kernel  

w eigh ts  d u r in g  m a tu r a t i o n  were lower  in  t h e  waxy endosperm l i n e s  a t  

Bozeman (F igu re  7 ) ,  Huntley (F igu re  8 ) ,  and a c ro s s  env i ronm ents .

I t  can be concluded t h a t  kerne l  w e igh ts  a r e  s m a l l e r  in  waxy than  

in  normal endosperm i s o t y p e s  a t  s i m i l a r  m a t u r i t y  s t a g e s .  The f a c t  , 

t h a t  Wabet had a s i g n i f i c a n t l y  g r e a t e r  kerne l  weight  th a n  Betzes  

a t  Hunt ley cannot  be e x p la in e d .  A l a t e r  exper iment showed t h a t  

Wabet, grown a t  Bozeman, had a s i g n i f i c a n t l y  s m a l l e r  kerne l  weight  

th a n  B e t z e s , and t h a t  normal endosperm i s o t y p e s ,  in  t h e  same fou r  

i s o g e n i c  p a i r s ,  had kerne l  w e igh t s  1 .00  -  4 .14  mg/kernel  g r e a t e r  

than  t h e  waxy endosperm i s o t y p e s  a t  h a r v e s t  m a t u r i t y  (Experiment 3, 

Tab le 11) .

S t a t i s t i c a l  a n a l y s e s  on th e  Compana i s o l i n e s  showed s h o r t  awn- 

naked i s o t y p e s  had s i g n i f i c a n t l y  s m a l l e r  kernel  w eigh ts  th a n  long 

awn-covered i s o t y p e s  in  each and a c r o s s  both  environments  (Table 5 ) .  

E s l i c k  (1979) r e p o r t e d  an average  y i e l d  l o s s  o f  12% f o r  naked 

i s o t y p e s  i n  r e p l i c a t e d  y i e l d  t r i a l s  o ve r  149 envi ronments  and t h a t



Tab le  5. Exper iment  2. S t a t i s t i c a l  a n a l y s i s  us ing  a p a i r e d  t  t e s t  o f  kernel
w e igh t  du r ing  kerne l  m a tu r a t i o n  f o r  e i g h t  b a r l e y  l i n e s  
i s o g e n i c  f o r  waxy and normal endosperm a t  Bozeman and 
H un t le y ,  Montana, 1978. ____________ ■ ____________

Compari son
Bozeman 

22 d f  ,
Huntley  

13 d f
Across env i ronm ents  

36 d f

Mutant . Normal . s i  gn s ign ■ s ign
i s o t y p e i s o t y p e o f  t"f . S.L. o f  t  S.L. o f  t  S.L.

Washonupana Shonupana ,** ** **
Wapana . Cbmpana ** . _ . .** ** .
Watan . T i t a n - * NS *
Wabet Betzes - NS 4 .  .**' + NS

Waxy (mean) Normal (mean) - ** -  ** **

WaShonupana Wapana . - ** ** **
Shonupana Compana - ** **

:

-  . **

S h o r t  awn- Long awn- - ** . ** _ **
naked (mean) covered  (mean)

-

Washonupana Compana - ** ** _ **

Sign o f  t  s t a t i s t i c  in  p a i r e d  t  t e s t  where normal i s o t y p e  v a lu e s  were s u b t r a c t e d  . 
from mutant  i s o t y p e  v a l u e s .  . .

S .L .  = S i g n i f i c a n c e  l e v e l  (one t a i l )  NS, * ,  ** deno te  n o n s i g n i f i c a n c e  and s i g n i f i ­
cance  a t  t h e  P=O.05 and P=0.01 p r o b a b i l i t y  l e v e l s ,  r e s p e c t iv e ly - .



s h o r t  awn i s o t y p e s  have s m a l l e r  k e r n e l s  th a n  long awn i s o t y p e s .

Thus i t  would be expec ted  t h a t  s h o r t  awn-naked i s o ty p e s  would have 

lower  kerne l  w e igh t s  th a n  long awn-covered i s b t y p e s .  Long awn- 

covered i s o ty p e s  had kerne l  w e igh ts  4-5  mg/kernel  h ig h e r  du r ing  

kerne l  m a tu r a t i o n  than  s h o r t  awn-naked i s o t y p e s  a t  Huntley (F igures  

6 and 11) .  At Bozeman, d i f f e r e n c e s  in  kerne l  w eigh ts  between 

Cpmpana i s o l i n e s  f i r s t  appeared  when s p ik e  m o i s tu re  was in  t h e  50-55% 

range (F igu re  5 ) .  During th e  dry-down pe r io d  from 50% t o  10% sp ike  

m o i s tu r e  a t  Bozeman kernel  w e igh ts  o f  long awn-covered Compana 

i s o t y p e s  remained about  10 mg/kerne l  g r e a t e r  than  in t h e  s h o r t  

a w n-naked . i so types  . (F igu re  TO).

Germina t ive  c a p a c i t y  d u r ing  m a tu ra t i o n

The p a t t e r n s  o f  development f o r  germin a t i v e  c a p a c i t y  (F igures  

12 and 13) a r e  s i m i l a r  t o  th o s e  r e p o r t e d  in  th e  l i t e r a t u r e  

(W el l ing ton ,  1964; Gordon, 1970; LaBerge e t  a l . ,  1971; Gordon e t a l  . , 

1979; M i tc h e l l  e t  a l . ,  1980). These p a t t e r n s  o f  development,  

however, approxim ate on ly  th e  l a t e r  p o r t i o n s  o f  p r e v i o u s l y  r e p o r te d  

p a t t e r n s .  Germina tive  c a p a c i t y ,  d e f in e d  in  t h i s  exper iment a s  the  

t o t a l  p e r c e n ta g e  o f  k e r n e l s  ab l e  to  germ ina te  in  th e  absence  o f  

dormancy,  tended  to  be much h ighe r  d u r ing  th e  e a r l i e r  s t a g e s  o f  

kerne l  development than  had been p r e v i o u s l y  been r e p o r t e d .  This  

d i s c r e p a n c y  may have been due to  a d i f f e r e n c e  in  t e c h n iq u e  s in c e  i t  

was r e p o r t e d  t h a t  a i r  d ry in g  o f  immature g r a in  in c r e a s e d  ge rm inab iT i ty
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Figure  12. Experiment 2. Germinative c a p a c i t y  of  two Betzes  i s o ­
ty p e s  sampled 23 t imes  (27 J u ly  - 23 September 1978) 
du r ing  kerne l  m a tu ra t i o n  a t  Bozeman, Montana.
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Figure 13. Experiment 2. Average germinative capacity of two short
awn-naked and two long awn-covered Compana isotypes
sampled 23 times (27 July - 23 September 1978) during
kernel maturation at Bozeman, Montana.
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(M itche l l  e t  a l . ,  1980).

In g e n e r a l , germin a t i v e  c a p a c i t y  was s i m i l a r  f o r  waxy and normal 

endosperm b a r l e y  i s o t y p e s .  All i s o g e n i c  comparisons made in  t h e  

Bozeman environment exce p t  f o r  Wabet and Betzes showed no s i g n i f i c a n t  

d i f f e r e n c e s  in  p a t t e r n s  o f  g e rm in a t iv e  c a p a c i t y  between waxy and 

normal endosperm i s o t y p e s  (Table 6 ) .  Wabet had a s l i g h t l y  g r e a t e r  

germin a t i v e  c a p a c i t y  a t  Bozeman (F igu re  12).  At Huntley  a l l  d i f f e r ­

ences between waxy and normal endosperm i s o g e n i c  p a i r s  were non­

s i g n i f i c a n t  e x ce p t  f o r  Watan and T i t a n .  Watan was s i g n i f i c a n t l y  lower 

in  germin a t i v e  c a p a c i t y  th a n  T i t a n .  Across env ironments and g e n e t i c  

backgrounds a l l  d i f f e r e n c e s  between waxy and normal endosperm 

i s o t y p e s  were, n o n s i g n i f i c a n t  (Table 6 ) .

In a l l  c a se s  s h o r t  awn-naked Compana i s o l i n e s  were h ig h e r  in  

g e rm in a t iv e  c a p a c i t y  th a n  long awn-covered Compana i s o l i n e s  ( T a b l e . 6 ) .  

This  r e l a t i o n s h i p  was,  however,  s t a t i s t i c a l l y  s i g n i f i c a n t  on ly  f o r  

th e  Washpnupana-Wapana comparison a t  Bozeman and a c r o s s  envi ronments 

and f o r  th e  means o f  t h e  s h o r t  awn-naked and long awn-covered i s o ty p e s  

a t  Bozeman (F igu re  13) and a c r o s s  env i ronm ents .  Washonupana had a 

s i g n i f i c a n t l y  g r e a t e r  g e rm in a t iv e  c a p a c i t y  than  Compana a t  Bozeman . 

b u t  n o t  a t  HuntTeyi

Dormancy dur ing  m a tu ra t i o n

The genera l  p a t t e r n s  o f  dormancy d u r in g  k e r n e l . m a t u r a t i o n  a t  

Bozeman (F ig u re s  14,  16,  18) showed dormancy in c re a s e d  d u r in g  th e



Table  6.  Experiment 2. S t a t i s t i c a l  a n a l y s i s  us ing  a p a i r e d  t  t e s t  o f  g e r m i n a t i ve
c a p a c i t y  d u r in g  kerne l  m a tu r a t i o n  f o r  e i g h t  b a r l e y  l i n e s  
i s o g e n i c  f o r  waxy and normal endosperm a t  Bozeman and . 
H un t ley ,  Montana, 1978.

