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Linkage Disequilibrium and Epistasis 
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D e p a r t m e n t  of  S t a t i s t i c s ,  F l o r i d a  S t a t e  U n i v e r s i t y ,  T a l l a h a s s e e ,  F l o r i d a  ( U . S . A . )  

S u m m a r y .  B i a s  in  t h e  e s t i m a t i o n  of  g e n e  n u m b e r  f r o m  a p o p u l a t i o n  of  f i n i t e  s i z e  wi l l  b e  r e d u c e d  w h e n  t h e  n u m -  
b e r  of  g e n e r a t i o n s  a n d  t h e  s e l e c t i o n  d i f f e r e n t i a l  in  t h e  p r i m a r y  s e l e c t i o n  p r o g r a m  a r e  i n c r e a s e d .  A p r o c e d u r e  
to m i n i m i z e  b i a s  due  to d o m i n a n c e  i s  p r o p o s e d .  B i a s  due  to l i n k a g e  d i s e q u i l i b r i u m  i s  d e c r e a s e d  by  l o n g  g e n e r -  
a t i o n s  of  s e l e c t i o n  a n d  s m a l l  c h a n g e  of  l i n k a g e  d i s e q u i l i b r i u m .  B i a s  due  to i n e q u a l i t y  of  g e n e  e f f e c t s  was  s t u d i e d  
a s s u m i n g  t h a t  g e n e  e f f e c t s  f o l l o w  a h a l f  n o r m a l  d i s t r i b u t i o n .  The  e p i s t a t i c  b i a s  a r i s i n g  f r o m  m u l t i p l i c a t i v e  g e n e  
e f f e c t s  d i s a p p e a r s  w h e n  t h e  l o g a r i t h m s  of  t h e  o r i g i n a l  m e a s u r e m e n t s  a r e  c o n s i d e r e d  e v e n  t h o u g h  t he  g e n e  n u m -  
b e r  e s t i m a t e  i s  u n s a t i s f a c t o r y  w i t hou t  t r a n s f o r m a t i o n .  

Key  w o r d s :  B i a s e s  - D r i f t  - I n e q u a l i t y  of  G e n e  E f f e c t s  - L i n k a g e  D i s e q u i l i b r i u m  - E p i s t a s i s  

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

C o n v e n t i o n a l  m e t h o d s  of  C a s t l e  ( 1921 ) ,  W r i g h t  ( 1934,  

1952,  1 9 6 8 ) ,  F a l c o n e r  ( 1 9 6 0 ) ,  C o m s t o c k  ( 1 9 6 9 ) ,  

P a r k  ( 1 9 7 7 ) ,  e t  a l .  f o r  e s t i m a t i n g  g e n e  n u m b e r  a r e  

b a s e d  on  s o m e  a s s u m p t i o n s ,  i . e . ,  a d d i t i v i t y  a n d  

e q u a l i t y  of  g e n e  e f f e c t s .  H e n c e ,  i t  i s  p o s s i b l e  to  i m -  

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

f o r  s o m e  q u a n t i t a t i v e  c h a r a c t e r s  in  w h i c h  t h e  a s s u m p -  

t i o n s  c a n n o t  b e  j u s t i f i e d .  

The  p r o c e d u r e  p r o p o s e d  p e r m i t s  e s t i m a t i n g  g e n e  

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

g e n e t i c  v a r i a n c e  p r o v i d e d  by  r e c u r r e n t  s e l e c t i o n  e x -  

p e r i m e n t s  in  w h i c h  i n i t i a l  f r e q u e n c i e s  of  a l l e l e s  a t  

s e g r e g a t i n g  l oc i  a r e  0 . 5 ,  bu t  no t  l o n g  e n o u g h  to m e a -  

s u r e  m a x i m u m  r e s p o n s e s .  The  a l l e l e  f r e q u e n c i e s  of  

0 . 5  a t  s e g r e g a t i n g  l o c i  c a n  b e  o b t a i n e d  by  c r o s s i n g  

a p a i r  of  i n b r e d  l i n e s .  Th i s  p a p e r  e v a l u a t e s  e s t i m a -  

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

r a n d o m  d r i f t ,  v a r i a t i o n s  in  g e n e  e f f e c t s ,  l i n k a g e  d i s -  

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

i a n c e ,  a n d  e p i s t a s i s .  

F r o m  a t h e s i s  s u b m i t t e d  by  t h e  a u t h o r  in  p a r t i a l  
f u l f i l l m e n t  of  t h e  r e q u i r e m e n t s  f o r  t h e  P h . D .  d e -  
g r e e .  R e c e i v e d  M a r c h ,  1975 .  W o r k  s u p p o r t e d  by  
P u b l i c  H e a l t h  S e r v i c e  G r a n t  GM 16074 ,  by  t h e  M i n -  
n e s o t a  A g r i c u l t u r a l  E x p e r i m e n t  S t a t i o n  a n d  by  N a -  
t i o n a l  I n s t i t u t e s  of  E n v i r o n m e n t a l  H e a l t h  S c i e n c e s  
G r a n t  5 T32 E S 0 7 0 1 1 - 0 2 .  

~ F o r m e r  R e s e a r c h  A s s i s t a n t ,  G e n e t i c s  a n d  C e l l  
B i o l o g y ,  U n i v e r s i t y  of  M i n n e s o t a ;  c u r r e n t l y  P o s t -  
d o c t o r a l  F e l l o w  in  E n v i r o n m e n t a l  H e a l t h  M e a s u r e -  
m e n t  a n d  S t a t i s t i c s .  

