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A Diallel Cross Analysis of Gum Content 
in Barley (Hordeum vulgare) 
D.C. G r e e n b e r g  
P l an t  B r e e d i n g  Ins t i tu te ,  M a r l s  Lane, Trumpington,  C a m b r i d g e  

S u m m a r y .  A d ia l le l  c r o s s  ana lys i s  of gum content  in b a r l e y  (Hordeum vulga2e) was made  us ing s ix  c u l t i v a r s  
of t w o - r o w e d  sp r ing  ba r l ey  as  p a r e n t s .  A J i n k s - H a y m a n  ana ly s i s  of F2  progeny  means  showed that gum 
content  was con t ro l l ed  by a s i m p l e  a d d i t i v e - d o m i n a n c e  gene t ic  s y s t e m  and that low gum content  was s t rong ly  
dominan t .  The ana ly s i s  sugges t ed  that gum content  was p r inc ipa l l y  con t ro l l ed  by two o r  t h r e e  genes  showing 
a high d e g r e e  of  d o m i n a n c e .  Some  g e n o t y p e - e n v i r o n m e n t  i n t e r ac t i on  was de tec ted  in a c o m p a r i s o n  between the 
F2  and F3 g e n e r a t i o n s  which w e r e  grown in d i f fe ren t  y e a r s  and l o c a t i o n s .  H o w e v e r ,  the c h a r a c t e r  was found 
to be highly h e r i t a b l e  both within and between g e n e r a t i o n s ,  sugges t ing  that  the s e l e c t i o n  and b reed ing  of  b a r -  
l eys  of r educed  gum content  should not be d i f f icul t .  
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In t roduct ion  

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

gums of b a r l e y  g r a in  have  been i m p l i c a t e d  as a f a c -  

t o r  inf luencing mal t ing  qual i ty .  It has f r equen t ly  

been shown that ba r l ey  gum is  an impor t an t  d e t e r -  

minant  of the v i s c o s i t y  of mal t  e x t r a c t s  (Mered i th  

et a l .  1951; S c h u s t e r  et a l .  1967; Bourne  and P i e r c e  

1970; Scott  1972).  The f i l t r a t ion  of the wort  f r o m  

the mash  tun may be impeded  by an e x c e s s  of gum 

due e i t h e r  to enhanced  wort  v i s c o s i t y  o r  to a c e m e n t -  

ing of the mash  bed by fine p a r t i c l e s  and gummy sub-  

s t a n c e s  ( B a r r e t t  et  a l .  1973).  The i n c r e a s e d  use  of 

unmal t ed  b a r l e y  adjuncts  in b rewing  cart be expec ted  

to l ead  to wort  f i l t r a t i on  p r o b l e m s  caused  by unde-  

g r aded  gums .  There  is  a l so  s o m e  ev idence  that gums  

may  be involved  in d e t e r m i n i n g  the feeding qual i ty  of 

b a r l e y  fo r  c h i c k e n s .  The addi t ion of a highly pur i f i ed  

~ - g l u c a n a s e  to b a r l e y  d ie t s  fed to ch ickens  has p r o -  

duced c o n s i d e r a b l e  i m p r o v e m e n t s  in growth r a t e  

(R ickes  et a l .  1962),  p rov id ing  i nd i r ec t  ev idence  that 

the gums  a r e  d e t r i m e n t a l  to feeding va lue .  It has  a l -  

so  been s u g g e s t e d  that high v i s c o s i t y  in the a l i m e n t a r y  

t r a c t  due to the gums  is the main  cause  of th is  poor  

feed  qual i ty  (Burne t t  1966).  Consequen t ly ,  b reed ing  

b a r l e y s  with r educed  gum content  could be of va lue  

fo r  both feeding and mal t ing  p u r p o s e s .  

Var i e t a l  o r  genotypic  d i f f e r e n c e s  in the ~-g lucan  

and gum content  of ba r l ey  do ex i s t  (Schus t e r  et a l .  1967 ; 

Bourne  and P i e r c e  1970; R e i n e r  and N a r z i s s  1972).  

H o w e v e r ,  t h e r e  appea r  to have  been no s tud ies  on the 

gene t ic  ba s i s  of such d i f f e r e n c e s .  A rap id  method has  

been dev i sed  to s c r e e n  s m a l l  s a m p l e s  of b a r l e y  fo r  

va r i a t i on  in gum content ,  based  on m e a s u r e m e n t s  of 

the v i s c o s i t y  of ac id ic  e x t r a c t s  of ground g ra in  (G t e e n -  

b e r g  and Whi tmore  1974; G r e e n b e r g  1974).  This t e c h -  

nique has  made  p o s s i b l e  the gene t ic  i nves t iga t ions  of 

gum content  r e p o r t e d  h e r e .  