Compari son Bdzeman 
22 d f

Hunt ley 
13 d f

Across env i ronments  
, 36 d f

Mutant 
i s b t y p e

Normal
i s o t y p e

s ign  
o f  f "" S . L . ++

s ign  
o f  t S.L.

. s ign 
o f  t S.L.

Washonupana Shonupana NS + NS + ■ NS. V
Wapana Compana NS + . NS + NS
Watan T i t a n - NS. .. - * - *
Wabet Betzes + * - . NS + *

Waxy (mean) Normal (mean) + NS + NS , + NS .

Washonupana Wapana + * .+ NS + *
Shbnupana Compana . + NS + NS + NS

S h o r t  awn- 
naked (mean)

Long awn- 
covered  (mean)

+ . * + NS + *

Washonupana Compana + * + . NS + *

+
Sign o f  t  s t a t i s t i c  in  p a i r e d  t  t e s t  where normal i s o t y p e  v a lu e s  were s u b t r a c t e d  
from mutant  i s o t y p e  v a l u e s .

++ S . L. = S i g n i f i c a n c e  l e v e l  (one t a i l )  NS, *,  ** deno te  n o n s i g n i f i c a n c e  and s i g n i f i ­
cance a t  t h e  P=O.05 and P=Q.01 p r o b a b i l i t y  l e v e l s ,  r e s p e c t i v e l y .



p e r io d  s h o r t l y  a f t e r  a n t h e s i s  u n t i l  p h y s io lo g i c a l  m a t u r i t y  (40% 

m o i s t u r e ) , peaked,  then  d ec reased  s t e a d i l y  w i th  i n c r e a s i n g  m a t u r i t y .  . 

Cons ider ing  dormancy p a t t e r n s  dur ing,  kerne l  development and ma tu ra ­

t i o n  t o  be e s s e n t i a l l y  t h e  i n v e r s e  o f  germin a t i v e  ene rgy  developmental  

p a t t e r n s ,  t h i s  exper iment  s u p p o r t s  B i s h o p ' s  i n t e r p r e t a t i o n  o f  ca rmin­

a t i v e  power o f  b a r l e y  a t  d i f f e r e n t  m a t u r i t y  s t a g e s  (Bishop,  1944).  

B i s h o p ' s  i n t e r p r e t a t i o n  showed l i t t l e  dormancy a t  t h e  mi lk  s t a g e ,  

i n c r e a s i n g  dormancy u n t i l  near  p h y s i o l o g i c a l  m a t u r i t y ,  then  a p ro -  . 

g r e s s i v e  dormancy d e c l i n e  w i th  m a t u r i t y .  This  exper iment d id  not  

s u p p o r t  G ordon 's  i n t e r p r e t a t i o n  o f  e a r l i e r  work to  change B ish o p ' s  

curves  o f  g e rm in a t iv e  power a t  d i f f e r e n t  m a t u r i t y  s t a g e s  (Gordon, 

1970).  Gordon sugges ted  t h a t  g e rm in a t iv e  energy  remained nea r  ze ro  

u n t i l  p h y s i o l o g i c a l  m a t u r i t y ,  then  in c re a s e d  r a p i d l y  to  m a tu r i t y .  

Dormancy developmenta l  p a t t e r n s  in  t h e  Huntley  environment  (F igu re s  

T5, 17,  19) showed dormancy d e c l in e d  s t e a d i l y .  Th is  i s  a d d i t i o n a l  

ev idence  t h a t  sampl ing  a t  Huntley began a f t e r  p h y s io lo g i c a l  m a tu r i t y .

I s o g e n ic  a n a l y s e s  o f  dormancy d u r in g  kerne l  m a tu r a t i o n  (Table 7) 

showed dormancy was s i g n i f i c a n t l y  lower in  waxy endosperm i s o ty p e s  

than  in  normal endosperm i s o t y p e s  when averaged  a c r o s s  g e n e t i c  back­

grounds and taken  a c ro s s  env i ronments .  Waxy endosperm i so ty p es  in  th e  

Compana background bu t  no t  in  th e  T i t a n  and Betzes backgrounds were 

s i g n i f i c a n t l y  lower in  dormancy in  and a c r o s s  both envi ronments  than  

normal endosperm i s o t y p e s  (Table 7 ) .  Major dormancy d i f f e r e n c e s . .
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% Spike Mois ture
F igure  14. Experiment 2. Average dormancy o f  fou r  waxy and fou r  normal 

endosperm b a r l e y  i s o ty p e s  sampled 23 t imes  (27 J u ly  - 
23 September 1978) d u r ing  kernel  m a tu ra t i o n  a t  Bozeman, 
Montana.
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Sampling Date

F igure  15. Experiment 2. Average dormancy o f  fo u r  waxy and four  
normal endosperm b a r l e y  i s o t y p e s  sampled 14 t imes  
(24 J u ly  - 22 August 1978) du r ing  kernel  m a tu ra t i o n  
a t  H unt ley ,  Montana.
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F igure  16. Experiment 2. Dormancy o f  f o u r  Compana i s o ty p e s  sampled
23 t imes (27 J u l y  - 23 September 1978) dur ing  kernel  m a tu r ­
a t i o n  a t  Bozeman, Montana.



80
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S a m p l i n g  D a t e

F igure  17. Experiment 2. Dormancy o f  f o u r  Compana i s o t y p e s  sampled
14 t imes  (24 J u l y  - 22 August 1978) 
du r ing  kerne l  m a tu ra t i o n  a t  H unt ley ,  
Montana.
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Figure 18. Experiment 2. Average dormancy of two short awn-naked
and two long awn-covered Compana isotypes sampled 23
times (27 July - 23 September 1978) during kernel
maturation at Bozeman, Montana.
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Figure 19. Experiment 2. Average dormancy of two short awn-naked
and two long awn-covered Compana isotypes sampled 14
times (24 July - 22 August 1978) during kernel maturation
at Huntley, Montana.



Tab le  7.  Experiment 2. S t a t i s t i c a l  a n a l y s i s  u s in g  a p a i r e d  t  t e s t  o f  dormancy dur ing
kernel  m a tu r a t i o n  f o r  e i g h t  b a r l e y  l i n e s  i s o g e n i c  f o r  waxy 
and normal endosperm a t  Bozeman and HUntley ,  Montana,  1978.

Compari son Bozeman 
22 d f

Huntley 
13 d f

Across e n v i ronments 
36 d f

Mutant
i s o t v o e

Normal
i s o t y p e

s ign  
o f  t + S . L . ++

s ign  
o f  t S.L.

s ign
o f t  S.L.

Washonupana Shonupana - ** — * . _ **
Wapana Compana - ** - ** **
Watan. T i t a n - NS - NS . -  NS
Wabet Betzes + NS + NS . + . NS

Waxy (mean) Normal (mean) - ** - ** _ ** .

Washonupana Wapana - ** — NS **
Shonupana Compana — ** - ** -  **

S h o r t  awn- Long awn- - ** - ** **
naked (mean) covered  (mean)

Washonupana Compana - ** - - ** **

+  '
Sign o f  t  s t a t i s t i c  in  p a i r e d  t  t e s t  where normal i s o t y p e  v a lu e s  were s u b t r a c t e d  
from mutant  i s o t y p e  v a l u e s .

+ +  ’
S.L .  = S i g n i f i c a n c e  l e v e l  (one t a i l )  NS., *,  ** deno te  n o n s i g n i f i c a n c e  and s i g n i f i ­

cance a t  th e  P=O.05 and R=0.01 p r o b a b i l i t y  l e v e l s ,  r e s p e c t i v e l y .
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between waxy and normal endosperm i s o t y p e s  were f i r s t  observed  when 

s p ik e  m o i s tu r e  was n ea r  45% a t  Bozeman (F igu res  14 and 16) .  At 

H un t ley ,  dormancy d i f f e r e n c e s  between waxy and normal endosperm i s o ­

type s  were a p p a r e n t  th roughou t  sampl ing  but  were small  a t  h a r v e s t  

m a t u r i t y  (F ig u re  15 and 17).