G e n e t i c  D r i f t  

W h e n  t h e  p o p u l a t i o n  s i z e  i s  f i n i t e  t h e r e  wil l  b e  s a m -  

p l i n g  v a r i a t i o n  of  t h e  g e n e  pool  in  e a c h  g e n e r a t i o n .  

Let  u s  c o n s i d e r  t h e  b i a s  f r o m  t h i s  r a n d o m  g e n e t i c  

d r i f t  in  e s t i m a t i n g  g e n e  n u m b e r .  

A s s u m i n g  a d d i t i v e  a n d  e q u a l  g e n e  e f f e c t s  a n d  l i n k -  

a g e  e q u i l i b r i u m ,  t h e  c o d e d  g e n o t y p i c  m e a n  a n d  a d d ) -  

t i r e  g e n e t i c  v a r i a n c e  f r o m  n s e g r e g a t i n g  loc i  w i th  

t h e  f a v o r a b l e  a l l e l e  f r e q u e n c y  q a n d  o n e - h a l f  t h e  

d i f f e r e n c e  in  e f f e c t  b e t w e e n  t h e  two h o m o z y g o t e s  u 

a r e  a s  f o l l o w s  ( C o m s t o c k  a n d  R o b i n s o n  1948)  : 

:~ -- n u ( 2 ~  - 1) 

o 2 :  2 u 2 I n ~ .  n~2 _ ~ ( q i  - ~ ) 2 ]  
q 

i 

w h e r e  q r e p r e s e n t s  t h e  r e a l  a v e r a g e  of  q o v e r  a l l  

l o c i .  

A g e n e r a l  f o r m u l a  f o r  e s t i m a t i n g  g e n e  n u m b e r  

was  d e s c r i b e d  a s  f o l l o w s  ( P a r k  1977)  : 

-2  -2  
Yc - Yb 

n = (1 )  
2 ' 

2(e~b - ~gc ) 

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

c > b .  S u b s t i t u t i n g  t h e  c o d e d  g e n o t y p i c  m e a n s  a n d  a d -  

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

e q u a t i o n  ( 1 ) ,  we ge t  g e n e  n u m b e r  c o n c e r n i n g  g e n e t i c  

d r i f t .  
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I '1  n l = n  ~ , 

1 ~ ' ( q c i  - qc ) 2 -  ~ ' ( q b i  - qb  )2 
w h e r e  x = - -  

2 (qc - qrb) (% + qb 1) 

(2) 

. The ex- 

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

En,=.EI  I 

1 E ~ ( q c i  - qc  ) 2 -  E ~ ( q b i  - qb  )2  
E x  ~ -- 

n E ( q c  - q b ) ( q c  + qb - 1) 

b e c a u s e  t he  e x p e c t a t i o n  of  a f r a c t i o n  i s  no t  e x a c t l y  

e q u a l  to  t he  e x p e c t a t i o n  of t h e  n u m e r a t o r  d i v i d e d  by  

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

i s  a c o n s t a n t .  

V(qc)~iq c -" 1- )-2- -2V(qb) ] (3) 

H e r e  t h e  t e r m  V ( q c )  h a s  b e e n  i g n o r e d  in  t h e  d e n o m -  

i n a t o r  of  ( 3 ) .  It c a n  b e  s h o w n  t h a t  V ( q c )  wi l l  b e  t r i -  

v i a l  i f  n >i 10.  

S i n c e  a n  e x p r e s s i o n  f o r  t h e  v a r i a n c e  of  t h e  g e n e  

f r e q u e n c y  due  to  r a n d o m  d r i f t  in  t h e  p r e s e n c e  of  s e -  

l e c t i o n  was  no t  found  in t he  l i t e r a t u r e ,  t h e  f o l l o w i n g  

a p p r o x i m a t i o n  w a s  d e r i v e d  ( P a r k  1977)  : 

t 1 ' t - i  

~ T  - ' 

i = l  

( 4 )  

w h e r e  qi  s y m b o l i z e s  t h e  e x p e c t a t i o n  of  q in  t h e  
. th  i g e n e r a t i o n ,  a n d  t S p e c i f i e s  a n y  t i m e  of  g e n e r a -  

t i o n .  

T h i s  d i f f e r s  f r o m  u s i n g  q in  e x p r e s s i o n s  f o r  

and 2. As noted elsewhere, in  those expressions 
g 

symbolizes the real average of q over the n effective 

loci of the recurrent selection population. 

Applying equation (4), we get 

%(1%) 
V ( q b  ) = 2N w h e n  b = 0 a n d  

V(qc) = ~ qi(l-qi) (I- I I c-i+l 
~ v  ~ - ~ I  �9 

i = l  

S i n c e  t h e  r a n g e  of  t i s  f r o m  b + 1 to c + 1 in  t h e  

p r i m a r y  s e l e c t i o n  p r o g r a m  ( P a r k  1 9 7 7 ) ,  a t t e n t i o n  

i s  d r a w n  to t he  f a c t  t h a t  a s  s y m b o l s  a r e  u s e d  in  t h e  

a b o v e  e x p r e s s i o n ,  b = 0 r e f e r s  to t he  F 2 g e n e r a t i o n ,  

but  i = 0 r e f e r s  to  t he  F I .  

Bias i s  inversely related to the square of change 

in gene frequency due to selection (equations 2, 3); 

hence, bias will be reduced by increasing qc in up- 

ward selection, qc is increased not only when the 

number of generations in the primary selection pro- 

gram (c) is increased, but also when the selection 

coefficient (s) is increased; s will be increased when 

heritability (h 2) is increased, the segregating gene 

number (n) is decreased or the selection differential 

in the primary selection program (k) is increased. 

