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Genetic Control of Resistance to Crown Rust 
(Puccinia coronatoCorda) in Lolium perenne L. and its 
Implications in Breeding 
M. D. H a y w a r d  
Wel sh  P l a n t  B r e e d i n g  S ta t ion ,  A b e r y s t w y t h ,  Wa le s  ( U . K . )  

S u m m a r y .  A g ene t i c  a n a l y s i s  of r e s i s t a n c e  to c r o w n  r u s t  in  a s e r i e s  of n a t u r a l  popu la t i ons  of Lvliwn perenne 
by m e a n s  of the  d ia l l e l  c r o s s  h a s  r e v e a l e d  tha t  h e r i t a b i l i t y  i s  h igh (58 ~) and  tha t  the  g e n e s  c o n c e r n e d  show 
c o m p l e t e  but  a m b i - d i r e c t i o n a l  d o m i n a n c e  for  r e s i s t a n c e .  An e n v i r o n m e n t a l  c o r r e l a t i o n  was  e s t a b l i s h e d  b e -  
tween  the  d e g r e e  of i n f e c t i o n  and  p r o d u c t i v i t y  bu t  no g en e t i c  c o r r e l a t i o n  was p r e s e n t .  The i m p l i c a t i o n s  of t h i s  
mode of control for resistance breeding procedures are briefly considered. 

Key w o r d s :  Gen e t i c  - D ia l l e l  - Rus t  - R y e g r a s s  - B r e e d i n g  

I n t r o d u c t i o n  

R e c e n t  t r e n d s  in g r a s s  b r e e d i n g  h a v e  b e e n  t o w a r d s  the  

p r o d u c t i o n  of s p e c i a l i z e d  c u l t i v a r s  for  u s e  u n d e r  

c l o s e l y  de f ined  m a n a g e m e n t  s y s t e m s .  This  had  led  to 

the  p r o d u c t i o n  of p a s t u r e s  with r e s t r i c t e d  v a r i a b i l i t y  

with  the  p o s s i b i l i t y  of i n c r e a s e d  s u s c e p t i b i l i t y  to 

p a t h o g e n s  ( C a r r  1975) .  In o r d e r  to a l l e v i a t e  t h i s  

p r o b l e m  it  i s  now n e c e s s a r y  for  the  g r a s s  b r e e d e r  

to c o n s i d e r  the  i n t r o d u c t i o n  of g e n e t i c  r e s i s t a n c e  to 

the  v a r i o u s  d i s e a s e s  l i ke ly  to b e  e n c o u n t e r e d  in  a 

s w a r d .  

It h a s  b e e n  p r o p o s e d  tha t  the  s u c c e s s f u l  long t e r m  

p r o s p e c t  for  r e s i s t a n c e  b r e e d i n g  in the  o u t b r e e d i n g  

c r o p s  is  d e p e n d e n t  upon the  u s e  of po lygen ic  a s  op-  

p o s e d  to m a j o r  gene  r e s i s t a n c e  in o r d e r  to avo id  the  

b r e a k d o w n  of ten  a s s o c i a t e d  with the  l a t t e r  ( C a r r  

1 9 7 5 ) .  

One of the  m a j o r  fungal  p a t h o g e n s  of  i n t e n s i v e l y  

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

g r a s s  which  can  c a u s e  qu i te  s u b s t a n t i a l  l o s s e s  in  d ry  

m a t t e r  p r o d u c t i o n  and  i t s  c o n s e q u e n t  u t i l i z a t i o n  by the  

g r a z i n g  a n i m a l  ( L a n c a s h i r e  and  Latch  1966) .  The p r e -  

s e n t  r e p o r t  c o n c e r n s  the  n a t u r e  of the  gene  a c t i o n  

g o v e r n i n g  r e s i s t a n c e  to t h i s  d i s e a s e  in a c o l l e c t i o n  of 

r y e g r a s s  pop u l a t i ons  and  i t s  i m p l i c a t i o n s  in  b r e e d i n g  

p r a c t i c e .  

M a t e r i a l s  and  Methods  

The m a t e r i a l  c o n s i s t e d  of  t en  p o p u l a t i o n s  of Lolium 
perenne (an  o u t b r e e d i n g ,  d ip lo id  s p e c i e s )  c o l l e c t e d  
f r o m  a r a n g e  of h a b i t a t s  in  Nor th  W a l e s .  Wi th in  the  
l i m i t s  of a v a i l a b l e  knowledge ,  a l l  d e r i v e d  f r o m  p a s -  
t u r e s  with  no known h i s t o r y  of r e s e e d i n g  and h e n c e  
may  be  c o n s i d e r e d  as  n a t u r a l  e c o t y p e s .  