S ho r t  awn-naked Compana i so types  e x h i b i t e d  s i g n i f i c a n t l y  l e s s  

dormancy in  a l l  bu t  one comparison than  long, awn-covered Compana 

i s o t y p e s  (Table 7 ) .  This  r e l a t i o n s h i p  he ld  t r u e  a c r o s s  environments 

and when averaged  a c r o s s  i s o t y p e s  a t  each  envi ronment (F ig u re s  18 

and 19) .  Although t h e  e f f e c t s  o f  t h e  s h o r t  awn and naked genes 

could  no t  be s e p a r a t e d  in  t h i s  exper im en t ,  i t  i s  p robab le  t h a t  th e  

l e s s e r  dormancy in  t h e  s h o r t  awn-naked i s o t y p e s  was caused by the  

naked c h a r a c t e r .  Numerous r e s e a r c h e r s  have r e p o r te d  t h a t  t h e  dormancy 

mechanism in  wheat  and b a r l e y  i s  a t  l e a s t  p a r t i a l l y  c o n t r o l l e d  by th e  

s u r f a c e  l a y e r s  o f  t h e  k e r n e l . Dormancy i s  a r e s u l t  o f  t h e  i n t e r n a l  

l e v e l  o f  f r e e  oxygen a t  t h e  embryo (P o l lo c k ,  1962; Be lderok ,  1968; 

B r ig g s ,  1978) a n d / o r  a f u n c t i o n  o f  g r a i n  dehy d ra t io n  d u r ing  kernel  

m a tu r a t i o n  (W el l ing ton ,  1964; Gordon, 1970; Gordon e t  a l . , 1979; 

M i tc h e l l  e t  a l . ,  1980).  Whatever t h e  dormancy mechanism, t h e  p e r i ­

ca rp  in  naked i s o t y p e s  would be a l e s s e r  b a r r i e r  t o  oxygen uptake  

a n d / o r  g r a i n  d e s s i c a t i o n  than  the  t e s t a - p e r i c a r p  s u r f a c e  l a y e r s  in  

covered b a r l e y  i s o t y p e s .



85

Germination speed d u r in g  m a tu ra t i o n

Speed o f  ge rm ina t ion  o f  seed h a rv e s te d  a t  d i f f e r e n t . s t a g e s  o f  

kerne l  development g e n e r a l l y  i n c r e a s e d  w i th  i n c r e a s i n g  kerne l  m a t u r i t y  

(F igu re s  20 -26 ) .  R epress ion  o f  ge rm ina t ion  speed may be cons ide red  

a n o t h e r  form o f  dormancy (Gordon, 1969). S t a t i s t i c a l  a n a l y s e s  i n d i ­

c a t e d  t h a t  ge rm in a t io n  speed d u r in g  kerne l  m a tu ra t i o n  was s t r o n g l y  

i n f l u e n c e d  by envi ronment and g e n e t i c  background (Table 8 ) .  Germina­

t i o n  speed d i f f e r e n c e s  between waxy and normal endosperm i s o t y p e s  

were i n c o n s i s t e n t .  Mean ge rm in a t io n  speed o f  waxy endosperm i s o ty p e s  

d u r in g  kerne l  m a tu ra t i o n  was s i g n i f i c a n t l y  s lower  a t  Bozeman and 

s i g n i f i c a n t l y  f a s t e r  a t  Huntley than  t h e  mean ge rm ina t ion  speed o f  

normal endosperm i s o t y p e s  (Table 8 ) .  Mean ge rm ina t ion  speed 

d i f f e r e n c e s  between waxy and normal endosperm i s o ty p e s  were i n c o n s i s ­

t e n t  a t  Bozeman (F igure  20) bu t  more c o n s i s t e n t  a t  Huntley (F igu re  21) 

Wapana germina te d  f a s t e r  than  Compana in both  envi ronments (F igures  

22 and 23) .  Washonupana germinated  s i g n i f i c a n t l y  f a s t e r  than  

Shonupana a t  Hunt ley  but  no t  Bozeman (Table 8 ) .  T i t a n  germinated  

f a s t e r  than  Watan d u r ing  kernel  m a tu r a t i o n  a t  Bozeman (F igu re  24) . 

e s p e c i a l l y  w i t h i n  t h e  p e r i o d  when s p ike  m o i s tu r e  dropped from 30% to  

10%.

Shor t  awn-naked Compana i s o t y p e s ,  w i th o u t  e x c e p t io n ,  germinated  

s i g n i f i c a n t l y  f a s t e r  than  long awn-covered Compana i s o t y p e s  (Table 8 ) .  

Washonupana and Shonupana germinated f a s t e r  than  Wapana and Compana,
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Mean o f  f o u r  waxy endosperm i s o ty p e s .

Mean o f  f o u r  normal endosperm i s o ty p e s .

% Spike Mois tu re

Figure 20. Experiment 2. Average germination speed of four waxy and
four normal endosperm barley i sotypes sampled 23 times
(27 July-23 September 1978) during kernel maturation at
Bozeman, Montana.
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Mean o f  fo u r  waxy endosperm 
i s o t y p e s .

Mean o f  fo u r  normal endosperm 
i s o ty p e s .

8 /7

Sampling d a t e

Figure 21. Experiment 2. Average germination speed of four waxy
and four normal endosperm barley isotypes sampled 14
times (24 July - 22 August 1978) during kernel maturation
at Huntley, Montana.
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Washonupana

Shonupana

Wapana

Compana

I  Spike  Moisture

Figure 22. Experiment 2. Germination speed of four Compana isotypes
sampled 23 times (27 July - 23 September 1978) during
kernel maturation at Bozeman, Montana.
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Washonupana

Shonupana

Wapana

Compana

8/7
Sampling Date

Figure 23. Experiment 2. Germination speed of four Compana isotypes
sampled 14 times (24 July - 22 August 1978) during kernel
maturation at Huntley, Montana.
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Watan

i. T i t a n

Spike Moisture

Figure 24. Experiment 2. Germination speed of two Titan isotypes
sampled 23 times (27 July - 23 September 1978) during
kernel maturation at Bozeman, Montana.
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Mean o f  two s h o r t  awn-naked i s o t y p e s .

Mean o f  two long awn-covered i so types .

% Spike Mois tu re

Figure 25. Experiment 2. Average germination speed of two short awn-
naked and two long awn-covered Compana isotypes sampled
23 times (27 July - 23 September 1978) during kernel
maturation at Bozeman, Montana.
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Mean o f  two s h o r t  awn- 
naked i s o ty p e s .

Mean o f  two long awn- 
covered i s o ty p e s .

8 /7
Sampling Date

F igure  26. Experiment 2. Average ge rm in a t io n  speed o f  two s h o r t  
awn-naked and two long awn-covered Compana i s o ty p e s  
sampled 14 t imes  (24 J u l y  - 22 August 1978) du r ing  
kernel  m a tu r a t i o n  a t  H unt ley ,  Montana.



Tab le  8.  Experiment 2. S t a t i s t i c a l ,  a n a l y s i s  u s ing  a p a i r e d  t  t e s t  o f  ge rm ina t ion
speed d u r in g  kerne l  m a tu r a t i o n  f o r  e i g h t  b a r l e y  l i n e s  
i s o g e n i c  f o r  waxy and normal endosperm a t  Bozeman and 
H un t ley ,  Montana, 1,978.

Compari son Bozeman 
22 d f

Huntley 
13 df.

Across env i ronm ents  
36 d f

Mutant  
i so tvoe

Normal
i s o ty p e

s ign  
o f  t"f S . L. ++

s ign
o f  t  Si.L.

s ign  
o f  t S.L.

Washonupana Shonupana - . NS + * + NS
Wapana ' Compana + ** + ** + irk

Watan T i t a n - ** - NS - **

Wabet Betzes + • NS + NS + NS

Waxy (mean) Normal (mean) - * + ** + NS

Washonupana Wapana + ** + * + **

Shonupana Compana + ** + ** + **

S h o r t  awn- Long awn- + ** + ** .+ **

naked (mean) covered  (mean)

Washonupana Compana + ** + ** + **

Sign o f  t  s t a t i s t i c  in  p a i r e d  t  t e s t  where normal i s o t y p e  v a lu e s  were s u b t r a c t e d  
from mutan t  i s o t y p e  v a l u e s .

S.L .  = S i g n i f i c a n c e  l e v e l  (one t a i l )  NS, * ,  ** deno te  n o n s i g n i f i c a n c e  and s i g n i f i ­
cance a t  t h e  P=O.05 and P=0.01 p r o b a b i l i t y  l e v e l s ,  r e s p e c t i v e l y .
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r e s p e c t i v e l y ,  d u r ing  kerne l  m a tu ra t i o n  a t  both  l o c a t i o n s  (F igures  

22 and 23) and when averaged  a t  each l o c a t i o n  (F igu re s  25 and 26).  

Naked b a r l e y s  may germ ina te  f a s t e r  than  covered b a r l e y s  because  o f  a 

f a s t e r  r a t e  o f  w a te r  im b i b i t i o n  (B r ig g s ,  1978) o r ,  i f  r e p r e s s i o n  o f  

ge rm in a t io n  speed i£  a form o f  dormancy,  by a l e s s e r  degree  o f  

dormancy in  naked b a r l e y s  as p r e v i o u s l y  d i s c u s s e d .  Ulonska and 

Baumer (1976) in  a s tudy  o f  14 s p r in g  b a r l e y  c u l t i v a r s  grown in  two 

envi ronments  r e p o r t e d  N ack ta , a naked c u l t i v a r ,  had th e  h i g h e s t  germ­

i n a t i o n  speed o ve r  s i x  days ge rm ina t ion  and 11 d i f f e r e n t  s t e e p i n g  

t i m e s .  I t  would appea r  t h a t  hu l l  type  has t h e  s t r o n g e s t  i n f l u e n c e  on 

speed o f  ge rm ina t ion  a l though  endosperm t y p e ,  g e n e t i c  background,  

env i ronm en t ,  and t h e i r  i n t e r a c t i o n s  may have a l e s s e r  i n f l u e n c e .