Bias also is directly related to V(qc) ; hence, bias 

will be reduced when N is increased (equation 4). 

To obtain information on actual size of bias, E(x) 

and E (n I ) were computed for the following set of pa- 

T a b l e  1. E x p e c t e d  g e n e  n u m b e r  c o n c e r n i n g  g e n e t i c  
drift (Enz) and expected levels of bias (E(I/(1 +x))) 
from random drift with given segregating loci (n), 

2 heritability (h) and number of sires (m) 

n h 2 m o E(nz) E(I/(I + x)) 

10 0 . 2  10 10 8.9  0 .893 
20 9 . 1  0 .  908 

20 10 9 . 4  O. 941 
20 9 . 5  0 .953 

0 . 4  10 10 9.3 0 .933 
20 9 .5  0. 947 

20 10 9 .6  0 .963 
20 9.7 0. 968 

50 0.2 10 10 33 0.658 
20 38.5 0.771 

20 I0  3 9 . 5  O. 786 
20 43 0 . 8 6 2  

0 . 4  10 10 39 0 . 7 8 1  
20 42.5  0 .853 

20 10 43.5 0 . 8 7 2  
20 45.5 0.912 

200 0 . 2  10 10 65 0 .325  
20 96 0. 478 

20 10 96 0. 481 
20 126 0 .629 

0 .4  i0  10 98 0.493 
20 130 0 . 6 5 4  

20 10 130 0 . 6 5 0  
20 156 0 . 7 7 6  
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r a m e t e r s  n = 10, 50, 200,  h 2 = 0 . 2 ,  0 . 4 ,  c = 5, 10, 

20,  k = 1 . 2 ,  f = 4 m  a n d  m = 10, 20,  w h e r e  f a n d  

m a r e  t h e  n u m b e r s  of  f e m a l e  a n d  m a l e  p a r e n t s ,  r e -  

s p e c t i v e l y .  

A s  a n t i c i p a t e d  e a r l i e r  ( on  t h e  b a s i s  of  e q u a t i o n s  

2, 3, a n d  4)  b i a s  i s  d e c r e a s e d  by  i n c r e a s e s  in  p o p u -  

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

s e l e c t i o n  ( c )  a n d  by  d e c r e a s e s  in  t h e  v a l u e  o f  n .  T a b l e  

1 s h o w s  t h a t  t h e  r a n g e s  o f  b i a s  a r e  3 ~ 11 ~ w h e n  

n = 10, 9-347,  w h e n  n = 50, a n d  22-67% w h e n n = 2 0 0 .  

D o m i n a n c e  

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

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

a n d  t h a t  g e n e  f r e q u e n c i e s  a t  a l l  l oc i  a r e  t h e  s a m e ,  we 

ge t  

h i g h  o r  ( q c  - 1 / 2 )  i s  s m a l l ,  b e c a u s e  t h e  l e n g t h  of  

t h e  p r i m a r y  s e l e c t i o n  p r o g r a m  i s  too  s h o r t .  W h e n  

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

f a c t o r y .  B o t h  t h e  n e g a t i v e  a n d  t h e  h i g h  p o s i t i v e  v a l -  

u e s  of  e I r e s u l t  f r o m  t h e  f a c t  t h a t  w h e n  a i s  n e g a -  

t i v e  a d d i t i v e  g e n e t i c  v a r i a n c e  i n c r e a s e s  a s  q i n -  

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

T a b l e  2 s h o w s  t h a t  w h e n  t h e r e  i s  d o m i n a n c e ,  r e a -  

s o n a b l e  e s t i m a t e s  of  n a r e  u n l i k e l y .  An a l t e r n a t i v e  

p r o c e d u r e  i s  p o s s i b l e  i f  b o t h  F 1 a n d  F 2 d a t a  a r e  c o l -  

l e c t e d .  Le t  t h e  c o r r e s p o n d i n g  p h e n o t y p i c  m e a n s  by  

s y m b o l i z e d  a s  F 1 a n d  F 2. S i n c e  

1~ c = ~ +  ( 2 q c -  1) nu  + 2 q c ( 1  - qc  ) n a u  

- -  n a u  
F 2 = ~ + - ~  a n d  

F 1 = ~ + n a u  , 

= n u ( 2 q  - 1) + n a u  2q (1  - q)  

i f  i t  i s  a l s o  a s s u m e d  t h a t  t h e  d o m i n a n c e  l e v e l  ( a )  i s  

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

G i v e n  t h e  a b o v e  a s s u m p t i o n s ,  t he  a d d i t i v e  g e n e t i c  

v a r i a n c e  c a n  b e  e x p r e s s e d  a s  

w h e r e  ~ i s  a c o n s t a n t .  

We c a n  e l i m i n a t e  - n a u / 2  f r o m  t h e  Yc 

Pc  - 2F2 + F1 a s  t h e  e s t i m a t e  of  Yc" Then  

n 2 = n . 0 2  , w h e r e  

by using 

2 
O g 

= n u 2 2 q ( 1  - q)  C1 + (1 - 2 q ) a ]  2 . 

In  t h e  c a s e  w h e r e  i n i t i a l  v a l u e s  of  y a n d  a 2 a r e  
g 

t h o s e  o f  t h e  F 2 g e n e r a t i o n ,  Yc i s  e s t i m a t e d  a s  

Pc  - PC'  a n d  Yb i s  t a k e n  to b e  z e r o ,  a n d  

02 = 
[ ( 2 q c  - 1) + 2 q 0 ( 1  - q c ) a ]  2 

[1 - 4 q c ( 1  - q c ) [ 1  + (1 - 2 q c ) a ] 2 ]  " 

V a l u e s  of  02 a r e  l i s t e d  in  T a b l e  3.  