The gene t i c  c o n t r o l  of v a r i a t i o n  was  a s s e s s e d  by 
a p p l i c a t i o n  of  a d ia l l e l  m a t i n g  d e s i g n .  P o p u l a t i o n s  
w e r e  s a m p l e d  by t ak ing  f ive  ind iv idua l  p l a n t s  f r o m  
each  and r a n d o m l y  a l l o c a t i n g  t h e m  to a d ia l l e l  s e t ;  
t hus  f ive  c o m p l e t e  d i a l l e l e s  i nc lud ing  r e c i p r o c a l s  
w e r e  e s t a b l i s h e d  b e t w e e n  al l  t en  p o p u l a t i o n s .  Equa l  
q u a n t i t i e s  of s e e d  of e ach  p r o g e n y  f a m i l y  of a c o m -  
mon  popu la t ion  c r o s s  w e r e  bu lked  to p r o v i d e  a s i n g l e  
popu la t ion  d i a l l e l  of 90, F• p r o g e n y  f a m i l i e s .  The t en  
p a r e n t a l  p o p u l a t i o n s  w e r e  each  r e p r e s e n t e d  by  a bulk  
s a m p l e  of s e e d  of a p o l y c r o s s  of the  f ive  i n d i v i d u a l s .  

The m a t e r i a l  was  e s t a b l i s h e d  in  the  f ie ld  in  Apr i l  
1971 as  a s p a c e d  p l a n t ,  r a n d o m i z e d  b lock  e x p e r i -  
m e n t  with  four  r e p l i c a t e s ,  e ach  f a m i l y  b e i n g  r e p r e -  
s e n t e d  by a s i n g l e  r o w  of t en  p l a n t s  p e r  r e p l i c a t e .  

The i n c i d e n c e  of r u s t  i n f ec t i on  was v i s u a l l y  s c o r e d  
in  S e p t e m b e r  of  the  e s t a b l i s h m e n t  y e a r  on a I to 5 
s c a l e ,  f r o m  f r e e  to s e v e r e l y  i n f e c t e d .  The p r o d u c t i v i -  
of the  ind iv idua l  p lan t  was  a l so  a s s e s s e d  as  y i e l d ,  in  
g r a m m e s  of f r e s h  m a t e r i a l ,  one week a f t e r  they  w e r e  
s c o r e d  for  r u s t .  F a m i l y  m e a n s  w e r e  u s e d  th roughou t  
the  a n a l y s i s .  

The A n a l y s i s  

The d ia l l e l  c r o s s i n g  s c h e m e  adop ted  i s  a c o m p r e h e n -  
s i v e  m a t i n g  d e s i g n  which  may  be  a n a l y s e d  a c c o r d i n g  
to v a r i o u s  p r o c e d u r e s  ( s e e  M a t h e r  and  J i n k s  1971 ; 
G r i l l i n g  1956; G a r d n e r  and  E b e r h a r t  i 9 6 6 ) .  F o r  the  
p r e s e n t  e x p e r i m e n t  the  t e c h n i q u e s  of d i a l l e l  a n a l y s i s  
deve loped  by H a y m a n  (1954)  and  3 inks  (1954)  will  



50 T h e o r .  A p p l .  G e n e t .  51 ( 1 9 7 7 )  

b e  u t i l i z e d .  T h e s e  r e q u i r e  c e r t a i n  b a s i c  a s s u m p t i o n s  
to  b e  m e t  w h i c h  a r e  

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

i i i )  no  m u l t i p l e  a l l e l e s  
i v )  i n d e p e n d e n t  g e n e  d i s t r i b u t i o n  
v)  no  n o n - a l l e l i c  i n t e r a c t i o n  