Alpha-amylase a c t i v i t y  d u r ing  m a tu r a t i o n
I 1

P a t t e r n s  o f  a lpha -am y lase  a c t i v i t y  d u r ing  kernel  m a tu ra t i o n  

(F ig u re s  27 and 28) a r e  s i m i l a r  t o  t h o s e  r e p o r t e d  in  t h e  l i t e r a t u r e  

in  which a lpha -am y lase  a c t i v i t y  peaked s h o r t l y  a f t e r  a n t h e s i s  (4 to  

30 days p o s t  a n t h e s i s )  then  d e c l in e d  t o  low s t a b l e  l e v e l s  u n t i l  

m a t u r i t y  (Duffus ,  1969; LaBerge e t  a l . ,  1971; MacGregor e t  a l . ,  1971; 

MacGregor e t  a l . ,  1972; Al I i son e t  a l . ,  1974; Riggs and G o tha rd ,

1976; Gordon,  1980).  Sampling in  t h i s  exper iment began a t  Bozeman 

s h o r t l y  a f t e r  a n t h e s i s  d u r in g  th e  p e r io d  when a lpha -am y lase  a c t i v i t y  

was d e c r e a s i n g  r a p i d l y .  Samples o b ta in e d  near  h a r v e s t  m a t u r i t y  

(10-20% m o i s tu r e )  showed in c re a s e d  a lpha -am y lase  a c t i v i t y  in  re sponse
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Mean o f  f o u r  waxy endosperm 
i s o t y p e s .

Mean o f  f o u r  normal endosperm 
i s o ty p e s .

Spike Mois ture

Figure  27. Experiment 2. Average a lpha -am y lase  a c t i v i t y  o f  fou r  
waxy and f o u r  normal endosperm b a r l e y  i s o ty p e s  sampled 
23 t imes  (27 J u l y  -  23 September 1978) d u r ing  kernel  
m a tu ra t i o n  a t  Bozeman, Montana.
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Washonupana

Shonupana

% Spike  Mois ture

F igure  28. Experiment 2. Alpha-amylase  a c t i v i t y  o f  two Compana
i s o ty p e s  sampled 23 t im es  (27 J u ly  - 23 September 1978) 
d u r ing  kerne l  m a tu ra t i o n  a t  Bozeman, Montana.
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t o  r a i n  s i m i l a r  t o  t h a t  p r e v io u s l y  r e p o r t e d  (LaBerge e t  a l . ,  1971). 

S t a t i s t i c a l  a n a l y s e s  o f  a lpha -am y lase  a c t i v i t y  d u r in g  kerne l  

m a tu r a t i o n  showed waxy endosperm i s o t y p e s  had g r e a t e r  a lpha-am ylase  

a c t i v i t y  than  normal endosperm i s o t y p e s ,  a l though  most o f t e n  the  

d i f f e r e n c e s  were not  s i g n i f i c a n t  (Table 9 ) .  Mean a lpha -am y lase  

a c t i v i t y  was g r e a t e r  in  waxy endosperm type s  a t  Bozeman (F igu re  27) 

b u t  no t  a t  Huntley.  Washonupana e x h i b i t e d  g r e a t e r  a lpha -am ylase  

a c t i v i t y  than  Shonupana a t  Bozeman (F igu re  28) .  Goering and E s l i c k  

(1976) r e p o r t e d  t h a t  t h e  same c u l t i v a r ,  Washonupana, grown in  one 

env i ronm ent ,  r e t a i n e d  s u f f i c i e n t  a l p h a - a m y l a s e - l i k e  a c t i v i t y  on i t s  

s t a r c h  g r a n u le s  to  l i q u i f y  no t  on ly  i t s e l f  bu t  f o u r  t im es  i t s  weight  

in  e i t h e r  waxy o r  normal unmodified corn s t a r c h  when hea ted  in  th e  

Brabender amylograph.  All a lpha -am y lase  a c t i v i t y  d i f f e r e n c e s  between 

waxy and normal endosperm i s o t y p e s  a t  Huntley were n o n s i g n i f i c a n t  

(Table 9 ) .  Kernel m a t u r i t y  a t  H untley ,  as  de termined  by kernel  

w e ig h t s  and dormancy l e v e l s ,  was advanced well  p a s t  t h e  s t a g e  of  

p h y s io lo g i c a l  m a t u r i t y  when sampling began.  Riggs and Gothard (1976) 

s t u d i e d  a lpha -am y lase  a c t i v i t y  in  seven b a r l e y  c u l t i v a r s  and showed 

t h a t ,  a l though  s i g n i f i c a n t  a lpha -am y lase  a c t i v i t y  d i f f e r e n c e s  e x i s t e d  

between c u l t i v a r s  from a n t h e s i s  to  31 days pos t  a n t h e s i s ,  a l l  c u l t i ­

v a r  d i f f e r e n c e s  had d i s a p p e a re d  by 31 days a f t e r  a n t h e s i s .  Thus,  we 

could  assume t h a t  any a lpha -am y lase  a c t i v i t y  d i f f e r e n c e s ,  i f  p r e s e n t .



Table  9. Experiment 2. S t a t i s t i c a l  a n a l y s i s  us ing  a p a i r e d  t  t e s t  o f  a lpha -am y lase
a c t i v i t y  d u r in g  kerne l  m a tu r a t i o n  f o r  e i g h t  b a r l e y  l i n e s  
i s o g e n i c  f o r  waxy and normal endosperm a t  Bozeman and 
H unt ley ,  Montana,  1978.

Compari son Bozeman 
22 d f

Huntley  
13 d f  •

Across envi ronments  
36 d f

Mutant 
i s o ty p e

Normal 
i s o ty p e

s ign  
o f  t f  S . L . ++

s ign  
o f  t S.L.

s ign  
o f  t S.L.

Washonupana Shonupana + ** + NS + *

Wapana Compana + NS + NS + *

Watan T i t a n + NS - NS + NS
Wabet Betzes + NS + NS + *

Waxy (mean) Normal (mean) + ** + NS + **

Washonupana Wapana - NS — NS _ NS
Shonupana Compana - NS - NS - *

S h o r t  awn- Long awn- - NS _ NS NS
. naked (mean) covered (mean)

Washonupana Compana + NS - NS + ■ NS

Sign o f  t  s t a t i s t i c  in  p a i r e d  t  t e s t  where normal i s o ty p e  v a lu e s  were s u b t r a c t e d  
from mutan t  i s o t y p e  v a l u e s .

S.L .  = S i g n i f i c a n c e  l e v e l  (one t a i l )  NS, *,  ** denote  n o n s i g n i f i c a n c e  and s i g n i f i ­
cance a t  th e  P=O..05 and P=0.01 p r o b a b i l i t y  l e v e l s ,  r e s p e c t i v e l y .
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were missed a t  Huntley because  o f  t h e  m a t u r i t y  s t a g e  d u r in g  sampling.  

Even though d i f f e r e n c e s ,  in  a lpha -am y lase  a c t i v i t y  a t  Huntley were 

s m a l l , waxy endosperm i so types  e x h i b i t e d  s i g n i f i c a n t l y  g r e a t e r  a lp h a -  

amylase a c t i v i t y ,  w i th  one e x c e p t i o n ,  than  normal endosperm i s o ty p e s  

when a n a l y s e s  were ex tended  a c ro s s  both  environments  (Table 9 ) .

S ho r t  awn-naked Compana i s o t y p e s  and long awn-covered Compaha i s o ty p e s  

d id  not  vary  s i g n i f i c a n t l y  f o r  a lpha -am y lase  du r ing  kerne l  m a tu ra t i o n  

(Table 9 ) .  Tt  would appea r  hull  type  has a n e g l i g i b l e  e f f e c t  oh 

a lpha -am y lase  a c t i v i t y  w h i l e  endosperm type  has a small  bu t  o f t e n  

s i g n i f i c a n t  e f f e c t  on a lpha -am y lase  a c t i v i t y .

Summary

The waxy endosperm i s o t y p e  in  t h e  Be tzes  background,  Wabet, 

had a s i g n i f i c a n t l y  g r e a t e r  g e rm in a t iv e  c a p a c i t y  and a lpha-am ylase  

a c t i v i t y  d u r in g  kerne l  m a tu ra t i o n  than  B e t z e s . Wabet and Betzes d id  

no t  d i f f e r  d u r ing  kerne l  m a tu ra t i o n  f o r  sp ik e  m o i s t u r e ,  ke rne l  w e igh t ,  

dormancy, o r  g e rm in a t io n  speed.  The waxy and normal endosperm i s o ty p e s  

in  t h e  T i t a n  background d id  not  d i f f e r  f o r  dormancy o r  f o r  a lp h a -  

amylase a c t i v i t y .  Watan has s i g n i f i c a n t l y  h ighe r  l e v e l s  o f  s p ike  

m o i s t u r e ,  and was s i g n i f i c a n t l y  lower in  kernel  w e ig h t ,  g e rm ina t ive  

c a p a c i t y ,  and germ ina t ion  speed d u r in g  kerne l  m a tu ra t i o n  than  T i t a n .