M a t e r i a l s  and Methods  

1. M a t e r i a l s  

The J i n k s - H a y m a n  ana lys i s  of  a d ia l le l  c r o s s  was 
used  ( J inks  1954; Hayman 1954b),  as  th is  did not 
n e c e s s i t a t e  the e s t i m a t i o n  of gum content  of g r a in  
f r o m  s ing le  p lants  and p rov ided  a l a r g e  amount  of 
gene t i c  in fo rma t ion  f r o m  a r e a s o n a b l y  s m a l l  n u m b e r  
of v i s c o s i t y  d e t e r m i n a t i o n s .  The ana ly se s  a r e  n o r m a l -  
ly p e r f o r m e d  on the F1 g ra in  of a d ia l le l  c r o s s .  How- 
e v e r ,  g ra in  qual i ty  s tud ies  g e n e r a l l y  have  to be p e r -  
f o r m e d  on the F2  because  F1 hybr id  g r a in  is not typ i -  
ca l ,  being g e n e r a l l y  naked and s h r i v e l l e d  due to the 
manipula t ions  invo lved  in making the c r o s s e s .  F u r t h e r -  
m o r e ,  suf f ic ien t  quan t i t i e s  of  hybr id  g r a i n  may not be 
ava i l ab l e  for  a n a l y s i s .  

A 6 x 6 d ia l le l  c r o s s  was made  us ing v a r i e t i e s  
which d i f f e red  widely  in $ -g lucan  content  a c c o r d i n g  
to B o u r n e  and P i e r c e  (1970) .  These  w e r e  al l  two-  
rowed  s p r i n g  b a r l e y s :  'Golden  P r o m i s e '  and ' M a r i s  
B a d g e r '  had low ~-g lucan  content ,  ' P r o c t o r '  was 
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i n t e r m e d i a t e ;  and  ' J u l i a '  and  ' Z e p h y r '  w e r e  h igh in 
8 - g l u c a n .  The s ix th  v a r i e t y  was the  s e l e c t i o n  
HB 551/60  f r o m  the  P l a n t  B r e e d i n g  I n s t i t u t e ,  l a t e r  
n a m e d  ' M a r l s  Mink ' ,  which  was thought  to be  i n t e r -  
m e d i a t e  in ~ -g lucan  c o n t e n t .  

2. Me t hods  

a)  C u l t u r a l  

The d i a l l e l  s e t  was  c r o s s e d  in the  s u m m e r  of 1972 
and the  F1 was g r o w n  o v e r  the  w i n t e r  of 1972 /73 .  
The F 1 (15 c r o s s e s  + p a r e n t s )  was g rown  fo r  t h e  
f i r s t  5 weeks  in a cool  g r o w t h  r o o m  u n d e r  a 10 h o u r  
d a y l e n g t h .  The l ight  i n t e n s i t y  was a p p r o x i m a t e l y  70 
W a t t s / m  e and  the  day and n igh t  t e m p e r a t u r e s  w e r e  
l l ~  and  4~ r e s p e c t i v e l y .  The p l a n t s  w e r e  t hen  
t r a n s p l a n t e d  into 13 e m  d i a m e t e r  po ts  and  m o v e d  to 
a g l a s s h o u s e  w h e r e  they  w e r e  g r o w n  to m a t u r i t y  un-  
d e r  h i g h - p r e s s u r e  s o d i u m  v a p o u r  l a m p s  p r o v i d i n g  a 
s u p p l e m e n t a r y  i n t e n s i t y  of a p p r o x i m a t e l y  20 W a t t s / m  e . 
The day l eng th  was 18 h o u r s  and  t e m p e r a t u r e  was 
m a i n t a i n e d  at  a p p r o x i m a t e l y  14~ A r a n d o m i s e d  
b lock  layout  was  u s e d  in bo th  g rowth  r o o m  and  g l a s s -  
h o u s e  with fou r  r e p l i c a t i o n s ,  e a c h  plot  c o n s i s t i n g  of 
f ive  p l a n t s  in  ind iv idua l  po t s .  The e x p e r i m e n t a l  p l a n t s  
w e r e  s u r r o u n d e d  by two r o w s  of g u a r d  p l a n t s .  

The r e s i d u a l  F2  g r a i n  a f t e r  s a m p l i n g  fo r  the  e s t i -  
m a t i o n  of e x t r a c t  v i s c o s i t y  was poo led  and  d r i l l e d  in 
a f i e ld  t r i a l  in  1973. The d e s i g n  u sed  c o n s i s t e d  of a 
r a n d o m i s e d  b lock  with two r e p l i c a t i o n s ,  e a c h  plot  
m e a s u r i n g  1 .5  m • 3 .6  m .  The F3 g r a i n  was c o m b i n e  
h a r v e s t e d  at  the  b e g i n n i n g  of  Augus t ,  1973. S e v e r e  
lodging o c c u r r e d  in t h i s  t r i a l  a s  a r e s u l t  of v e r y  h e a v y  
r a i n  s t o r m s  in l a t e  J u n e  and e a r l y  J u l y .  T h e r e  was 
c o n s i d e r a b l e  g rowth  of s e c o n d a r y  t i l l e r s ,  and  the  i m -  
m a t u r e  g r a i n  f r o m  t h e s e  cou ld  well  have  a l t e r e d  the  
r e s u l t s .  As  m u c h  as  p o s s i b l e  of t h i s  g r a i n  was r e -  
m o v e d  by r u n n i n g  the  c o m b i n e  with a h igh a i r f l o w  and  
by c a r e f u l l y  s i e v i n g  the  g r a i n  and  r e m o v i n g  g r e e n  
c o r n s  a f t e r  d r y i n g .  