v i )  a b s e n c e  of  r e c i p r o c a l  e f f e c t s  

F a i l u r e  of  o n e  o r  m o r e  of  t h e  a s s u m p t i o n s  ( i i ) -  
( i v )  h a s  b e e n  s h o w n  to h a v e  a c h a r a c t e r i s t i c  e f f e c t  
upon  t h e  a n a l y s i s  a n d  c a n  b e  r e c o g n i z e d  a s  s u c h  ( M a -  
t h e r  a n d  J i n k s  1 9 7 1 ) .  F o r  o u t b r e e d i n g  s p e c i e s  t h e  
s e c o n d  a s s u m p t i o n  d o e s  no t  r i g o r o u s l y  h o l d .  How-  
e v e r  w h e r e  s e l e c t i o n  h a s  o p e r a t e d  d i f f e r e n t i a l l y  on  
t h e  p a r e n t a l  p o p u l a t i o n s  to  t h e  e x t e n t  t h a t  c l e a r  c u t  
d i f f e r e n c e s  e x i s t  b e t w e e n  t h e m ,  i t  i s  l i k e l y  t h a t  t h e r e  
wi l l  b e  f i x a t i o n  a t  m a n y  of  t h e  g e n e  l oc i  c o n c e r n e d .  
U n d e r  t h e s e  c o n d i t i o n s  t h e  p a r e n t  p o p u l a t i o n s  wi l l  b e  
h o m o z y g o u s  f o r  t h e  Genes  by  w h i c h  t h e y  d i f f e r  t h e r e  
i s  t h u s  no  a p r i o r i  r e a s o n  f o r  r e j e c t i n g  a n y  of  t h e  
a b o v e  a s s u m p t i o n s  ( s e e  a l s o  B r e e s e  a n d  H a y w a r d  
1 9 7 2 ) .  N e v e r t h e l e s s  t h e  ' g e n e r a l i z e d  a n a l y s i s '  of  
D i c k i n s o n  a n d  J i n k s  ( 1 9 5 6 )  c o n s i d e r s  t h e  e f f e c t s  of  
h e t e r o z y g o s i t y  a n d  i t s  r e c o g n i t i o n  e v e n  i n  t h e  p r e -  
s e n c e  of  n o n - r a n d o m  g e n e  d i s t r i b u t i o n ;  d e t e c t i o n  i s  
h o w e v e r  c o m p l i c a t e d  i f  any  of  t h e  o t h e r  a s s u m p t i o n s  
f a i l  ( e . g . ,  n o n - a l l e l i c  i n t e r a c t i o n ) .  U n d e r  t h e s e  c i r -  
c u m s t a n c e s  e s t i m a t e s  of  t h e  v a r i o u s  g e n e t i c  p a r a m e -  
t e r s ,  p a r t i c u l a r l y  l e v e l s  of  d o m i n a n c e ,  m a y  b e  d i s -  
t o r t e d  a n d  h a v e  to b e  i n t e r p r e t e d  w i th  c a u t i o n .  The  e f -  
f e c t s  of  a p p l y i n g  t h e  a n a l y s i s  d e v e l o p e d  f o r  h o m o z y -  
g o u s  d i a l l e l s  a n d  t h e  ' g e n e r a l i z e d  a n a l y s i s '  to  h e t e r o -  
z y g o u s  a n d  m i x e d  h o m o / h e t e r o z y g o u s  d i a l l e l s  t o g e t h e r  
w i th  f u r t h e r  a n a l y s e s  d e p e n d e n t  u p o n  t h e  p r i o r  r e c o g -  
n i t i o n  of  h e t e r o z y g o s i t y  h a v e  b e e n  e x a m i n e d  by  O a k e s  
( 1 9 6 7 ) .  F r o m  t h e o r e t i c a l  a n d  p r a c t i c a l  s t u d i e s  h e  
s h o w e d  t h a t  b o t h  u n d e r  a n d  o v e r  e s t i m a t e s  of  t h e  
a v e r a g e  l e v e l  of  d o m i n a n c e  a n d  g e n e  f r e q u e n c i e s  m a y  
b e  o b t a i n e d  bu t  t h a t  no  m a j o r  e r r o n e o u s  c o n c l u s i o n  
wou ld  r e s u l t  f r o m  a p p l i c a t i o n  of  t h e s e  v a r i o u s  a n a -  
l y s e s .  

R e s u l t s  

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

in  T a b l e  1 f r o m  w h i c h  i t  c a n  b e  s e e n  t h a t  t h e r e  a r e  

no  c l e a r  cu t  q u a l i t a t i v e  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 .  

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

t r i b u t e d  v a r i a b l e .  The  a n a l y s i s  of  v a r i a n c e  of  a d i a l -  

l e l  t a b l e  of  H a y m a n  ( 1 9 5 4 )  h a s  b e e n  a p p l i e d  to  t h e  

d a t a  a n d  i s  s h o w n  in  T a b l e  2 .  A s  t h e i n t e r a c t i o n t e r m s  

of  t h e  m a i n  e f f e c t s  w i th  b l o c k s  a r e  h e t e r o g e n e o u s  

( P  = 0 . 0 2 - 0 . 0 1 ) ,  e a c h  m a i n  i t e m  of  t h e  a n a l y s i s  h a s  

b e e n  t e s t e d  a g a i n s t  i t s  a p p r o p r i a t e  e r r o r  t e r m .  