All waxy endosperm i s o t y p e s  in  th e  Compana background were 

s i g n i f i c a n t l y  lower f o r  kernel  w eigh t  and dormancy, s i g n i f i c a n t l y  

h ig h e r  in  a lpha -am y lase  a c t i v i t y ,  and d id  no t  d i f f e r  for .  ge rm ina t ive

99
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c a p a c i t y  d u r in g  kerne l  m a tu r a t i o n  from normal endosperm Compana 

i s o t y p e s .  Spike  m o i s tu r e  d u r in g  kerne l  m a tu ra t i o n  d id  no t  d i f f e r  

between Wapana and Compana bu t  was s i g n i f i c a n t l y  h ig h e r  in Washonu- 

pana than  in  Shonupapa. Germination speed du r ing  kernel  m a tu ra t i o n  

was s i g n i f i c a n t l y  h i g h e r  in  Wapana than  in  Compana but  d id  no t  vary 

between Washonupana and Shonupana.

All s h o r t  awn-naked i s o t y p e s  in  t h e  Compana background were 

s i g n i f i c a n t l y  h ig h e r  f o r  s p ike  m o i s tu r e  and ge rm ina t ion  s peed ,  and 

s i g n i f i c a n t l y  lower  f o r  kerne l  w eight  and dormancy d u r in g  kernel  

m a tu r a t i o n  than  th e  long  awn-covered Compana i s o t y p e s .  Washonupana 

showed a s i g n i f i c a n t l y  g r e a t e r  germin a t i v e  c a p a c i t y  than  Wapana but  

d id  not  d i f f e r  from Wapana f o r  a lpha -am y lase  a c t i v i t y  d u r in g  

kerne l  m a t u r a t i o n .  Shonupana had l e s s  a lpha -am y lase  a c t i v i t y  du r ing  

kerne l  m a tu ra t i o n  than  Compana but  d id  n o t  d i f f e r  from Compana for . ,  

germin a t i v e  c a p a c i t y .  Washonupana (waxy endosperm-shor t  awn-naked) 

was s i g n i f i c a n t l y  h ig h e r  f o r  s p ike  m o i s t u r e ,  g e rm ina t ive  c a p a c i t y ,  

and ge rm ina t ion  s peed ,  had s i g n i f i c a n t l y  lower kernel  w eigh t  and 

dormancy l e v e l s ,  and cjid no t  vary  f o r  a lpha -am ylase  a c t i v i t y  dur ing  

kernel ,  m a tu r a t i o n  from Compana (normal endosperm-long aw n-covered ) .

Experiment 3: Agronomic,  Germina tion ,  and Malt Q u a l i t y  T r a i t s
a t  H arves t  M a tu r i ty

The a n a l y s i s  o f  v a r i a n c e  f o r  s e v e r a l  agronomic t r a i t s  a t  h a rv e s t  

m a t u r i t y  showed t h a t  s i g n i f i c a n t  c u l t i v a r  d i f f e r e n c e s  e x i s t e d  f o r
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heading  d a t e ,  p l a n t  h e i g h t ,  y i e l d ,  t e s t  w e ig h t ,  and 1000 kernel  

w e igh t  (Table 10) .  The c u l t i v a r  r e s i d u a l  mean s q u a re ,  which 

in c lu d ed  a l l  v a r i a t i o n  n o t  accounted  f o r  by endosperm and h u l l  t y p e ,  

was s i g n i f i c a n t  f o r  a l l  t r a i t s .  All waxy endosperm i s o t y p e s  had a 

lower t e s t  w e igh t  and lower  kernel  w e igh t  than  t h e i r  normal i s o ty p e s  

a l though  n o t  a s i g n i f i c a n t l y  lower kerne l  w eigh t  in  t h e  T i t a n  geno­

type  (Table 10) .  The waxy endosperm i s o t y p e  o f  Betzes  was e a r l i e r  

and s h o r t e r  than  th e  normal i s o t y p e .  The naked i s o l i n e s  in  t h e  

Compana c u l t i v a r  y i e l d e d  l e s s ,  had s i g n i f i c a n t l y  h ig h e r  t e s t  weights  

and s i g n i f i c a n t l y  lower kerne l  w e igh ts  th a n  th e  covered i s o l i n e s ,  

as  could  be ex p ec ted .  Endosperm type  by hull  type  i n t e r a c t i o n s  were 

n o n s i g n i f i c a n t  in  t h e  Compana c u l t i v a r  (Table 10).  Duncan's  M u l t i p le  

Range T e s t  (Table 11) f u r t h e r  i n d i c a t e d  t h a t  Washonupana and Wabet 

were s i g n i f i c a n t l y  s h o r t e r  and had a s i g n i f i c a n t l y  lower kerne l  weight  

than  Shonupana and B e t z e s , r e s p e c t i v e l y .  The check c u l t i v a r s  f e l l  

w i th i n  t h e  range o f  t h e  e i g h t  waxy-normal endosperm i s o t y p e s  f o r  a l l  

agronomic t r a i t s  w i th  t h e  ex ce p t io n  o f  heading d a t e .  Klages headed 

s i g n i f i c a n t l y  l a t e r  than  a l l  o t h e r  c u l t i v a r s  (Table 11) .

The v a lues  o b t a in e d  in  t h i s  exper im en t  r e l a t i n g  t o  kernel  s i z e  

and y i e l d  a r e  s i m i l a r  t o  t h o s e  r e p o r t e d  e a r l i e r  by E s l i c k  (1979).  He 

showed t h a t  t h e  y i e l d  r e d u c t i o n s  t h a t  cou ld  be expec ted  by i n c o rp o r ­

a t i o n  o f  th e  waxy endosperm and hu l l  e s s  genes i n t o  a genotype  were 

3% and 12%, r e s p e c t i v e l y ,  when compared t o  normal endosperm and



Table  10. Experiment 3. A na ly s i s  o f  v a r i a n c e  f o r  s e v e r a l  agronomic t r a i t s  f o r
e i g h t  b a r l e y  l i n e s  i s o g e n i c  f o r  waxy and normal 
endosperm and t h r e e  check c u l t i v a r s  a t  Bozeman, 
Montana,  1979.

Source  o f  v a r i a t i o n d f

A g r  o n o m i c t r  a i t
Heading

Date
P l a n t
Height Yie ld

T e s t  1000 Kernel 
Weioht Weight

M.S. M.S. M.S. M.S. M.S.

Blocks 3 0 .15 10.57 3 .78 0.26** 17.29**
C u l t i v a r s  and i s o t y p e s 10 30.54** 61.70** 14.16* 0.73** 170.20**

Compana endosperm type! I 0 .56 14.06 5.68 0.15* 26.42**
Compana h u l l  type I 3 .06 5.06 25.78* 3.74** 265.40**
Compana endosperm

type  x hull  type I 0 .06 10.56 0.26 0.02 9.86
T i t a n  endosperm type I 0 .13 0.13 10.15 0.16* 5.66
Betzes  endosperm type I 4 .50* 55.13** 1.75 0.14* 23.56*
C u l t i v a r  r e s i d u a l 5 59.42** 106.41** 19.60* 0.62** 274.22**

E r ro r 30 1.07 3.87 6.04 0.03 3.27

Total 44

S i g n i f i c a n t  a t  P=O.05,  P=O.01 p r o b a b i l i t y  l e v e l s ,  r e s p e c t i v e l y .*  * *



Table  11, Experiment 3. Mean agronomic re s p o n s es  compared us ing  Duncan's  New
M u l t i p l e  Range T e s t+ and c o e f f i c i e n t s  o f  v a r i a t i o n  f o r  
v a r io u s  agronomic t r a i t s  f o r  e i g h t  b a r l e y  l i n e s  i s o g e n i c  f o r  
waxy and normal endosperm and t h r e e  check c u l t i v a r s  a t  
Bozeman, Montana,  1979.

C u l t i v a r  o r  i s o ty p e

A 9 r o n o m i c t  r  a i t
Heading

d a te
P l a n t  

h e i g h t Yie ld
T e s t

Weight
1000 kernel  

Weight
J u l i a n

days cm
q u i n t a l s /
h e c t a r e

kg/
h e c t o l i t e r grams

Washonupana 191.25 de 47.75 d 12.48 b 8 .79  a 39.19 c
Shonupana 191.50 cde 51.25 C 13.42 b 9.05 a 43 .33 b
Wapana 190.25 e f 50 .50 cd 14.77 b 7 .89  cd 48.91 a
Compana (de r ive d ) 190.75 e 50.75 cd 16.21 ab 8.01 c 49.91 a
Watan 188.75 f 56.25 b 13.29 b 7 .69  d 29.93 e
T i t a n  (d e r iv e d ) 189.00 f 56 .50 b 15.54 ab 7.97 C d 31.61 e
Wabet ‘ 192.50 bed 55.25 b 14.21 b 7.82 cd 32.66 e
Betzes  ( d e r iv e d ) 19.4.00 b 60.50 a 15.14  b 8 .09  c 36.10 d
P i r o l i n e 192.75 bed 56.00 b 16.61 ab 8 .4 9  b 39.45 c
Shabet 193.00 be 57.00 b 19.32 a 7 .9 8  C d 40.36 c
Klages 198.75 a 58.50 ab 14.88 b 8 .05  c 40.67 be

C.V. 0L 0.55 3 .60 16.29 2.22 4.60

+ S e p a r a t e  l e t t e r s  deno te  s i g n i f i c a n t l y  d i f f e r e n t  means (P=O.05).