T h r e e  c r o s s e s  ( ' M a r l s  M i n k '  x 'Go lden  P r o m i s e ' ,  
' M a r l s  M i n k ' •  ' M a r l s  B a d g e r '  and  ' M a r l s  M i n k ' •  
' J u l i a '  ) w e r e  m a d e  in J u n e ,  1971 and  the  F1 ' s  g rown  
in the  g l a s s h o u s e  o v e r  the  w i n t e r  of 1971/72  u n d e r  
s i m i l a r  e n v i r o n m e n t a l  c o n d i t i o n s  to the  F1 of t h e  ful l  
d i a l l e l .  The F 2 ' s  w e r e  sown a s  s p a c e d  p l a n t s  in  the  
f ie ld  in 1972 and  t h i r t y  p l a n t s  w e r e  s e l e c t e d  f r o m  
each  c r o s s .  E a c h  of t h e s e  p r o v i d e d  s u f f i c i e n t  s e e d  fo r  
the  e s t i m a t i o n  of e x t r a c t  v i s c o s i t y  and  a l so  fo r  the  i n -  
c l u s i o n  of a s u b - s a m p l e  in a n u r s e r y  in P a l m e r s t o n  
N o r t h ,  New Z e a l a n d ,  d u r i n g  the  s e a s o n  of 1972 /73 .  
The e x t r a c t  v i s c o s i t y  of the  g r a i n  f r o m  the  F2  p l a n t s  
was  e s t i m a t e d  in C a m b r i d g e  and  a few of the  o f f s p r i n g  
of the  e x t r e m e  p h e n o t y p e s  w e r e  r e t u r n e d  f r o m  New 
Z e a l a n d .  These  F4  p r o g e n i e s  w e r e  sown a s  s m a l l  
p lo t s  at  C a m b r i d g e  in 1973. 

b)  C h e m i c a l  

Gum con t en t  was  e s t i m a t e d  by m e a s u r i n g  the  v i s c o s i -  
ty of a c id  e x t r a c t s  of b a r l e y  f l o u r .  The g r a i n  was  
m i l l e d  t h r o u g h  a 0 . 5  m m  m e s h  s c r e e n  and  2 g of d ry  
f l ou r  was  e x t r a c t e d  in 50 ml of  pH 1 .5  c h l o r i d e  buf -  
f e r  f o r  four  h o u r s  at  40 ~ in a s p e c i a l  e x t r a c t i o n  
b a t h  ( G r e e n b e r g  and W h i t e m o r e  1974) .  The e x t r a c t  was  
coo led  to 20~ and  i t s  v i s c o s i t y  m e a s u r e d  with a r o t a t i o -  
nal  v i s c o m e t e r .  The l o g a r i t h m  of the  e x t r a c t  v i s c o s i t y  
was  c l o s e l y  c o r r e l a t e d  wi th  t he  8 - g l u c a n  con t en t  of  
the  g r a i n  ( G r e e n b e r g  1974) .  

R e s u l t s  and  D i s c u s s i o n  

A n a l y s e s  w e r e  p e r f o r m e d  on l o g l 0  e x t r a c t  v i s c o s i t y  

v a l u e s  m u l t i p l i e d  by 100. The m e a n  e x t r a c t  v i s c o s i t i e s  

f o r  e ach  of the  p a r e n t  v a r i e t i e s  in  t h e  F2 and  F3 

t r i a l s  a r e  g iven  in Table  i ,  t o g e t h e r  with an  a n a l y s i s  

of v a r i a n c e  of p a r e n t a l  and  p r o g e n y  m e a n s  in each  

g e n e r a t i o n .  The H a y m a n  a n a l y s i s  of v a r i a n c e  o f  the  

d i a l l e l  c r o s s  ( H a y m a n  1954a) is  g iven  in Table  2. As  

the  b lock  i n t e r a c t i o n  t e r m s  w e r e  not  found to be  s i g -  

n i f i c an t  by a B a r t l e t t  t e s t  (X 2 = 1 .83 ,  P ~ ' 0 . 8  for  the  

F2  d a t a ;  X2= 4 . 7 1 ,  P =~0.25 fo r  the  F3 d a t a ) ,  t he  

poo led  b lock  i n t e r a c t i o n  t e r m s  ( B t )  w e r e  u s e d  to t e s t  

t he  m a i n  e f f e c t s .  An a n a l y s i s  of v a r i a n c e  (Table  3) 

was  p e r f o r m e d  to t e s t  the  h e t e r o g e n e i t y  of (Wr  + V r )  

and  (W r  - V r )  v a l u e s  b e t w e e n  a r r a y s  and  b l o c k s  

( M a t h e r  and J i n k s  1973) .  The Wr,  V r  r e g r e s s i o n  

l i n e s  fo r  the  m e a n s  o v e r  r e p l i c a t e s ,  t o g e t h e r  wi th  the  

l i m i t i n g  p a r a b o l a e  Wr 2 = V r . V p ,  a r e  shown fo r  the  

F 2  and F3 g e n e r a t i o n s  in  F i g u r e s  1 and  2 r e s p e c t i v e -  

ly .  The v a l u e s  of the  c o m p o n e n t s  of g e n e t i c  v a r i a t i o n  

e s t i m a t e d  in both  g e n e r a t i o n s  a r e  g iven  in Table  4.  