The  s i g n i f i c a n t  '_a' m e a n  s q u a r e  r e v e a l s  t h e  p r e -  

s e n c e  of  a d d i t i v e  v a r i a t i o n  fo r  t h i s  c h a r a c t e r .  The  

o v e r a l l  ' b '  t e r m  i s  a l s o  s i g n i f i c a n t ,  bu t  of  i t s  c o m -  

p o n e n t s  o n l y  ' b  3 '  a c h i e v e s  s i g n i f i c a n c e ,  s u g g e s t i n g  

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

' b  I ' wou ld  b e  a m b i d i r e c t i o n a l  in  n a t u r e .  The  r e m a i n -  

i ng  'c_' a n d  ' d '  i t e m s  of  t h e  a n a l y s i s  a r e  n o n - s i g n i f i -  

c a n t ,  i n d i c a t i n g  t h e  a b s e n c e  o f  any  v a r i a t i o n  w h i c h  

m a y  b e  a t t r i b u t e d  to r e c i p r o c a l  e f f e c t s .  The  s i g n i f i -  

c a n t  b l o c k  i t e m  of  t h e  a n a l y s i s  s h o u l d  b e  n o t e d  in  v i e w  

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

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

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

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

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

t h e  r e l a t i o n s h i p s  of  t h e  v a r i a n c e  ( V r )  of  p r o g e n y  f a r o -  

T a b l e  1.  F a m i l y  M e a n s  f o r  R u s t  S c o r e  ( a b o v e  d i a g o n a l )  a n d  P r o d u c t i v i t y  ( b e l o w  d i a g o n a l )  

1 2 3 4 5 6 7 8 9 10 

1 3 .25  3 .12  3 .05  2 .80  2 .90  3 .10  3 .00  3 .22  2 .90  2 .26  
886 

3 . 0  2 884 3 .21  2 .63  2 .82  2 .58  2 .65  2 .78  2 .96  2 .60  869 
3 .30  

3 879 887 2 . 6 0  2 . 7 0  2 . 5 1  3 . 1 7  3 . 2 1  2 . 8 0  2 . 4 2  
1087 

2 . 4 5  
4 723 717 750 2 . 7 7  2 . 7 6  3 . 1 5  2 . 1 5  2 . 7 0  2 . 3 8  557 

2 . 7 5  
5 812 621 906 757 2 . 8 2  2 . 5 2  2 . 7 7  2 . 8 3  2 . 1 1  729 

2 . 4  
6 912 820 1146 843 836 2 . 5 3  2 . 3 2  2 . 5 0  2 . 4 5  

839 
2 . 6 7  

7 881 788 880 811 801 812 2 . 3 5  2 . 5 0  2 . 6 5  
978 

2 . 3 7  
8 833 782 908 772 795 727 930 2 . 8 5  2 . 1 5  

874 
2 . 6 5  9 800 658 911 581 703 862 613 729 2~  705 

2 . 1 7  10 978 926 971 643 1043 908 812 924 858 
910 
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T a b l e  2 .  A n a l y s i s  of  V a r i a n c e  of  R u s t  S c o r e  a n d  P r o -  
d u c t i v i t y  

I t e m  d . f .  R u s t  s c o r e  P r o d u c t i v i t y  
M . S .  M . S .  

a 9 2 . 7 5 0  ~ *  22754 ~ *  
b 45 0 . 3 4 9  ~ 2935 

b 1 1 0 . 0 0 5  679 

b 2 9 0 . 0 9 6  1741 

b 3 35 0 . 4 2 4  ~ 3307 

c 9 0 . 3 0 1  3843 
d 36 0 . 2 4 8  3409 

B l o c k s  3 1 . 0 0 5  ~ 37651 ~ 

B • a 27 0 . 3 8 9  3469 
B • b 135 0 . 1 7 3  2281 

B • b I 3 0 . 0 9 8  1076 

B • b 2 27 0 . 1 9 0  2480 

B • b 3 105 0 . 1 7 1  2264 

B x c 27 0.150 2239 
B • d 108 0.168 1769 

~ = P 0.01 - 0.001, ~ = P 0.001 

W r  

x I 0  ~ 

IO 

! ! i 

5 I 0  15 Yr x 10  2 

F i g .  1 .  W r / V r  g r a p h  of  R u s t  I n f e c t i o n  

i ly  m e a n s  w i t h i n  a n  a r r a y  w i t h  t h e  c o v a r i a n c e  ( W r )  

of  t h e s e  p r o g e n i e s  w i t h  t h e  n o n - r e c u r r e n t  p a r e n t ,  

T h e s e  a r e  p r e s e n t e d  g r a p h i c a l l y  in  F i g .  1 .  The  r e g r e s -  

s i o n  of  W r  on  V r  d e p a r t s  s i g n i f i c a n t l y  f r o m  0 bu t  

d o e s  no t  d e v i a t e  f r o m  u n i t y ,  t h e  s l o p e  e x p e c t e d  f o r  a 

h o m o z y g o u s  d i a l l e l  s i t u a t i o n  ( J i n k s  1954)  ; t h e  t r i a n -  

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

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

t i o n s ,  2 a n d  9 b e i n g  t h e  m o s t  h e t e r o z y g o u s .  The  s i g -  

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

T a b l e  3.  A n a l y s i s  of  W r  + V r ,  W r  - V r  a n d  J o i n t  
R e g r e s s i o n  of  W r  o n  V r  