2 n 2 
~gb  = ~ u a n d  

T a b l e  2.  N u m e r i c a l  v a l u e s  of  e~ w h i c h  i n d i c a t e  l e v e l s  
of  b i a s  f r o m  p r e s e n c e  of  d o m i n a n c e  ( a )  

Y c = n U [ ( 2 q c  - 1 ) +  2 q c ( 1 - q c ) a -  2 ]  . 

a 

qc - 1 . 0  - 0 . 6  - 0 . 2  0 . 2  0 . 6  1 . 0  

0 . 6  - 0 . 1 3  - 0 . 2 2  - 1 . 0 9  0 . 3 3  0 . 1 4  0 . 0 8  
0 . 8  - 0 . 9 3  - 2 . 7 1  2 . 0 6  0 . 6 3  0 . 3 3  0 . 2 0  
1 . 0  2 . 2 5  1 . 6 9  1 . 2 1  0 . 8 1  0 . 4 9  0 . 2 5  

T a b l e  3. N u m e r i c a l  v a l u e s  of  02 w h i c h  i n d i c a t e  l e v e l s  
of  b i a s  f r o m  p r e s e n c e  of  d o m i n a n c e  ( a )  

a 

qc - 1 . 0  - 0 . 6  - 0 . 2  0 . 2  0 . 6  1 . 0  

0 . 6  - 0 . 2 1  - 0 . 0 4  - 0 . 2 8  0 . 7 6  0 . 9 3  1 . 2 0  
0 . 8  - 0 . 1 2  - 0 . 9 1  1 . 4 6  0 . 8 7  0 . 8 5  0 . 9 4  
1 . 0  1 . 0 0  1 . 0 0  1 . 0 0  1 . 0 0  1 . 0 0  1 . 0 0  

Substituting in equation (I) we obtain the gene num- 

ber concerning effect of dominance (n 2) as 

n 2 = n - e 1 , 

1 1 2 [ ( 2 q c -  1) + 2 q c ( 1 -  qc  ) a ] - a t 2  

w h e r e  8 1 = -~ 1 - 4 q c ( l - q c ) [ l +  ( l _ 2 q c ) a ] 2  

V a l u e s  of  81 a r e  l i s t e d  in  T a b l e  2.  

They  s h o w  t h a t  p o s i t i v e  d o m i n a n c e  c a u s e s  d o w n -  

w a r d  b i a s ,  w h i c h  i s  v e r y  l a r g e  w h e n  d o m i n a n c e  i s  
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Tab le  4.  B i a s  in g e n e  n u m b e r  e s t i m a t i o n  f r o m  d o m i n a n c e  when  d o m i n a n c e  l e v e l s  
a r e  v a r i a b l e  

Do m i n a n c e  L e v e l s  ( F r e q u e n c y  ) 

R a n g e  of  

c E ( q c )  E(n 2 ) 0 2 

0 .2 (0 .2 )  0 .6 (0 .6 )  1 .0(0 .2)  15 0.81 - 0.90 45.1 0.86 
0 .2 (0 .4 )  0 .6 (0 .4 )  1 .0(0 .2)  8 0.72 - 0.76 42.8 0.86 

- 0 . 3 ( 0 . 2 )  0 . 1 ( 0 . 6 )  0 . 5 ( 0 . 2 )  8 0 . 7 5  - 0 . 7 9  47 .6  0 . 9 5  
- 0 . 3 ( 0 . 3 )  0 . 1 ( 0 . 4 )  0 . 5 ( 0 . 3 )  8 0 . 7 5  - 0 . 7 9  48 .9  0 . 9 8  
- 0 . 4 ( 0 . 2 )  0 ( 0 . 6 )  0 . 4 ( 0 . 2 )  8 0 . 7 5  - 0 . 8 0  50 .7  1.01 
- 0 .5 (0 .3 )  - 0 .1 (0 .4 )  0 .3 (0 .3 )  15 0.88 - 0.95 50.1 1.00 

Table  3 i n d i c a t e s  tha t  if Pc - 2F2 + F1 i s  u s e d  a s  

t h e  e s t i m a t e  of  Yc'  l a r g e  b i a s e s  will  not  r e s u l t  i f  a l l  

a - v a l u e s  a r e  p o s i t i v e  when they  a r e  not  z e r o .  It a l s o  

s h o w s  tha t  l a r g e  b i a s e s  can  r e s u l t  if  m o s t  a - v a l u e s  

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

not  c o n t i n u e d  unt i l  t h e  f r e q u e n c i e s  of f a v o r a b l e  a l l e l e s  

a r e  v e r y  c l o s e  to 1 . 0 .  H o w e v e r ,  a s s u m i n g  t h e  p r e s -  

e n c e  of  d o m i n a n c e ,  it  i s  r e a l i s t i c  to s u p p o s e  tha t  

d o m i n a n c e  l e v e l s  a r e  not  t he  s a m e  f o r  e v e r y  l o c u s ,  

and  that  g e n e  f r e q u e n c i e s  a f t e r  s e l e c t i o n  t h r o u g h  c 

g e n e r a t i o n s  wil l  v a r y  b e c a u s e  of i n e q u a l i t y  of  d o m i -  

n a n c e  l e v e l s .  

To e v a l u a t e  t he  e f f e c t  of  d o m i n a n c e  on  g e n e  n u m -  

b e r  e s t i m a t e s  when l e v e l  of  d o m i n a n c e  v a r i e s ,  we 

n e e d  to d e t e r m i n e  the  e x p e c t e d  g e n e  f r e q u e n c i e s  a f -  

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

t i o n .  