The h e r i t a b i l i t y  of e x t r a c t  v i s c o s i t y  (Table  5) was d e -  

t e r m i n e d  wi th in  t h e  F 2  of the  d i a l l e l  and  a s  the  c o r r e -  

l a t i on  coe f f i c i en t  b e t w e e n  the  e x t r a c t  v i s c o s i t y  of the  

F3 g r a i n  s a m p l e s  and t h e i r  F5  p r o g e n i e s  in  the  t h r e e  

c r o s s e s  m a d e  in 1971. 

Table  1 shows  tha t  t h e  v i s c o s i t y  v a l u e s  o b t a i n e d  

in t h e  F3  t r i a l  in  1973 w e r e  c o n s i d e r a b l y  h i g h e r  than  

t h o s e  f r o m  the  F2 t r i a l .  T h e r e  was  a l so  s o m e  geno-  

t y p e - e n v i r o n m e n t  i n t e r a c t i o n  in t ha t  the  r a n k i n g s  for  

cv .  ' J u l i a '  and c v .  ' Z e p h y r '  w e r e  r e v e r s e d ,  cv .  

' J u l i a '  h a v i n g  t h e  h i g h e s t  e x t r a c t  v i s c o s i t y  in  the  F2  

t r i a l  and  c v .  ' Z e p h y r '  h a v i n g  t h e  h i g h e s t  v i s c o s i t y  

in  t h e  F 3 .  This  i n t e r a c t i o n  was a l so  m a n i f e s t e d  by 

t h e s e  two c u l t i v a r s  in  o t h e r  t r i a l s  g rown in 1972 and 

1973. T h e r e  was  a l so  a r e v e r s a l  in the  r a n k i n g s  of 

c v .  ' M a r l s  B a d g e r '  and cv .  ' G o l d e n  P r o m i s e '  in 

t h e  two t r i a l s ,  but  the  d i f f e r e n c e s  in  v i s c o s i t y  w e r e  

s m a l l e r  and w e r e  not  s i g n i f i c a n t l y  d i f f e r e n t  in  t he  F 3 .  

The a n a l y s i s  of v a r i a n c e  of f a m i l y  m e a n s  shows  tha t  

t h e r e  w e r e  h igh ly  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  f a m -  

i l i e s  in bo th  F2  and  F 3  g e n e r a t i o n s .  

S ign i f i can t  add i t i ve  gene t i c  v a r i a n c e  was  d e t e c t e d  

in bo th  g e n e r a t i o n s  by the  H a y m a n  a n a l y s i s  (Tab le  2 ) .  

A s i g n i f i c a n t  d o m i n a n c e  ef fec t  was  found in the  F 2 ,  

but none  was  d e t e c t a b l e  in  t h e  F 3 ,  p r e s u m a b l y  due 
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T a b l e  1. 100 x l o g •  e x t r a c t  v i s c o s i t y  v a l u e s  ( C e n t i -  
p o i s e s )  f o r  t h e  p a r e n t s  in  t h e  F 2  a n d  F 3  t r i a l s  

P a r e n t  F 2  F 3  

1 ' G o l d e n  P r o m i s e '  5 2 . 4  + 2 . 6  7 5 . 8  -+ 1 .7  
2 ' M a r i s  B a d g e r '  4 2 . 0  -+ 1 .7  8 2 . 5  -+ 8 . 4  
3 ' M a r i s  M i n k '  4 6 . 1  • 1 . 4  8 2 . 1  z 5 . 2  
4 ' P r o c t o r '  4 1 . 9 - + 0 . 8  7 5 . 3  •  
5 ' J u l i a '  7 9 . 4  • 5 . 0  8 8 . 4  • 0 . 6  
6 ' Z e p h y r '  6 0 . 8  + 1 . 3  1 0 7 . 9  + 1 . 0  

A n a l y s i s  of  v a r i a n c e  of  p a r e n t a l  a n d  F 1 f a m i l y  m e a n  
100 .1og~  o e x t r a c t  v i s c o s i t y  v a l u e s  

F 2  F 3  

I t e m  df M . S .  df  M . S .  
R e p l i c a t i o n  3 1 6 9 . 6  ~* 1 7 5 . 2  e 
F a m i l i e s  20 3 8 2 . 4  *~* 20 1 2 3 . 3 ~ * ~  
E r r o r  60 3 3 . 5  20 1 6 . 9  

, ** ,  ~ s i g n i f i c a n t  a t  P = 0 . 0 5 ,  0 . 0 1  a n d  0 . 0 0 1  
r e s p e c t i v e l y  

T a b l e  2.  A n a l y s i s  of  v a r i a n c e  of  d i a l l e l  t a b l e  f o r  
100 X log~o e x t r a c t  v i s c o s i t y  

F2 F3 

I t e m  df M . S .  df  M .  S .  

a ( a d d i t i v i t y )  5 1 2 4 3 . 1 ~ * *  5 4 3 5 . 5 * * *  
g ( d o m i n a n c e )  15 9 5 . 5 * *  15 1 9 . 3 N . S .  
--~1 ( d i r e c t i o n )  1 4 8 4 . 8  ~*~ 1 1 5 . 4 N . S .  

b 2 (distribution) 5 129.1 *~ 5 31.3N.S. 

b 3 ( S . C . A . )  9 3 3 . 5 N . S .  9 1 3 . 1 N . S .  