EO
l
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covered i s o t y p e s  over  many env i ronm en ts .  In t h i s  exper im en t ,  in  a 

s i n g l e  env i ronm en t ,  t h e  y i e l d  r e d u c t io n s  caused by th e  waxy endosperm 

and h u l l  e s s  genotypes were 9% and 17%, r e s p e c t i v e l y .  The c o e f f i c i e n t  

o f  v a r i a t i o n  f o r  y i e l d  i n  t h i s  exper iment  was u n e x p la in a b ly  high  

(Table 11) .  The ave rage  t e s t  w e igh t  and kerne l  w eigh t  o f  t h e  waxy 

endosperm i s o t y p e s  were 97% and 93%, r e s p e c t i v e l y ,  o f  t h e  average  

t e s t  w e igh t  and kerne l  w eigh t  o f  t h e  normal endosperm i s o t y p e s .  The 

t e s t  w e igh t s  and kerne l  w e igh t s  o f  th e  naked Compana i so types  

averaged  112% and 84%, r e s p e c t i v e l y  o f  t h e  s i m i l a r  w eigh ts  o f  the  

covered Compana i s o t y p e s .

The a n a l y s i s  o f  v a r i a n c e  f o r  germin a t i v e  energy and germ ina t ion  

speed (Table 12) showed t h a t  endosperm ty p e  had no s i g n i f i c a n t  e f f e c t  

on ge rm in a t io n  c h a r a c t e r i s t i c s  a t  h a r v e s t  m a t u r i t y  in  a l l  g e n e t i c  

backgrounds.  Hull ty p e  in  t h e  Compana c u l t i v a r  had a h ig h ly  s i g n i f i ­

c a n t  e f f e c t  on both  g e rm in a t iv e  energy  and ge rm ina t ion  speed  (Table 

12) .  Naked Compana i s o l i n e s  germinated  s i g n i f i c a n t l y  f a s t e r  than  

covered Compana i s o t y p e s  (Table 13).  Washonupana and Shonupana had 

s i g n i f i c a n t l y  g r e a t e r  g e rm in a t iv e  energy  than  Compana (Table  13).

Malt ing  q u a l i t y  o f  waxy endosperm i s o t y p e s ,  as  de te rmined  in  

conven t iona l  p i l o t  m a l t s ,  was g e n e r a l l y  i n f e r i o r  t o  m a l t i n g  q u a l i t y  

o f  t h e  normal endosperm i s o t y p e s  (Table 14).  Mean d i a s t a t i c  power 

and th e  s o l u b l e  t o  t o t a l  p r o t e i n  r a t i o  was s i g n i f i c a n t l y  lower  f o r  

waxy endosperm i s o ty p e s  than  f o r  normal endosperm i s o t y p e s . Waxy
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Table  12. Experiment 3. A na ly s i s  o f  v a r i a n c e  f o r  germin a t i v e  energy
and g e rm in a t io n  speed f o r  e i g h t  b a r l e y  
l i n e s  i s o g e n i c  f o r  waxy and normal endo­
sperm and t h r e e  check c u l . t i v a r s  a t  
Bozeman, Montana, 1979.
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Germinative Germination
energy speed

Source o f  v a r i a t i o n d f M.S. M.S.

Block 3 1.09 7136.7**

C u l t i v a r s  and i s o t y p e s 10 2.69** 13268.0**
Compana endosperm

type I 0 .33 306.3
Compana hu l l  type  
Compana endosperm

I 5.88** 101800.0**

type  x h u l l  type I 0 .33 1600.0
T i t a n  endosperm type I 0 .66 10.1
Betzes  endosperm type I 0.91 1596.0
C u l t i v a r  r e s i d u a l 5 3.75** 5477.5**

E r ro r 30 0.75 1169.1

Tota l 44

*,  ** S i g n i f i c a n t  a t  t h e  P=0.05,  P=0.01 p r o b a b i l i t y  l e v e l s ,  
r e s p e c t i v e l y .



Table  13. Experiment 3. Mean ge rm in a t io n  re sponses  compared using
Duncan's  New M u l t i p le  Range T e s t + and co­
e f f i c i e n t s  o f  v a r i a t i o n  f o r  germin a t i v e  
energy and germ ina t ion  speed f o r  e i g h t  
b a r l e y  l i n e s  i s o g e n i c  f o r  waxy and normal 
endosperm and t h r e e  check c u l t i v a r s  a t  
Bozeman, Montana, 1979.
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C u l t i v a r  o r  i s o ty p e

G ermina tive
energy

• ■ %

Germination
speed

. F i n l a y ' s  G Index

Washonupana 99.85 a 460.75 ab
Shonupana 99.85 a 472.00 a
Wapana 98.92 ab 321.25 fg
Compana 98.35 be 292.50 g
Watan 98.42 abc 426.75 abc
T i t a n 99.00  ab 429.00 abc
Wabet 97.92 be 407.00 bed
Betzes 97.25 c 378.75 cde
P i r o l i n e 98.92 ab 344.50 efg
Shabet 97 .90 be 358.50 def
Klages 98.00 be 420.00 abc

C.V. % 0 .89 8.72

+
S e p a ra t e  l e t t e r s  deno te  s i g n i f i c a n t l y  d i f f e r e n t  means (P=0.05).



Tab le  14.  Experiment 3. Mean r e s p o n s e s  and s t a t i s t i c a l  a n a l y s i s  us ing  a p a i re d
t  t e s t  f o r  s e v e ra l  m a l t  q u a l i t y  c h a r a c t e r i s t i c s  in con­
v e n t io n a l  p i l o t  m a l t s  f o r  f o u r  waxy and f o u r  normal 
endosperm b a r l e y  i s o t y p e s  and t h r e e  check c u l t i v a r s  
a t  Bozeman, Montana,  1979.

B ar ley
P r o t e i n

Kernel
Weight

, Plump 
B a r l ey

Malt
E x t r a c t

Fi ne- 
cou rse  

d i f f .

P r o t e i n
Wort r a t i o  D i a s t a t i c  Alpha- 

P r o t e i n  S o l / t o t a l  Power amylase
% mg % % . % % % degrees 2 0 ° u n i t s

Waxy endosperm
i s o t y p e s  X 10.98 36.33 66.55 80.40 3.53 3.82 34.28 96.30 30 .78

Normal endosperm
i s o t y p e s  X 11.15 37.73 69.13 81.28 3 .58 3.90 35.63 122.80 29 .23

T s t a t i s t i c
(3 d f ) -2 .0 5 - 2 .7 6 - 0 .6 3 - 2 .8 8 - 0 .2 3 -0 .8 5 -3 .5 8 -7 .23 2.21

p - v a lu e  f o r  Mn:
Waxy=normal• 0 .13 0.07 0.57 0.06 0.83 0 .46 0 .04 0.01 0.12

P i r o l ine 11.10 35.80 86.90 79.60 3.30 3.34 31.90 133.00 26.00
Shabet 10 .80 39.00 68.80 80 .70 3.50 3.80 37.00 119.00 25.30

Klages 10.90 39.00 71.00 82.80 2 .70 4.53 42.90 173.00 41.80
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endosperm i s o t y p e s  produced more,  a l though  not  s i g n i f i c a n t l y  more,  

a lpha -am y lase  d u r in g  m a l t i n g  than  normal i s o t y p e s .  In a l l  m a l t ing  

c h a r a c t e r i s t i c s ,  both  waxy and normal endosperm i s o t y p e s  were much 

i n f e r i o r  t o  Klages , .  t h e  c u r r e n t  malt  b a r l e y  s t a n d a rd  in  t h e  a r e a .

The f a c t  t h a t  waxy endosperm b a r l e y  s t a r c h  i s  more r e a d i l y  modi­

f i e d  by e i ther ]  enzymes o r  chem ica ls  than  normal b a r l e y  s t a r c h  

(Goering e t  a l . ,  1980) had l e d  to  t h e  h y p o th e s i s  t h a t  waxy endosperm 

b a r l e y s  shou ld  be s u p e r i o r  t o  normal endosperm b a r l e y s  f o r  m a l t in g .  

Th is  h y p o th e s i s  was f u r t h e r  suppor ted  by exper iments  which showed 

waxy endosperm b a r l e y s  have l e s s  dormancy than  and in  some c a s e s  . 

ge rm ina te  f a s t e r  than  normal endosperm b a r l e y s ,  a t  l e a s t  du r ing  

kerne l  m a t u r a t i o n .  A pparen t ly  waxy endosperm b a r l e y s  a r e  not  

s u p e r i o r  t o  normal endosperm b a r l e y  in  m a l t in g  q u a l i t y  a s  de te rmined 

in  conven t iona l  m a l t i n g  t e s t s .  Perhaps modif ied  m a l t i n g  te ch n iq u es  

a r e  n e c e s s a ry  t o  e x p l o i t  t h e  unique s t a r c h  p r o p e r t i e s  in  waxy endo­

sperm b a r l e y s .