The e x p e c t e d  c h a n g e  of  g e n e  f r e q u e n c y  p e r  g e n e r -  

a t i on  can  be e x p r e s s e d  a s  f o l l o w s  ( F a l c o n e r  1960) :  

E ( S q )  = k ~-- q(1  - q)  [1 + (1 - 2 q ) a J u  . 
P 

We can  ob t a in  t h e  e x p e c t e d  g e n e  f r e q u e n c y  at  g e n e r -  

a t i on  c ,  g i v e n  s p e c i f i c  v a l u e s  of  a and  u, by r e c u r -  

r e n t  a p p l i c a t i o n  of  t he  a b o v e  e q u a t i o n .  F o r  e x a m p l e ,  

c o n s i d e r i n g  a s i t u a t i o n  in wh ich  h 2 = 0 . 4 ,  n = 50, 

k = 1 . 2 ,  and c = 8,  wi th  20 g loc i  of  d o m i n a n c e  l e v e l  

0.2,  60% loc i  o f  d o m i n a n c e  l e v e l  0 . 6 ,  and  207, l oc i  

o f  d o m i n a n c e  l e v e l  1 . 0 ,  t he  f o o l o w i n g  t a b l e  i s  o b -  

t a i n e d .  

L e v e l  of  N o .  of  GgOi Vg8i Y8i 
d o m i n a n c e  loc i  

0 . 2  10 5u ~ 2 .885u  2 6 . 0 0 1 u  
0 . 6  30 15u 2 1 .928u  2 2 6 .0 0 6 u  
1 .0  10 5u 2 1 .241u  2 8 . 4 5 4 u  

Tota l  50 25u ~ 6 . 0 5 4 u  2 4 0 . 4 6 1 u  

F o r  t he  c a s e  of  c = 8 

( 4 0 . 4 6 1 u )  2 

n 2 = 2(25u 2 - 6 . 0 5 4 u  2) 

= 4 3 . 2 .  

H e n c e  e 2 = 0 . 8 6 .  C o n t i n u i n g  t h e  c a l c u l a t i o n s  g i v e s  

t h e  r e s u l t s  s h o w n  in Tab le  4.  

Table  4 i n d i c a t e s  t he  a p p r o x i m a t e  b i a s  f r o m  s y m -  

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

None  of t he  e 2 v a l u e s  d i f f e r s  g r e a t l y  f r o m  1 .0  and  

m o s t  of  t h e m  a r e  c l o s e  to 1 . 0 .  It i s  not  s u r p r i s i n g  

tha t  w h e n  al l  a ' s  a r e  p o s i t i v e  02 i s  c l o s e  to i t s  a v e r -  

a g e  f o r  t he  a ' s  i n v o l v e d ,  a s  s h o w n  in Table  3. 

The r e s u l t s  o b t a i n e d  f o r  d i s t r i b u t i o n s  i nvo lv ing  

bo th  p o s i t i v e  and  n e g a t i v e  a ' s  w e r e  not  f o r e s e e n  so  

e a s i l y  and  a r e  p a r t i c u l a r l y  e n c o u r a g i n g .  Taking  a l l  

o f  t he  Table  4 r e s u l t s  t o g e t h e r  and  a s s u m i n g  that  t he  

a - v a l u e s  in any r e a l  s i t u a t i o n  would  v a r y ,  it  s e e m s  

s a f e  to c o n c l u d e  t h a t ,  g i v e n  any  d e g r e e  of  p o s i t i v e  

h e t e r o s i s  o r  a s m a l l  a m o u n t  of n e g a t i v e  h e t e r o s i s  

caused by dominance, bias due to dominance would 

be quite small. 

Linkage  D i s e q u i l i b r i u m  

When  t h e r e  i s  l i n k a g e  d i s e q u i l i b r i u m ,  but no e p i s t a s -  

i s ,  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  wil l  be  a s  f o l l o w s  

2 g = n 2 q ( 1  - q ) u  2 +v-n__), v-n__). 2 (p t  - r s ) i j u  2 

i j / i  

w h e r e  p i s  t h e  f r e q u e n c y  of  g a m e t e s  wi th  t h e  f a v o r a b l e  

a l l e l e  at  bo th  the  i th and  j t h  l o c u s ,  t i s  t h e  f r e q u e n c y  

of  g a m e t e s  wi th  t h e  u n f a v o r a b l e  a l l e l e  a t  b o t h  loc i  
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and r and s a r e  the  f r e q u e n c i e s  of  t he  two r e p u l s i o n  

type  g a m e t e s .  

In the  a b s e n c e  of  e p i s t a s i s  and p o s i t i o n  e f f e c t s ,  

the  g e n e t i c  m e a n  wil l  not  be  a f f e c t e d  by l i n k a g e  d i s -  

e q u i l i b r i u m .  H e n c e  

= n ( 2 q -  1)u  . 

Subs t i t u t i ng  the  a b o v e  r e l a t i o n s  to e q u a t i o n  (1)  

y i e l d s  g e n e  n u m b e r  c o n c e r n i n g  l i n k a g e  d i s e q u i l i b r i u m  

( n 3 ) .  

n3=n 
1+ .~1 j ~ i  ( P 0 t 0 - r 0 S O ) i j - i ~ j ~  i ( P c t c - r c S c ) i j  

1 2 
n ( q c  - ~ )  

=~-~(2qi - 1)u i and 
i 

(1- qi)u . ~g = 

Subs t i t u t i on  into e q u a t i o n  (1) g i v e s  a f o r m u l a  f o r  g e n e  

n u m b e r  a s  a func t ion  of  v a r i a b l e  g e n e  e f f e c t s  ( n 4 ) .  