Blocks 3 169.5 1 75.4 

Ba 15 28.9 5 26.7 
B~ 45 35.1 15 13.7 
Bb" 1 3 7 2 . 8  1 1 . 5  

B b  2 15 2 5 . 9  5 2 8 . 0  

B b  3 27 3 6 . 0  9 7 . 1  

Bt 60 3 3 . 6  20 1 6 . 9  

T a b l e  3.  A n a l y s i s  of  v a r i a n c e  of  ( W r  + V r )  a n d  
( W r  - V r )  o v e r  p a r e n t a l  a r r a y s  

I t e m  df M . S .  F 

( W r  + V r )  A r r a y  5 42350 
d i f f e r e n c e s  in  F 2  
( W r  + V r )  B l o c k  

18 14684 
d i f f e r e n c e s  in  F 2  

( W r  + V r )  A r r a y  5 2038 
d i f f e r e n c e s  in  F 3  
( W r  + V r )  B l o c k  

6 2042 
d i f f e r e n c e s  in  F 3  

( W r  - V r )  A r r a y  
d i f f e r e n c e s  in  F 2  5 9 7 2 . 4  
( W r  - V r )  B l o c k  

18 6 5 1 . 5  
d i f f e r e n c e s  in  F 2  

( W r  - V r )  A r r a y  5 9 3 . 8  
d i f f e r e n c e s  in  F 3  
( W r  - V r )  B l o c k  

6 9 8 . 0  
d i f f e r e n c e s  in  F 3  

2 . 8 8  4 

0 .  998 N . S .  

1 . 4 9  N . S .  

0 . 9 5 8  N . S .  

W r  i s  t h e  c o v a r i a n c e  b e t w e e n  t h e  i n d i v i d u a l s  in  t h e  
r t h  a r r a y  a n d  t h e i r  n o n - r e c u r r e n t  p a r e n t s  
V r  i s  t h e  v a r i a n c e  of  t h e  a r r a y  of  t h e  r t h  p a r e n t  
* s i g n i f i c a n t  a t  P = 0 . 0 5  

ZDO 

160 

120 

~0 

40 

b =1.001• 0.067 
/ 

4O 

/ /  
1 Golden Promise 
2 M(]ris Badger 
3 Moris Mink 
4 Proctor 
5 Julia 
6 Zephyr 

I 
80 120 160 

Vr = 

Al l  e f f e c t s  t e s t e d  a g a i n s t  B t  F i g . 1 .  ( W r ,  V r )  g r a p h  f o r  1 0 0 x l o g ~ o  e x t r a c t  v i s -  
** ,  * ~ ,  s i g n i f i c a n t  a t  P = 0 . 0 1  a n d  0 . 0 0 1  r e s p e c t i v e l y  c o s i l y  ( C e n t i s t o k e s )  in  t h e  F 2  of  t h e  d i a t t e l  c r o s s  

to  r e d u c e d  h e t e r o z y g o s i t y  in  t h i s  g e n e r a t i o n .  The  

d o m i n a n c e  e f f e c t  in  t h e  F 2  w a s  a t t r i b u t a b l e  to  d i r e c -  

t i o n a l  d o m i n a n c e  ( b  1) a n d  to  d i f f e r e n c e s  in  t h e  d i s t r i -  

b u t i o n  of  d o m i n a n t  a l l e l e s  a m o n g  t h e  p a r e n t s  ( b  2) ; 

t h e r e  w e r e  no  s p e c i f i c  c o m b i n i n g  a b i l i t y  e f f e c t s .  

F o r  t h e  e s t i m a t i o n  of  t h e  g e n e t i c  p a r a m e t e r s  f r o m  

t h e  d i a l l e l  b y  t h e  J i n k s - H a y m a n  a n a l y s i s ,  i t  i s  n e c e s -  

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

a r e  v a l i d  ( H a y m a n  1954b)  : 

i )  D i p l o i d  s e g r e g a t i o n :  a l t h o u g h  b a r l e y  i s  a d i p l o i d  

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

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

g u m s  a r e  l o c a t e d  t h e r e  ( P r e e c e  a n d  M a c k e n z i e  1952)  

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

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

F 2  a n d  F 3  g e n e r a t i o n s  s h o u l d  no t  in  f a c t  b e  v e r y  d i f -  

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

a l l e l e s  X a n d  x i s  c o n s i d e r e d ,  t h e  s e g r e g a t i o n  s h o u l d  
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I(]0 

80 

t ~ 60 

40 

20 

b=1.057 • 0.175 

20 

/ 

1 Golden Promise 
Z Naris Bodger 
3 Naris Mini< 
4 Proctor 
5 JutiO 
6 Zephyr 

I 
40 60 BO 

VF----,-.- 

F i g . 2 .  (Wr ,  Vr)  graph for  100xlog~o e x t r a c t  v i s -  
cos i t y  (Cen t i s tokes )  in the F3 of the d ia l le l  c r o s s  

Table 4. Components  of  v a r i a n c e  in lOOxlog~.o e x t r a c t  
v i s c o s i t y  