( W r  + Vr)_ ( W r  - V r )  
d . f .  M . S .  X 10 b M . S .  x 106 

B e t w e e n  a r r a y s  9 1912 ~ 1788  
Wi th  a r r a y s  30 911 2365 
J o i n t  r e g r e s s i o n  1 8819 ~ 
H e t e r o g e n e i t y  3 579 
R e s i d u a l  32 341 

T a b l e  4 .  C o m p o n e n t s  of  V a r i a t i o n  

D = 2 . 1 0 7 5  H 2 = 2 . 4 1 9  

H i = 2 . 7 2 1 0 2  F = 0 . 1 1 4 3  

E = 0o189 ~ - H ~ - =  1 . 1 3 6  

h2n = 0 .  5844 

i n a n c e ,  t h e  d i s t r i b u t i o n  of p o i n t s  r e v e a l i n g  ~ha t  p o p u -  

l a t i o n  10 c o n t a i n s  a p r e p o n d e r a n c e  of  d o m i n a n t  g e n e s  

w i t h  p o p u l a t i o n  8 t h e  m o s t  r e c e s s i v e s .  The  d i r e c t i o n  

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

of  ( W r  + V r )  w i t h  t h e  c o r r e s p o n d i n g  p a r e n t a l  v a l u e  

f o r  e a c h  a r r a y  ( r  = 0 . 1 3 9 ) .  It  i s  n o n - s i g n i f c a n t ,  r e -  

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

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

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

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

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

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

w i th  a j o i n t  r e g r e s s i o n  a n a l y s i s  of  W r  o n  V r  ( T a b l e  3 ) .  

The  v a l u e  of ( W r  + V r )  a r e  s i g n i f i c a n t  w h e n  t e s t e d  

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

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

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

d o m i n a n c e ,  w h i l s t  ( W r  - V r )  i s  no t  s i g n i f i c a n t ,  show-  

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

f o r  by  a n  a d d i t i v e / d o m i n a n c e  m o d e l .  T h i s  i s  f u r t h e r  

v e r i f i e d  by  t h e  s i g n i f i c a n c e  of  t h e  j o i n t  r e g r e s s i o n  

a n a l y s i s .  The  o v e r a l l  r e g r e s s i o n  l i n e  c u t s  t h e  W r  

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

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

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

s e n t e d  in  T a b l e  4 w h i c h  h a v e  b e e n  o b t a i n e d  f r o m  the  

s t a t i s t i c s  by  t h e  m e t h o d s  of  M a t h e r  a n d  J i n k s  ( 1 9 7 1 ) .  

The  r a t i o  of ~ = 1 . 1 3 6  r e v e a l s  t h a t  d o m i -  
1 

n a n c e  i s  c o m p l e t e ,  w h i l s t  t h e  p o s i t i v e  v a l u e  of  F 

s h o w s  t h a t  t h e r e  a 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  
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a l l e l e s  in  t h e s e  l i n e s .  The c o m p o n e n t s  a l low an  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  to be  o b t a i n e d  f r o m  

the  r a t i o  of add i t i ve  to to ta l  pheno typ ic  v a r i a t i o n ,  t h i s  

va lue  i s  58.47~ i n d i c a t i n g  a h igh po t en t i a l  for  s e l e c -  

t ion .  

The r e l a t i o n s h i p  b e t w e e n  the  i n c i d e n c e  of  r u s t  and  

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

an a n a l y s i s  of c o v a r i a n c e ,  a p r e l i m i n a r y  a n a l y s i s  of 

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

g rowth  p e r i o d  was  u n d e r  s i m p l e  add i t i ve  gene t i c  con -  

t r o l  with no e v i d e n c e  of d o m i n a n c e  o r  o t h e r  e f fec t s  

(Table  2 ) .  Gene t i c  and  e n v i r o n m e n t a l  c o r r e l a t i o n s  

w e r e  e s t i m a t e d  f rom the  c o m p o n e n t s  of v a r i a n c e  and  

V i C o v x y  The gene t i c  c o r r e l a t i o n  c o v a r i a n c e  a s  r V a r  x V a r y  " 

( r  = 0 .1123 )  was n o n - s i g n i f i c a n t  whi l s t  t he  e n v i r o n -  

m e n t a l  was  n e g a t i v e  and  s i g n i f i c a n t  ( r  = 0 . 4 1 2 9 " * * ) .  

D i s c u s s i o n  

The occurrence of resistance of Lolium perenne to 

crown rust has been well established (Cruickshank 

1957; Hanson 1965; Wilkins 1975; McVeigh 1975). 

Detailed studies of the genetic nature of the resist- 

ance have revealed a varying pattern of control. 