[ ~,(2qci - 1)ui  12 

n 4 = 1 

Now c o n s i d e r  the  s p e c i a l  c a s e  in which  al l  the  

q c i ' S  a r e  1 .0  b e c a u s e  of  i )  l a r g e  N in the  p r i m a r y  

s e l e c t i o n  p r o g r a m  and i i )  s e l e c t i o n  unt i l  no f u r t h e r  

r e s p o n s e .  

I J n 4 = n 2 -2  ' 
1 + ~u/U 

This  s h o w s  that  b i a s  f r o m  l i n k a g e  d i s e q u i l i b r i u m  i s  

d e c r e a s e d  by long  g e n e r a t i o n s  o f  s e l e c t i o n  and s m a l l  

c h a n g e s  of  l i n k a g e  d i s e q u i l i b r i u m .  

E v i d e n c e  f r o m  d e s i g n  I l l  e x p e r i m e n t s  ( C o m s t o c k  

and R o b i n s o n  1952) on the  m a g n i t u d e  of  ~ ~. (P0t0 - 
i j / i  

r 0 s 0 ) u i u  j i s  a v a i l a b l e  f o r  a f ew  p o p u l a t i o n s .  Mol l  et  

a l .  (1964)  s t u d i e d  s e v e n  t r a i t s  in two p o p u l a t i o n s  of  

m a i z e .  They found c o u p l i n g  s i g n i f i c a n t l y  in e x c e s s  fo r  

one  t r a i t  in one  popu l a t i on  and r e p u l s i o n  s i g n i f i c a n t l y  

in e x c e s s  f o r  a n o t h e r  t r a i t  in both p o p u l a t i o n s .  The 

q u a n t i t y  ~ ~, (P0to - r O s 0 ) u i u  j was  not  s i g n i f i c a n t  in 

e l e v e n  o t h e r  c a s e s .  Da ta  by E n f i e l d  et  a l .  (1969)  fo r  

pupa  we igh t  in Tribolium g a v e  no e v i d e n c e  of  e x c e s s  

c o u p l i n g  o r  r e p u l s i o n  l i n k a g e .  

V a r i a t i o n  in G e n e  E f f e c t s  

When we pos i t  that  the  u ' s  v a r y  f r o m  l o c u s  to l o c u s ,  

e s t i m a t i o n  of  g e n e  n u m b e r  wi l l  be  b i a s e d  due to i n e -  

qua l i t y  i t s e l f .  The i n e q u a l i t y  of  the  u ' s  wi l l  c a u s e  in -  

e q u a l i t y  of  g e n e  f r e q u e n c y  as  a s e c o n d a r y  e f f e c t .  G e n e  

f r e q u e n c y  i s  a f f e c t e d  by d r i f t  a s  we l l  a s  s e l e c t i o n ,  but 

in t h i s  s e c t i o n  we n e g l e c t  d r i f t  e f f e c t ,  which  m e a n s  

we a s s u m e  l a r g e  popu l a t i on  s i z e .  

If one  w r i t e s  t he  e x p r e s s i o n s  fo r  y and a ;  when  

a = 0 and t h e  u ' s  v a r y ,  one  has  

a s  r e p o r t e d  by C o m s t o c k  ( 1 9 6 9 ) .  It s h o w s  the  u n -  

equa l  u ' s  wil l  be  the  s o u r c e  of  d o w n w a r d  b i a s  in fi 

and that  the  a m o u n t  of  b i a s  i s  r e l a t e d  to the  c o e f f i -  

c i en t  of  v a r i a t i o n  a m o n g  the  u '  s .  

C o m s t o c k  (1969)  s u g g e s t e d  that  the  loc i  with v e r y  

s m a l l  e f f e c t s  migh t  be  u n i m p o r t a n t  and that  it i s  b e s t  

not  to i n c l u d e  t h e m  in coun t ing  p e r t i n e n t  l o c i .  One 

migh t  i n q u i r e  then  w h e t h e r  the  i n h e r e n t  b i a s  due  to 

v a r i a b l e  u ' s  would  c a u s e  the  e x p e c t a t i o n  of  t he  e s t i -  

m a t e  to be  r e a s o n a b l y  c l o s e  to the  n u m b e r  of l oc i  i m -  

p o r t a n t  enough  in t h e i r  e f f e c t s  to d e s e r v e  be ing  c o u n t -  

ed .  He th inks  that  t h e r e  can  be  no un ique  a n s w e r  b e -  

c a u s e  so  m u c h  d e p e n d s  on the  ac tua l  d i s t r i b u t i o n  of  the  

u ' s  and the  v i e w  c o n c e r n i n g  the  s i z e  of  e f f e c t  tha t  

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

S i n c e  the  e x p e r i m e n t a l  e v i d e n c e s ,  s u c h  a s  Thoday 

( 1 9 6 1 ) ,  W e h r h a h n  and A l l a r d  ( 1 9 6 5 ) ,  and R o b e r t s o n  

( 1 9 6 7 ) ,  s u g g e s t  that  g e n e s  wi th  l a r g e  e f f e c t s  a r e  r a r -  

e r  than  t h o s e  wi th  p r o g r e s s i v e l y  s m a l l e r  e f f e c t s ,  t he  

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

m a y  be  a good a p p r o x i m a t i o n  fo r  s o m e  r e a l  d i s t r i b u -  

t i ons  of  g e n e  e f f e c t s  in o r d e r  to s tudy  the  l e v e l  of  

b i a s  f o r  s o m e  q u a n t i t a t i v e  c h a r a c t e r s .  