Genera t ion  

Component  F 2 F 3 

D 198.8 145.2 
F + 155.8 + 237.3 
H i 235.8 77 .5  

H 2 186.1 73.7  

E 33 .5  16.9 
1.09 0.73  

H2/4H 1 0.  197 - 0. 238 

�89 F/VD(H 1 - H2) 0.783 0.801 

(~4-D'H'I + F ) / ( ~ I  - F )  2.12 17.9 

be as fo l lows:  

QXX dxx 9xx dXX 
E m b r y o  E n d o s p e r m  E m b r y o  E n d o s p e r m  

F 1 Xx XXx Xx Xxx 

The s e g r e g a t i o n  should be iden t ica l  in r e c i p r o c a l  

c r o s s e s  in the F2 and subsequent  g e n e r a t i o n s  

E m b r y o  E n d o s p e r m  
F2 XX: 2Xx:xx  XXX : X X x : X x x : x x x  

E m b r y o  E n d o s p e r m  
F 3 3XX : 2Xx: 3xx 3XXX : XXx: Xxx: 3xxx 

It can be seen that an endosperm character show- 

ing continuous variation would not be expected to give 

Table 5. Her i t ab i l i t y  of log• ex t r ac t  v i s c o s i t y  
Within gene ra t i on  he r i t ab i l i t y  f r o m  F 2  dia l l e l  data 
HBS (broad  s e n s e )  0 .74  
HNS ( n a r r o w  s e n s e )  0 .37  
Her i t ab i l i t y  c o r r e l a t i o n s  be tween F3 and F5  gra in  

C r o s s  r ( c o r r e l a t i o n  coef f ic ien t  ) 

' M a r l s  Mink '  x 
'Golden  P r o m i s e '  
4 o b s e r v a t i o n s  (2 low, 
2 high) 

'Marls Mink' x 'Maris 
Badger' 
7 observations (3 low, 
4 high) 

'Maris Mink' X 'Julia' 
6 observations (3 low, 
3 high) 

0.98  

0 .87 

0 .82  

HBS = 

HNS = 

1 1 1 1 
~ D  + -~H 1 - ~ H  2 -  ~ F  

1 D +  1 1 1 
-~ -~H I - ~H 2 - -~F + E 

1 1 1 1 
~ D  + ~ H  1 - -~H 2 - ~ F  

ID+ 1 1 1 
~ H  1 - ~ H  2 -  -~F + E 

g r e a t l y  d i f fe ren t  r e s u l t s  f r o m  a diploid c h a r a c t e r  in 

the F 2 and F 3 g e n e r a t i o n s .  With c o m p l e t e  dominance ,  

gene ra t i on  means  and v a r i a n c e s  would be iden t ica l  to 

those  of a d iploid;  and with pu re ly  addi t ive  v a r i a t i o n ,  

the gene ra t i on  means  would be the s a m e  as in the d i -  

p lo id ,  though t h e i r  v a r i a n c e s  might  d i f f e r .  To detec t  

d i f f e r e n c e s  be tween gene t ic  con t ro l  in the e n d o s p e r m  

and e m b r y o ,  it would be n e c e s s a r y  to use  F 1 g r a i n .  

The p r o b l e m s  r e su l t i ng  f r o m  the use  of hybr id  g ra in  

have  a l r eady  been c o n s i d e r e d .  

i i )  No d i f f e r ence  be tween  r e c i p r o c a l  c r o s s e s :  a 

half  d ia l le l  was p e r f o r m e d  due to l imi t a t i ons  in space  

and b e c a u s e  r e c i p r o c a l  d i f f e r e n c e s  would not be ex-  

pec ted  in the F2 and F3 g e n e r a t i o n s .  

i i i )  Homozygos i ty  of p a r e n t s :  the pa ren t s  w e r e  al l  

s t andard  v a r i e t i e s  and w e r e  taken f r o m  c a r e f u l l y  mo-  

n i to red  s tocks  of th is  s t rong ly  inbreed ing  s p e c i e s .  

iv)  Independent act ion of  n o n - a l l e l i c  g e n e s .  

v)  No mul t ip le  a l l e l i s m .  

v i )  Independent d i s t r ibu t ion  of genes  among the 

parent  s .  

The ana lys i s  of v a r i a n c e  of (Wr  - Vr)  (Table 3) 

showed no s igni f icant  d i f f e r e n c e s  be tween pa ren ta l  

a r r a y s ,  so t he se  a s sumpt ions  can be c o n s i d e r e d  to be 
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v a l i d  a n d  a s i m p l e  a d d i t i v e - d o m i n a n c e  g e n e t i c  s y s t e m  

i s  i n v o l v e d  in  t h e  c o n t r o l  o f  g u m  c o n t e n t .  H o w e v e r ,  

t h e  p a r e n t s  w e r e  not  a r a n d o m  s a m p l e ,  bu t  w e r e  c h o -  

s e n  to g i v e  a w i d e  r a n g e  of  g u m  c o n t e n t ,  s o  a s s u m p -  

t i o n  ( v i )  i s  no t  s t r i c t l y  v a l i d .  S i m i l a r l y ,  s i g n i f i c a n t  

d i f f e r e n c e s  in  t h e  d i s t r i b u t i o n  of  d o m i n a n c e  e f f e c t s  

b e t w e e n  t h e  p a r e n t s  w e r e  f o u n d  b y  t h e  H a y m a n  a n a l -  

y s i s  ( T a b l e  2 ) .  T he  a n a l y s i s  of  v a r i a n c e  of  ( W r  + V r )  

s h o w e d  d i f f e r e n c e s  b e t w e e n  a r r a y s  in  t h e  F 2 ,  s o  

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

t r i b u t e d  to d o m i n a n c e .  No n o n - a d d i t i v e  v a r i a t i o n  w a s  

d e t e c t e d  in  t h e  F 3 ,  a s  w a s  f o u n d  b y  t h e  H a y m a n  a n a l -  

y s i s .  