Experiment 4: Water  I m b i b i t i o n  in  Compana I s o ty p es

The genera l  p a t t e r n s  o f  w a te r  up ta ke  by f o u r  Compana i s o t y p e s  in 

a 48 hour ,  20° C, u n a e ra te d  s t e e p  a r e  s i m i l a r  to  th o s e  p r e v io u s l y  

r e p o r t e d  ( Kirsop e t  a l . ,  1966; Reynolds and MacWiIliam, 1967;

Brookes e t  a l . ,  1976).  I n i t i a l  w a te r  up take  was r a p i d  fo l low ed  by a 

g r a d u a l l y  d e c r e a s i n g  r a t e . ( F i g u r e  29) .  The a n a l y s i s  o f  v a r i a n c e  f o r
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Figure 2 9 . Experiment 4. Patterns of water uptake during a 48 hour,
20° C, unaerated steep for seed from four Compana
isotypes grown in three environments.



no
t h e  w a te r  uptake  o f  f o u r  Compana i s o t y p e s  grown in  t h r e e  env ironments 

r e v e a le d  t h a t  w a te r  uptake  was s i g n i f i c a n t l y  in f lu e n c e d  by th e  

env i ronment in  which th e  g r a i n  was grown, by i s o t y p e ,  hu l l  t y p e ,  and 

s t e e p  t ime (Table 15) .  Waxy endosperm i s o t y p e s  took up w a te r  f a s t e r  

than  normal endosperm i s o t y p e s  d u r in g  t h e  s t e e p  but  n o t  by a s i g n i f i ­

c a n t  amount. Naked Compana i s o t y p e s  imbibed w a te r  s i g n i f i c a n t l y  

f a s t e r  th a n  th e  covered Compana i s o t y p e s  (Table 15 and F igu re  29) .

The hu l l  ty p e  by endosperm type  i n t e r a c t i o n  was n o n s i g n i f i c a n t .

The i s o t y p e  by s t e e p  t ime i n t e r a c t i o n s  were s i g n i f i c a n t  because 

o f  t h e  d i f f e r e n t i a l  r e sponse  o f  t h e  f o u r  Compana i s o t y p e s  e a r l y  in  

t h e  s t e e p  as  compared to  l a t e r  in  t h e  s t e e p ,  o r  because  o f  experimen­

t a l  e r r o r .  Briggs  (1978) r e p o r t e d  i n i t i a l  w a te r  uptake  was much 

f a s t e r  in  naked than  in  covered b a r l e y .  Davidson e t  a l . ,  (1976) 

r e p o r t e d  t h a t  b l o t t i n g  t h e  seed dry  f a i l e d  t o  remove a l l  t h e  w a te r  

he ld  by t h e  s u r f a c e  l a y e r s  o f  th e  kernel  and c onsequen t ly  o v e r ­

e s t i m a t e d  w a te r  uptake  by about  V L -  S ince  i n i t i a l  m o i s tu r e  d i f f e r e n ­

t i a l s  were s m a l l ,  t h i s  i n t e r a c t i o n  may be s i g n i f i c a n t  because  o f  

exper im en ta l  t e c h n iq u e s  which removed more o f  w a te r  from t h e  s u r f a c e  

l a y e r s  o f  t h e  naked b a r l e y  than  from t h e  covered b a r l e y .

S i g n i f i c a n t  envi ronmenta l  i n t e r a c t i o n s  may be e x p la in e d  by 

v a r i a b i l i t y  in  t h e  m e ta b o l i c  a c t i v i t y  o r  v i a b i l i t y  o f  t h e  seed  s in c e  

t h e  germin a t i v e  energy  and ge rm ina t ion  speed d id  vary  s i g n i f i c a n t l y  

between env i ronm ents  (Table 17) .  This  v a r i a b i l i t y  could  be due to
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Table  15. Experiment 4.  A n a ly s i s  o f  v a r i a n c e  f o r  kernel  m o is tu re

p e rce n tag e  in  a 48 hour ,  ZO0 C, unae ra ted  
s t e e p  f o r  f o u r  Compana i s o t y p e s  grown in 
t h r e e  env i ronm ents .

Source of. v a r i a t i o n d f M.S.

R e p l i c a t i o n 2 27.20**
Environment. 2 20.17**
Iso type 3 52.69*

Hull type I 123.50**
Endosperm type I 33.78
Hull type  x endosperm type I 0 .7 4

Environment x i s o ty p e 6 5.80**
Environment x h u l l  type 2 8.24**
Environment x endosperm type 2 0.62
Environment x (h u l l  type, x

endosperm type ) 2 8.54**

Steep  t ime 10 3739.51**
Environment x s t e e p  t ime 20 1.26**
I s o ty p e  x s t e e p  t ime 30 16.85**

Hull ty p e  x s t e e p  t ime 10 44.27**
Endospermtype x s t e e p  t ime 10 5.58**
(Hull ty p e  x endosperm type )

x s t e e p  t ime 10 0.71

Environment x i so type  x s t e e p  t ime . 60 0 .45**

Residua l 262 0.26

*,  ** S i g n i f i c a n t  a t  t h e  P=O.05,  P=O.01 p r o b a b i l i t y  l e v e l s ,  
r e s p e c t i v e l y .



112

seed  age o r  p o s s i b l y  d i f f e r e n t i a l  kerne l  damage in  seed  l o t s  from 

one o r  more environments.  Naked b a r l e y  k e r n e l s  a r e  more s e n s i t i v e  

t o  embryo damage d u r in g  t h r e s h i n g  than  mos% covered b a r l e y  k e r n e l s .

Regress ion  e q u a t i o n s , f i t t e d  t o  cum ula t ive  w a te r  up ta ke  curves  

f o r  each o f  t h e  f o u r  Compana i s o t y p e s ,  were used t o  summarize water ,  

im b i b i t i o n  (F igu re  30) .  S i m i l a r  e q u a t io n s  were used t o  d e s c r i b e  

w a te r  up take  p a t t e r n s  in  Xanthium seeds  ( S h u l l , 1920). Times 

r e q u i r e d  to  reach  given m o i s tu r e  p e r c e n t a g e s ,  were c a l c u l a t e d  from 

t h e  r e g r e s s i o n  eq u a t io n  o f  each i s o ty p e  (Table 16).  Waxy endosperm 

and naked Compana i s o t y p e s ,  a t  l e a s t  under  t h e  c o n d i t i o n s  o f  t h i s  

s t e e p ,  reached  t h e  m o i s tu r e  c o n d i t i o n s  n e c e s s a ry  f o r  ge rm ina t ion  and 

f o r  s a t i s f a c t o r y  m o d i f i c a t i o n  d u r ing  m a l t i n g  be fo re  normal endosperm 

and covered Compana i s o t y p e s .  Minimum w a te r  c o n t e n t s  in  t h e  kernel  

r e q u i r e d  f o r  a c t i v e  germ ina t ion  and s a t i s f a c t o r y  m o d i f i c a t i o n  dur ing  

m a l t i n g  a r e  nea r  35% and 45%, r e s p e c t i v e l y  (Brown, 1975; Brookes 

e t  a l . ,  1976) .  Th is  be ing  th e  c a s e ,  Washonupana, Shonupana, Wapana, 

and Compana would r e q u i r e  9 . 4 ,  1 0 . 9 ,  1 3 .0 ,  and 14.8 h o u r s ,  r e s p e c t ­

i v e l y ,  t o  reach  m o i s tu r e  l e v e l s  n e c e s s a ry  f o r  ge rm ina t ion  and 32 .2 ,  

4 1 . 3 ,  5 8 .4 ,  and 72 .4  h o u r s ,  r e s p e c t i v e l y  to  reach 45% m o i s t u r e ,  

n e a r  optimum f o r  s a t i s f a c t o r y  m o d i f i c a t i o n  dur ing  m a l t i n g  (Table 16).  

Of c o u r s e ,  w a te r  uptake  i s  a f u n c t i o n  o f  t e m pera tu re  and o t h e r  s t e e p  

c o n d i t i o n s  so would vary  somewhat under a d i f f e r e n t  s e t  o f  s t e e p  

c o n d i t i o n s .  Assuming th e  m a l t s t e r  r e q u i r e s  a covered b a r l e y  t y p e ,  .
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Figure  30. Experiment 4. Regress ion  e q u a t io n s  d e s c r i b i n g  the  wate r  
uptake d u r ing  a 48 hour ,  20° C, unae ra ted  s t e e p  o f  seed 
from f o u r  Compana i s o t y p e s  grown in  t h r e e  env i ronments .



Table  16. Experiment 4.  Rate  o f  w a te r  up ta ke  by f o u r  Compana
i s o t y p e s  in  a 20° C unae ra ted  s t e e p .  
Hours t o  r eac h  i n d i c a t e d  m o is tu re  
p e r c e n ta g e s .

114 ■

I s o ty p e N o i s t  u r  e P e r c e n t  v

25 35 .40 . 45

Washonupana 2.2 9 .4 17.6 32.2

Shonupana 2 .3 . 10 .9 21 .4  . 41 .3

Wapana 2 .3 13.0 27.8 58.4

Compana 2 .4 14.8 33.1 72.4



115

t h i s  exper im en t  i n d i c a t e s  t h a t  s t e e p  t im e  could  be sh o r te n e d  sub­

s t a n t i a l l y  (14 hours a t  20° C in  t h e  Corripana c u l t i v a r )  by us ing  

waxy endosperm i s o t y p e s  f o r  m a l t ing  i n s t e a d  o f  normal endosperm i s o ­

t y p e s .  Uniform m o i s tu r e  d i s t r i b u t i o n  w i t h i n  th e  kernel  i s  a l s o  

im p o r ta n t .