Suppos ing  the  u ' s  a r e  d i s t r i b u t e d  a s  the  u p p e r  

h a l f  o f  a n o r m a l  d i s t r i b u t i o n ,  C o m s t o c k  (1969)  

s h o w e d  tha t  ~, /~2- would  be  about  O. 56. H e n c e ,  t he  

e x p e c t a t i o n  of  t he  g e n e  n u m b e r  e s t i m a t e  would  be  

O. 64 n .  S i x t y - f o u r  p e r c e n t  of  t he  l o c i ,  t h o s e  with  t he  
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Tab le  5. A d d i t i v e  g e n e t i c  v a r i a n c e  (o F) and  c o d e d  g e n o t y p i c  m e a n  (y)  f r o m  a h a l f  n o r m a l  
d i s t r i b u t i o n  of  g e n e  e f f e c t s  (u)  

Class Boundaries Rel Abs. 2 2 
in ~'s u freq. freq. ag0i qci agci Yci 

0 - 0 . 4  0 . 2  0 . 3 1 1  31 0 . 6 2  0 . 5 7 4  0 . 6 0 6 4  0 . 9 1 7  
0 . 4  - 0 . 8  0 . 6  0 . 2 6 5  27 4 .86  0 . 7 1 0  4 .0050  6 . 7 9 5  
0 . 8  - 1 .2  1 .0  0 . 1 9 4  19 9 . 5 0  0 . 8 1 6  5 .7036 12 .011  
1 .2  - 1 .6  1 .4  0 . 1 2 1  12 11 .76  0 . 8 9 0  4 .6223  13 .088  
1 .6  - 2 .0  1 .8  0 . 0 6 4  6 9 . 7 2  0 . 9 3 6  2 .3306  9 .417  
2 .0  - 2 . 4  2 . 2  0 . 0 2 9  3 7 . 2 6  0 . 9 6 4  1 .0168  6 . 1 2 0  
2 .4  - 2 .8  2 .6  0 . 0 1 1  1 3 . 3 8  0 . 9 8 0  0 . 2 6 9 6  2 .494  
2 . 8  - 3 . 2  3 . 0  0 . 0 0 5  1 4 . 5 0  0 . 9 8 9  0 . 2 0 1 4  2 . 9 3 2  

1 .000  100 51 .60  18 .7557 53 .774  

l a r g e s t  e f f e c t s ,  would  a c c o u n t  f o r  about  90 p e r c e n t  

of  ~. u i-  
l 
F o r  t he  c a s e  in  w h i c h  t h e  qc ' s h a v e  not  r e a c h e d  

1 . 0 ,  but in wh ich  N i s  l a r g e  enough  to  a l l o w  d r i f t  to 

be i g n o r e d ,  t h e  d i f f e r e n c e s  in the  u ' s  wi l l  c a u s e  v a r -  

i a b l e  g e n e  f r e q u e n c i e s  f r o m  l o c u s  to  l o c u s  a s  a s e c -  

o n d a r y  e f f e c t .  C o n s i d e r  aga in  t h e  ha l f  n o r m a l  d i s t r i -  

bu t ion  of  u ' s .  A p p r o x i m a t i o n s  of  t he  jo in t  e f f e c t  o f  

v a r i a b l e  u ' s  and  t h e  c o n s e q u e n t  v a r i a t i o n  in qc can  

be  c o m p u t e d  f r o m  a d i s c o n t i n u o u s  a p p r o x i m a t i o n  to 

t he  a s s u m e d  d i s t r i b u t i o n  o b t a i n e d  wi th  t h e  a id  of  a 

t a b l e  of  t he  n o r m a l  d i s t r i b u t i o n .  F o r  i l l u s t r a t i o n ,  we 

wi l l  s u b d i v i d e  in to  c l a s s e s  t ha t  a r e  0 . 4 0  w i d e  and  a s -  

s u m e  tha t  e a c h  u in a g i v e n  c l a s s  h a s  a v a l u e  tha t  i s  

at  t he  c e n t e r  o f  t he  c l a s s .  C o n s i d e r i n g  a g i v e n  s i t u a -  

t i on  in  w h i c h  n -- I00 ,  h 2 = 0 . 2 ,  c = 20, and  k = 1 . 2 ,  

g i v e s  t a b l e  5. 

H e r e  2 Og0i i s  t he  c o n t r i b u t i o n  of  g e n e s  in  t h e  i th 

c l a s s  to a d d i t i v e  g e n e t i c  v a r i a n c e  in g e n e r a t i o n  z e r o ,  

qc i  i s  t h e  e x p e c t e d  f r e q u e n c y  of  g e n e s  in t h e  i th c l a s s  
2 2 

in  g e n e r a t i o n  c~ agc i  h a s  t he  s a m e  m e a n i n g  a s  ag0i  

e x c e p t  f o r  g e n e r a t i o n  c ,  and  Yci i s  t he  c o n t r i b u t i o n  

of  g e n e s  in  t h e  i th  c l a s s  to Yc" 

V a l u e s  of  qc i  w e r e  c o m p u t e d  u s i n g  the  r e l a t i o n  

ku. ku i 2 
qci = e I/(I + e ), (Park 1977), where Op = 

2 / 2 = 51.6 = 258 and K - kc _ 1.2• 20 = 1.49. ~ -h o-:~ Op 

Having  o b t a i n e d  qc i  v a l u e s ,  Yci c a n  be  c o m p u t e d  

f o r  e a c h  c l a s s .  F i n a l l y ,  

( 5 3 . 7 7 4 )  2 
n4 = 2151 .60  - 18 .7557 )  

= 4 4 . 0 2  . 