T a b l e  4 s h o w s  t h a t  t h e  v a l u e s  of  t h e  c o m p o n e n t s  of  

g e n e t i c  v a r i a n c e  e s t i m a t e d  f r o m  t h e  F 3  g e n e r a t i o n  

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

H 2 ,  H 2 / 4 H  1 a n d  ( 4~-4-D--H- 1 + F)/(~/4-D-H-111 - F ) .  T h i s  r e -  

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

n e c e s s a r y  to m u l t i p l y  t h e  s t a t i s t i c a l  c o m p o n e n t s  of  

v a r i a n c e  Vp ,  W~,  V~ a n d  V r  due  to t h e  l ow  d e g r e e  

of  h e t e r o z y g o s i t y  in  t h e  F 3 .  The  v a l u e s  of  t h e  a d d i t i v e  

g e n e t i c  v a r i a n c e  ( D ) ,  t h e  e s t i m a t e  of  w h i c h  i s  of  s i m -  

i l a r  a c c u r a c y  in  b o t h  g e n e r a t i o n s ,  a r e  q u i t e  s i m i l a r  

in  b o t h  t h e  F 2  a n d  F 3 .  The  f o l l o w i n g  c o n c l u s i o n s  c a n  

a l s o  b e  m a d e  f r o m  T a b l e  3: D o m i n a n c e  of  low g u m  

c o n t e n t  w a s  c o m p l e t e  ( H 1 / D  ~ 1 ) .  T he  f r e q u e n c y  of  

i n c r e a s i n g  a n d  d e c r e a s i n g  a l l e l e s  w a s  no t  e q u a l  o v e r  

a l l  l o c i  ( H 2 / 4 H  1 < 1 ) .  The  r a t i o  of  d o m i n a n t  to  a d -  

d i t i v e  e f f e c t s  w a s  no t  c o n s t a n t  o v e r  a l l  l o c i ,  n o r  w a s  

i t  f u l l y  i n d e p e n d e n t l y  d i s t r i b u t e d  ( 1  F / } I D ( H 1  _ H2 ) 

w a s  b e t w e e n  0 a n d  1 ) .  T h e r e  w e r e  m o r e  d o m i n a n t  

t h a n  r e c e s s i v e  a l l e l e s  o v e r  a l l  t h e  p a r e n t s  in  t h e  r a t i o  

of  a p p r o x i m a t e l y  2 : 1  (I'~-D-H" 1 + f t / t ~ 4 " ~ - -  1 - f t  ~ 2 ) .  

F i g u r e s  1 a n d  2 b o t h  s h o w  W r ,  V r  r e g r e s s i o n  

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

q u i t e  c l o s e  to  t h e  r e g r e s s i o n  l i n e s .  T h i s  i n d i c a t e s  

t h a t  t h e  a d d i t i v e - d o m i n a n c e  g e n e t i c  m o d e l  w a s  a d e -  

q u a t e  a n d  t h a t  t h e r e  w a s  no  i n t e r a c t i o n .  A l t h o u g h  

t h e r e  w a s  no  s i g n i f i c a n t  n o n - a d d i t i v e  g e n e t i c  v a r i a n c e  

in  t h e  F 3  a c c o r d i n g  to t h e  ( W r  + V r )  a n a l y s i s  a n d  t h e  

H a y m a n  a n a l y s i s  ( T a b l e  2 ) ,  t h e  p o i n t s  f o r  t h e  a r r a y s  

w e r e  s t i l l  w e l l  s p r e a d  ou t  a l o n g  t h e  r e g r e s s i o n  l i n e ,  

s o  s o m e  d o m i n a n c e  m a y  s t i l l  h a v e  b e e n  e v i d e n t .  The  

c o r r e l a t i o n  b e t w e e n  t h e  c a l c u l a t e d  o r d e r  of  d o m i n a n c e  

of  t h e  p a r e n t s  f r o m  ( W r  + V r )  a n d t h e i r a c t u a l  e x t r a c t  
v i s c o s i t y  v a l u e s  ( y r )  w a s  v e r y  g o o d  in  b o t h  g e n e r a -  

t i o n s  ( r  = 0 . 9 2 ,  p < 0 . 0 1  i n t h e  F 2 ;  r = 0 . 8 4 ,  p <  

0 . 0 5  in  t h e  F 3 ) ,  s h o w i n g  t h a t  d o m i n a n c e  w a s  s t r o n g -  

ly  d i r e c t i o n a l  a n d  t h a t  low e x t r a c t  v i s c o s i t y  w a s  c o n -  

s i s t e n t l y  d o m i n a n t .  