Cruickshank (I 957) in New Zealand was able to iden- 

tify discrete classes of infection whilst McVeigh ( 1975 ) 

in the U.S.A. established that control could be quali- 

tative, conditioned by two recessive genes, or quanti- 

tative in nature. The results of these previous studies 

would suggest that relatively few genes are involved 

but that the environment obliterates any distinct seg- 

regational patterns. In the present experiment as no 

clear cut qualitative differences in disease reaction 

were observed amongst the parental and F 1 families 

of the diallel mating scheme utilized, it was consider- 

ed more appropriate to analyse the data as a quantita- 

tive character although this does not preclude the pos- 

sibility that the control is by a limited number of loci. 

A further factor of practical consideration is that the 

quantitative statistical techniques applied allow an as- 

sessment of the mode of gene action operative within 

this collection of Lolium perenne without having to iso- 

late genes and control infection procedures and thus 

gives b reeding information fairly rapidly. 

For the present set of populations the important 

features to emerge from the analysis from the prac- 

t i ca l  g r a s s - b r e e d i n g  ang le  a r e  tha t  h e r i t a b i l i t y  i s  r e l a -  

t ive ly  h igh ;  thus  pheno typ ic  s e l e c t i o n  wi thout  r e c o u r s e  

to p r o g e n y  t e s t i n g  shou ld  be  an  e f f ec t i ve  m e a n s  of  r a i s -  

ing the  r e s i s t a n c e  of the  popu la t ion ,  and  tha t  d o m i n a n c e  

i s  c o m p l e t e  but  i s  a m b i - d i r e c t i o n a i  in  n a t u r e .  This l a t -  

t e r  fac t  r a i s e s  c e r t a i n  p r o b l e m s  for  i t s  e f f i c i en t  u t i l i -  

z a t ion  in a b r e e d i n g  p r o g r a m m e .  

T h e r e  a r e  two s i t u a t i o n s  w h e r e  i t  i s  d e s i r a b l e  to 

d i f f e r e n t i a t e  b e t w e e n  d o m i n a n t  and  r e c e s s i v e  r e s i s -  

t e r s  in  the  c o n s t r u c t i o n  of a s y n t h e t i c  v a r i e t y  of a 

f o r a g e  g r a s s .  If the  c h o s e n  p a r e n t a l  p l a n t s  i nc lude  a 

p r e p o n d e r a n c e  of one f o r m  of r e s i s t a n t  p a r e n t  a s  op-  

p o s e d  to the  o t h e r ,  in  the  even t  of r u s t  i n fec t ion  oc -  

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

of the  s y n t h e t i c  v a r i e t y  the  o v e r a l l  l eve l  of r e s i s t -  

a n c e  of the  e n s u r i n g  g e n e r a t i o n  will d i f f e r  if  t h e r e  i s  

a r e d u c e d  r e p r o d u c t i v e  po t en t i a l  of s u s c e p t i b l e  i nd i -  

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

r e s i s t a n t  p a r e n t s  the  popu la t ion  will  p o t e n t i a l l y  h a v e  

a h igh e r  m e a n  leve l  of r e s i s t a n c e  than  with s e l e c t i o n  

of d o m i n a n t  r e s i s t a n t  p a r e n t s .  On in fec t i on ,  a g r e a t e r  

p r o p o r t i o n  of the  popu la t ion  d e r i v e d  f r o m  the  r e c e s -  

s i v e  r e s i s t a n t  p a r e n t s  wil l  s u r v i v e  c o m p a r e d  with 

the  s y n t h e t i c  b a s e d  on d o m i n a n t  r e s i s t a n c e .  With s u b -  

s e q u e n t  m u l t i p l i c a t i o n  h o w e v e r ,  the  l a t t e r  will  g ive  

r i s e  to a g e n e r a t i o n  h a v i n g  a h i g h e r  o v e r a l l  l eve l  of 

r e s i s t a n c e  a s  s e l e c t i o n  will  have  f a v o u r e d  the  h o m o -  

zygous  r e c e s s i v e  r e s i s t a n t  p a r e n t s  l e ad in g  to f ixa t ion  

at  t h o s e  loc i ,  and a l s o  the  f r e q u e n c y  of the  d o m i n a n t  

r e s i s t a n t  a l l e l e  will  h a v e  b e e n  r a i s e d .  In p r a c t i c a l  

t e r m s  the  c h o i c e  will  undoubted ly  be  d i c t a t e d  by the  

n u m b e r  of po t en t i a l  p a r e n t s  wi th in  each  r e s i s t a n c e  

group  and  the  n e c e s s i t y  to c o n s i d e r  o t h e r  a g r o n o m i c  

c h a r a c t e r i s t i c s .  