The a n a l y s i s  o f  v a r i a n c e  f o r  germin a t i v e  energy and germ ina t ion  

speed o f  f o u r  Compana i s o t y p e s  grown in  t h r e e  envi ronments  re v e a le d  

s i g n i f i c a n t  e f f e c t s  on ge rm in a t io n  b eh av io r  were caused by th e  growing 

env i ronment (Table 17) .  S i g n i f i c a n t  environment by i s o t y p e  i n t e r ­

a c t i o n s  were a p p a re n t  a l though  th e  e f f e c t  o f  i s o ty p e  on germ ina t ion  

b ehav io r  was n o n s i g n i f i c a n t .  N e i t h e r  endosperm type  nor hu l l  type  

s i g n i f i c a n t l y  i n f l u e n c e d  germ ina t ion  b eh av io r .  Naked Compana i s o ty p e s  

d i d ,  however, ge rm ina te  f a s t e r  than  covered Compana i s o t y p e s .  This 

was n o n s i g n i f i c a n t  because t h e  mean square  o f  t h e  enviornment by 

i s o t y p e  i n t e r a c t i o n ,  which was used t o  t e s t  t h e  e f f e c t  o f  hu l l  type  

on ge rm ina t ion  speed ,  was so l a r g e  (Table 17).

Rates  o f  w a te r  uptake  do vary  between waxy and normal endo­

sperm and between naked and covered i s o t y p e s .  The d i f f e r e n c e  in  

r a t e s  o f  w a te r  uptake  between naked and covered i s o t y p e s  may e x p la in  

why naked b a r l e y s  ge rm ina te  f a s t e r  th a n  covered b a r l e y s .  The f a c t  

t h a t  waxy b a r l e y s  t a k e  w a te r  up f a s t e r ,  a l though  not  by a s i g n i f i c a n t  

amount,  th a n  normal b a r l e y s  may be an im p o r tan t  c o n s i d e r a t i o n  in  the  

f u t u r e  o f  waxy b a r l e y s  as  m a l t i n g  b a r l e y s .



Table  17. Experiment 4.  A na ly s i s  o f  v a r i a n c e  f o r  germin a t i v e
energy  and ge rm ina t ion  speed f o r  f o u r  
Compana i s o t y p e s  grown in  t h r e e  
envi ronments .

Source o f  v a r i a t i o n d f

Germina tive
energy

M.S.

Germinat ion
speed

M.S.

Environment 2 267.6** 14246.2**

I s o ty p e 3 31.2 1692.3
HulI ty p e I 9 .4 3396.9
Endosperm ty p e I 84 .0 1666.0
Hull ty p e  x endosperm type I 0 .0 14.1

Environment x i s o ty p e 6 30.3** 1354.0**
Environment x h u l l  type  
Environment x endosperm

2 15.5* 733.1*

type
Environment x (h u l l  type

2 75.1** 3160.4**

x endosperm ty p e ) 2 0 .4 168.6

Residua l 24 4 .5 215.4

* ,  ** S i g n i f i c a n t  a t  t h e  P=O.05 and P=O.01 p r o b a b i l i t y  l e v e l s , 
. r e s p e c t i v e l y .



CONCLUSIONS

C o n s id e rab l e  v a r i a t i o n  in  ge rm ina t ion  behav io r  does e x i s t  

among b a r l e y  geno types .  G e n e r a l l y ,  m a l t  b a r l e y s  germinated  f a s t e r ,  

and e x h i b i t e d  l e s s  dormancy o r  a t  l e a s t  a s h o r t e r  dormancy pe r iod  

than  b a r l e y s  used f o r  f e e d .  Sc reen ing  b a r l e y s  f o r  m a l t  p o t e n t i a l  

could i n v o lv e  ge rm ina t ion  speed t e s t s  a n d / o r  dormancy t e s t s ,  a l though  

such t e s t s  a r e  t ime consuming and l a b o r i o u s .

Waxy endosperm b a r l e y  i s o ty p e s  d i f f e r  from normal endosperm 

b a r l e y  i s o t y p e s  in  c e r t a i n  ge rm ina t ion  and agronomic t r a i t s  du r ing  

t h e  pe r io d  o f  kerne l  development and m a tu r a t i o n  and a t  h a r v e s t  ma tur ­

i t y .  During kerne l  m a tu r a t i o n  waxy endosperm i s o ty p e s  e x h i b i t e d  

s i g n i f i c a n t l y  l e s s  dormancy,  a s m a l l e r  seed s i z e ,  g r e a t e r  a lpha-am ylase  

a c t i v i t y ,  and m a in ta in ed  a h ig h e r  p e r c e n ta g e  o f  m o i s tu r e  in  t h e  sp ike
.

th a n  normal endosperm i s o t y p e s .  The h ig h e r  m o is tu re  c o n t e n t  o f  waxy 

endosperm i s o t y p e s  may be ev idence  t h a t  t h e  pe r iod  from a n t h e s i s  to  

h a r v e s t  m a t u r i t y  i s  l o n g e r  i n  waxy ty p e s  than  in  normal t y p e s .  In 

s p e c i f i c  g e n e t i c  backgrounds waxy endosperm i s o ty p e s  germinated  f a s t e r  

th a n  normal endosperm i s o t y p e s .  By h a r v e s t  m a t u r i t y  d i f f e r e n c e s  

between waxy and normal endosperm i s o t y p e s  in  dormancy and germina t ion  

speed were no lo n g e r  a p p a re n t .  Waxy endosperm i s o ty p e s  were not  

s i g n i f i c a n t l y  d i f f e r e n t  from normal endosperm i s o ty p e s  f o r  y i e l d  or  

d a t e  o f  heading .  Waxy endosperm i s o t y p e s  in  s p e c i f i c  g e n e t i c
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backgrounds were s h o r t e r  than  normal endosperm i s o t y p e s .  The t e s t  

w e igh ts  and kerne l  w eigh ts  o f  waxy endosperm i s o ty p e s  were 

s i g n i f i c a n t l y  lower th a n  s i m i l a r  w e igh ts  in  normal endosperm i s o t y p e s .  

In a 48 hour ,  20° C, u n a e ra te d  s t e e p  waxy endosperm i s o t y p e s  took up 

w a te r  f a s t e r ,  bu t  no t  s i g n i f i c a n t l y  f a s t e r ,  than  normal endosperm 

i s o t y p e s .  In t h e  Compana g e n e t i c  background,  waxy endosperm i s o ty p e s  

reached  45% m o i s t u r e ,  n ea r  optimum f o r  s a t i s f a c t o r y  m o d i f i c a t i o n  d u r ­

in g  m a l t i n g ,  from 9 . 1 - 1 4 . 0  hours  q u i c k e r  than  i n  normal endosperm 

i s o t y p e s .  D esp i te  t h e  a p p a re n t  advan tages  f o r  m a l t in g  posse ssed  by 

waxy endosperm b a r l e y s ,  namely more r a p i d  s t a r c h  m o d i f i c a t i o n  by 

enzymes o r  c h e m ic a l s ,  l e s s  dormancy,  and f a s t e r  uptake  o f  w a t e r ,  waxy 

endosperm i so types  were i n f e r i o r  to  normal endosperm i so ty p es  f o r  

m a l t i n g  q u a l i t y  as de termined  by conven t iona l  p i l o t  m a l t s .  Normal 

b a r l e y  i so ty p es  were s i g n i f i c a n t l y  h ig h e r  in  d i a s t a t i c  power and 

had a h ig h e r  s o l u b l e  p r o t e i n  t o  t o t a l  p r o t e i n  r a t i o .

S h o r t  awn-naked and long awn-covered Compana i s o t y p e s  a l s o  

d i f f e r e d  d u r in g  kerne l  m a tu r a t i o n  and a t  h a r v e s t  m a t u r i t y .  Naked 

Compana i s o ty p e s  had s m a l l e r  s e e d s ,  l e s s  dormancy, germinated  f a s t e r ,  

and m a in ta ined  a h ig h e r  sp ik e  m o i s tu r e  p e rce n tag e  th roughou t  kernel  

m a tu r a t i o n  than  d id  covered Compana i s o t y p e s .  Hull t y p e  had no 

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

y i e l d ,  t e s t  w e ig h t ,  seed w e ig h t ,  germin a t i v e  energy  and germ ina t ion  

speed a t  m a t u r i t y .  Naked Compana i s o t y p e s  y i e l d e d  17% l e s s  than  

covered Compana i s o t y p e s .  Seed s i z e  in  t h e  naked i s o t y p e s  was
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16% l e s s  than  in  t h e  covered  i s o t y p e s .  S ho r t  awn-naked Compana 

i s o t y p e s  germinated  f a s t e r  and had l e s s  dormancy than  long awn- 

covered Compana i s o t y p e s  a t  h a r v e s t  m a t u r i t y .  In a 48 hour ,  20° C, 

u n a e ra te d  s t e e p  naked Compana i s o t y p e s  imbibed w a te r  s i g n i f i c a n t l y  ... 

f a s t e r  th a n  covered Compana i s o t y p e s .
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