The  p a r e n t a l  v a r i e t i e s  f e l l  i n to  t h r e e  g r o u p s  o n  t h e  

W r ,  V r  r e g r e s s i o n  l i n e s :  

i )  c v .  ' P r o c t o r '  a n d  r  ' M a r i s  B a d g e r '  w i t h l o w  

e x t r a c t  v i s c o s i t y  a n d  a n  e x c e s s  of  d o m i n a n t  a l l e l e s ;  

i i )  c v .  ' G o l d e n  P r o m i s e '  a n d  c v .  ' M a r i s  M i n k '  

w i t h  i n t e r m e d i a t e  e x t r a c t  v i s c o s i t y  a n d  i n t e r m e d i a t e  

d o m i n a n c e ;  

i i i )  c v .  ' J u l i a '  a n d  c v .  ' Z e p h y r ' ,  w h i c h  w e r e  of  

i n t e r m e d i a t e  o r  h i g h  e x t r a c t  v i s c o s i t y  a n d  e x h i b i t i n g  

i n t e r m e d i a t e  d o m i n a n c e  o r  an  e x c e s s  of  r e c e s s i v e  a l -  

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

D e s p i t e  t h i s  g e n o t y p e - e n v i r o n m e n t  i n t e r a c t i o n  in  

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

r e v e r s a l  of  t h e  r a n k i n g s  of  t h e  two c u l t i v a r s  h a v i n g  

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

t h e  h i g h e s t  e x t r a c t  v i s c o s i t y  w a s  a l s o  t h e  o n e  h a v i n g  

an  e x c e s s  of  r e c e s s i v e  a l l e l e s ,  s o  t h a t  d o m i n a n c e  

w a s  a l w a y s  a c t i n g  in  t h e  d i r e c t i o n  of  low g u m  c o n t e n t .  

The  a r r a y s  w i th  t h e  l o w e s t  a n d  h i g h e s t  p o s i t i o n s  on  

t h e  r e g r e s s i o n  l i n e  f e l l  q u i t e  c l o s e  to  t h e  p o i n t s  of  i n -  

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

wou ld  not  b e  p o s s i b l e  to  m a k e  s e l e c t i o n s  w i t h  e x t r a c t  

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

r i e t i e s .  

An e s t i m a t e  of  t h e  n u m b e r  of  e f f e c t i v e  f a c t o r s  (K)  

w a s  m a d e  in  t h e  F 2  u s i n g  t h e  f o r m u l a :  

4 ( M L  2 - M L 0 ) 2  
K =  

! H  2 4 

w h e r e  ML 2 i s  t h e  o v e r a l l  F 2  p r o g e n y  m e a n  a n d  ML 0 

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

f o r m u l a  g i v e n  b y  J i n k s  ( 1 9 5 4 )  f o r  F 1  d i a l l e l s .  T h i s  

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

a n d  e s t i m a t e s  h a v e  o f t e n  b e e n  d i s a p p o i n t i n g l y  low 

( J i n k s  1 9 5 4 ) .  The  v a l u e  of  K f r o m  t h e  F 2  of  t h e  d i a l -  

l e l  w a s  2 . 4 6 ,  w h i c h  m a y  b e  o f  a r e a s o n a b l e  o r d e r  a s  

an  e s t i m a t e  of  t h e  n u m b e r  of  g e n e s  s h o w i n g  a h i g h  d e -  

g r e e  of  d o m i n a n c e .  Thus  t h e  s u g g e s t i o n  m a y  b e  t e n t a -  

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

w e r e  i n v o l v e d  in  t h e  c o n t r o l  of  g u m  c o n t e n t  in  t h e s e  

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

a d d i t i v e  g e n e s .  

A p a r t  f r o m  t h e  e s t i m a t e  of  n a r r o w  s e n s e  h e r i t a b i l -  

i t y  in  t h e  F 2 ,  t h e  e s t i m a t e s  of  h e r i t a b i l i t y  f r o m  T a b l e  
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5 w e r e  al l  h igh.  The low e s t i m a t e  of n a r r o w  s e n s e  

he r i t ab i l i t y  was due to the high d e g r e e  of dominance  

and this  va lue  wil l  approach  that for  b road  s e n s e  h e r -  

i t ab i l i ty  as the d e g r e e  of dominance  b e c o m e s  lower  

in subsequent  g e n e r a t i o n s .  T h e r e f o r e ,  s e l e c t i o n  for  

low ex t r ac t  v i s c o s i t y  should not be p e r f o r m e d  until  

h e t e r o z y g o s i t y  is  c o n s i d e r a b l y  r educed ,  i . e .  in the 

F3 or  F4 gene ra t ion  at the e a r l i e s t .  These  high v a l -  

ues  for  the he r i t ab i l i t y  of gum content  tend to r e i n -  

f o r c e  the e a r l i e r  sugges t ion  that the c h a r a c t e r  is  con-  

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

m a j o r  i m p o r t a n c e .  Although t h e r e  was s o m e  genotype-  

env i ronmen t  i n t e r ac t i on  in the gum content  of the 

b a r l e y  c u l t i v a r s  s tud ied ,  it was p robab ly  not of su f -  

f ic ient  magni tude  to affect  s e r i o u s l y  the poss ib i l i t y  

of s e l e c t i o n  of b a r l e y s  of low gum conten t .  
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