In a b r e e d i n g  p r o g r a m m e  w h e r e  i t  i s  d e s i r e d  to 

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

a c c e p t a b l e  v a r i e t y  by such  a s c h e m e  as  the  b a c k c r o s s  

p r o c e d u r e s  p r o p o s e d  by Wr igh t  and  B r e e s e  (1966)  

for Blind Seed Disease Resistance in L.perenne, great- 

er efficiency will be achieved by the use of dominant 

as opposed to recessive resisters. The choice of dom- 

inancy will  g r e a t l y  f a c i l i t a t e  the  i d e n t i f i c a t i o n  of r e -  

s i s t a n t  geno types  without  the  need  to i n t r o d u c e  a l t e r -  

n a t i n g  g e n e r a t i o n s  of i n t e r p o l l i n a t i o n  and  s e l e c t i o n  

with a c o n s e q u e n t  i n c r e a s e  in  the  l eng th  of the  b r e e d -  

ing p r o g r a m m e .  

The i d e n t i f i c a t i o n  of the  two f o r m s  of r e s i s t a n t  gen-  

o types  may  be  m o s t  e a s i l y  a c c o m p l i s h e d  by the  app l i -  
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ca t ion  of the c o m p l e t e  d ia l le l  ana lys i s  as  p r e s e n t e d  

h e r e .  The g raph ica l  r e p r e s e n t a t i o n  of  the r e l a t i onsh ip  

of Wr to Vr a l lows p r e c i s e  d i s c r i m i n a t i o n  in that 

p lants  with a m a j o r i t y  of dominant  genes  l ie  c l o s e r  to 

the o r ig in  of the graph whi ls t  the comple t e  r e c e s s i v e  

is  pos i t ioned  on the l ine  of s lope  1 at the point where  

Wr and Vr  a r e  equal  to the v a r i a n c e  of the p a r e n t s .  

F r o m  F i g . 1  it  can be seen  that populat ions  !0 con-  

ta ins  mos t  dominan t s ,  and is  co inc iden ta l ly  the mos t  

r e s i s t a n t  l ine ,  w h e r e a s  populat ion 8 conta ins  mos t  

r e c e s s i v e s  and is  the second  mos t  r e s i s t a n t  l ine .  

In p r a c t i v e  a high l eve l  of gene t ic  d i v e r s i t y  i s  un- 

doubtedly d e s i r a b l e  in o r d e r  to m i n i m i z e  the l i ke l i -  

hood of a breakdown in r e s i s t a n c e  ( C a r r  1975).  To 

a ch i eve  this  s i tua t ion  an accumula t ion  of both domi -  

nant and r e c e s s i v e  f o r m s  of r e s i s t a n c e  amongs t  the 

pa ren ta l  p lants  should be c o n s i d e r e d .  This does how- 

e v e r  n e c e s s i t a t e  the in t roduc t ion  of a d e g r e e  of s u s -  

cep t ib i l i t y .  In the g r a s s  swa rd  whe re  su rv iva l  is  de-  

pendent on continual  vege t a t i ve  r ep roduc t i on  by t i l l e r -  

ing a p ropo r t i on  of su scep t i b l e  genotypes  may well  be 

t o l e r a t e d .  Indeed the evolut ion of a m b i - d i r e c t i o n a l  

dominance  for  r e s i s t a n c e  could be accounted  for by 

this  s u r v i v a l  m e c h a n i s m  in con t r a s t  to a d i r ec t iona l  

dominance  s i tua t ion  where  the l a t t e r  evo lves  as a 

means  of main ta in ing  a high f requency  of d e s i r a b l e  

genotypes  ove r  c y c l e s  of sexua l  r ep roduc t ion  in an 

ou tbreed ing  s p e c i e s  ( B r e e s e  and Hayward  1972).  

A fu r the r  f ea tu re  to e m e r g e  f rom the p r e s e n t  r e -  

su l t s  is  the gene t ic  independence  of the d e g r e e  of  r e -  

s i s t a n c e  f rom the p roduc t iv i ty  of the p lant .  The low 

but s ign i f ican t  env i ronmen ta l  c o r r e l a t i o n  would sug-  

ges t  that p lants  wh ich  a r e  of m in ima l  p roduc t iv i ty  

due to env i ronmen ta l  f a c to r s  may a l so  be m o r e  s u s -  

cep t ib le  to r u s t  in fec t ion ,  or  a l t e r n a t i v e l y  env i ron -  

menta l  f a c t o r s  p r e d i s p o s e  the plant  to the pathogen 

with a consequent  dec l ine  in p roduc t iv i ty .  This dec l ine  

may i n c r e a s e  the longer  h a r v e s t i n g  is  delayed a f t e r  the 

in i t ia l  in fec t ion ,  a f ac to r  which could have o c c u r r e d  in 

the p r e s e n t  e x p e r i m e n t  in that foci  of infect ion pos s ib -  

ly e s t ab l i shed  at d i f f e ren t  t i m e s  in the f ield b locks .  

This e m p h a s i z e s  the d i f f i cu l t i e s  which may be encoun-  

t e r ed  in gene t ic  s tud ies  of r e s i s t a n c e  under  condi t ions  

of f ie ld  infec t ion .  

Acknowledgement  

I wish to acknowledge M r .  N . J .  McAdam for  t echn i -  
cal  a s s i s t a n c e  and Mr .  P . W .  Wilkins ,  Pa thology De-  
p a r t m e n t  and Dr .  E . L .  B r e e s e ,  He rbage  B r e e d i n g  
Depa r tmen t ,  Welsh  P lan t  B r e e d i n g  Station for much 
useful  d i s cus s ion  dur ing the p r e p a r a t i o n  of this  p a p e r .  

L i t e r a t u r e  

B r e e s e ,  E . L .  ; Hayward ,  M . D .  : The gene t ic  bas i s  of 
p r e s e n t  b reed ing  methods  in fo rage  c r o p s .  Euphy-  
t i ca  2_~.1, 324-336 (1972) 

C a r r ,  A . J . H .  : D i s e a s e s  of h e r b a g e  c rops  - s o m e  
p r o b l e m s  and p r o g r e s s .  Ann. appl .  B io l .  8..!1, 235- 
239 (1975) 

Cru ickshank ,  I . A . M .  : Crown r u s t  of r y e g r a s s .  
N . Z . J .  Sc i .  Techno l . ,  3_.88, 539-543 (1957) 

Dickinson,  A . G . ;  J i nks ,  J . L .  : A g e n e r a l i z e d  ana ly-  
s i s  of d ia l le l  c r o s s e s .  Genet ics  4_~1, 65-78 (1956) 

Ga rdne r ,  C . O .  ; E b e r h a r t ,  S . A .  : Ana lys i s  and i n t e r -  
p r e t a t i on  of the v a r i e t y  c r o s s  d ia l le l  and r e l a t e d  
popula t ions .  B i o m e t r i c s  2_~2, 439-452 (1966) 

Grif f ing,  B .  : Concept  of gene ra l  and spec i f i c  combin -  
ing abi l i ty  in r e l a t i on  to dia l le l  c r o s s i n g  s y s t e m s .  
A u s t r .  J .  B io l .  Sci .  9,  463-493 (1956) 

Hanson,  A . A .  : G r a s s  v a r i e t i e s  in the United S ta t e s .  
U. S. Dep. A g r i c u l t u r e .  A g r i c u l t u r a l  Handbook No. 
170 (1965) 

Hayman,  B . I .  : The ana lys i s  of v a r i a n c e  of d ia l le l  
t ab l e s .  B i o m e t r i c s  1._00, 235-244 (1954) 

J inks ,  J . L .  : The ana lys i s  of cont inuous v a r i a t i o n  in 
a d ia l le l  c r o s s  of Nicotiana rustica v a r i e t i e s .  
Genet ics  39, 767-788 (1954) 

Lancash i r e ,  J . A .  ; Latch,  G . C . M .  : Some ef fec ts  of 
c rown rus t  (Puccinia coronata Corda)  on the 
growth of two r y e g r a s s  v a r i e t i e s  in New Zea land .  
N . Z . J .  A g r .  R e s .  9, 628-649 (1966) 

Mather ,  K. ; J inks ,  J .L ' .  : B i o m e t r i c a l  Gene t i c s .  2nd 
Ed.  London: Chapman and Hall  1971 

McVeigh,  K . J .  : B reed ing  for  r e s i s t a n c e  to c rown 
r u s t  (Puccinia coronata Corda  v a r .  lolii Brown)  
in tu r f  type pe renn ia l  r y e g r a s s  (Lolium perenne ).  
P h . D .  Thes i s ,  Ru tge r s  U n i v e r s i t y ,  New B r u n s -  
wick 1975 

Cakes ,  M . W .  : The ana lys i s  of  a d ia l le l  c r o s s  of he t -  
e rozygous  or  mul t ip le  a l l e l i c  l i n e s .  Hered i ty  2_22, 
83-95 (1967) 

Wilkins ,  P . W .  : Impl ica t ions  of hos t -pa thogen  v a r i a -  
t ion for  r e s i s t a n c e  b reed ing  in the g r a s s  c r o p s .  
Ann. appl .  B io l .  8...~1, 257-261 (1975) 

Wright ,  C . E .  ; B r e e s e ,  E . L .  : The genet ic  con t ro l  of 
blind seed  d i s e a s e  r e s i s t a n c e  in L o l i ~  perenne 
in r e l a t i o n  to b reed ing  p r a c t i c e .  P r o c .  Xth Int.  
G r a s s l d  Cong.  pp.  737-741 (1966) 

R e c e i v e d  D e c e m b e r  7, 1976 
Accep ted  June  15, 1977 
C o m m u n i c a t e d  by R .  R i l ey  

M. D. Hayward 
Welsh Plant  B r e e d i n g  Station 
Aberys twyth ,  Wales  
U . K .  