Tab le  6.  G e n e  n u m b e r  (n4)  and  l e v e l  o f  b i a s  (1 - ~) 
f r o m  a ha l f  n o r m a l  d i s t r i b u t i o n  of  g e n e  e f f e c t s  

n h 2 c n4 n 4 = an 

200 0.4 20 90.80 0.454n 
10 77.50 0.388n 

0.2 20 80.75 0.404n 
10 7 2 . 7 0  0 . 3 6 4 n  

50 0 . 4  20 26 .94  0 . 5 3 9 n  
10 22 .68  0 . 4 5 4 n  

0 . 2  20 24 .80  0 . 4 9 6 n  
10 20 .78  0 . 4 1 6 n  

10 0 . 4  20 6 . 5 0  0 . 6 5 0 n  
10 5 .93  0 . 5 9 3 n  

0 . 2  20 6 . 2 6  0 . 6 2 6 n  
I0 5 .53  0.553n 

Table  6 s h o w s  t h e  a m o u n t s  and  d i r e c t i o n s  of  b i a s  

in  v a r i o u s  c a s e s  by t h e  s a m e  m e t h o d  of  c a l c u l a t i o n .  

The t a b l e  s h o w s  tha t  when  n 4 i s  o b t a i n e d  wi th  e q u a -  

t ion  ( 1 ) ,  n 4 i s  abou t  ha l f  t h e  a c t u a l  g e n e  n u m b e r  

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

b i a s e s  i n d i c a t e d  al l  e x c e e d  t h e  e x p e c t e d  w h e n  s e l e c -  

t i on  c o n t i n u e s  unt i l  a l l  f a v o r a b l e  a l l e l e s  a r e  h o m o -  

z y g o u s .  

B i a s e s  w e r e  g r e a t e r  when  c w a s  l e s s  and  h 2 w a s  

l e s s ,  i . e . ,  when  c o n d i t i o n s  w e r e  s u c h  tha t  qc  w a s  

l e s s .  n 4 v a r i e d  a r o u n d  0 . 5 n ,  r a n g i n g  f r o m  0 . 3 6 n ~  

0 . 6 5 n .  

S a m p l i n  G V a r i a n c e  

E q u a t i o n  (1)  wi l l  y i e l d  b i a s e d  e s t i m a t e s  of  n e v e n  i f  

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

a p a r a m e t e r ,  s a y  ~, i s  e s t i m a t e d  wi th  e r r o r ,  t he  e x -  
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pec ta t ion  of f (~)  ~ f (~)  if f (~)  is  a non l inea r  function 

of ~. 

C o n s i d e r  equat ion (1) for  the c a s e  when g e n e r a -  

t ion b is the F 2 g e n e r a t i o n .  The Yb = 0 and equat ion 

( I ) reduces to 

Z 2 
n -~ w 

D ' 

where Z = Yc 

5 

and D = 2(O~b 2 
- Ogc). Then 

where  ^ ind ica tes  an e s t i m a t e .  

The bias  a r i s i n g  f r o m  sampl ing  e r r o r s  i s  given by 

the ra t io  

E ( ~ ) / ~  = z ~ E ( ~  ) , where  

because  with the p roposed  e s t ima t i on  p r o c e d u r e s  t h e r e  

will  be no sampl ing  c o v a r i a n c e  between e s t i m a t e s  of 

YC and (o 2 _ -o 2 ). 
go gc _ 

To eva lua te  E (1/I~) we take the expec ta t ion  of the 

f i r s t  t h r e e  t e r m s  of T a y l o r '  s expansion and obtain 

: l + j .  

We see  that the bias  f r o m  sampl ing  v a r i a n c e  is up-  

ward .  Turning to the magni tude  of the b ias ,  it is  ap-  

pa ren t  that  the in fo rma t ion  p rov ided  by the e x p e r i -  

ment  must  be suff ic ient  so that o ~ / Z  and o S / Z  do 

not exceed  0 .25  if a r ea sonab ly  p r e c i s e  e s t i m a t e  of 

n i s  to be obta ined .  At this  p r a c t i c a l  l imi t  we see  

that in an o t h e r w i s e  adequate  e x p e r i m e n t  the b ias  

f r o m  sampl ing  v a r i a n c e  would be no g r e a t e r  than 13 ~. 

Epis tas i s  

The b i a s e s  that may a r i s e  f r o m  e p i s t a s i s  p r e s e n t  a 

p a r t i c u l a r l y  diff icul t  p r o b l e m  because  we do not know 

the r ea l  na tu re  of gene i n t e r ac t i on .  Models  mos t  d i s -  

c u s s e d  in the l i t e r a t u r e  for  unders tanding  gene i n t e r -  

ac t ions  include mul t ip l i ca t ive ,  op t imum number ,  

c o m p l e m e n t a r y ,  and dupl ica t ive  mode ls  ( H o r n e t  e t -  

a11955;  NaPuket  1967; Wright  1935, 1 9 6 8 ) . T h e p o s -  

s ib i l i ty  of two o r  m o r e  types  of gene i n t e r ac t i ons  

being p r e sen t  in the s a m e  genet ic  s y s t e m  probably  

has not been emphas i zed  as much as it d e s e r v e s  to 

be.  

Cons ide r  the mul t ip l i ca t ive  model  that spec i f i e s  

the value  of a genotype as 

e n l  bn2 Y = ~  

where  n l  is the number  of he te rozygous  loc i ,  n2 is 

the number  of loci  homozygous  for  the f avo rab l e  a l -  

l e l e ,  b > l . 0 ,  b ~ e ~  1.0 and ~ is a constant  r e f l e c t -  

ing both the m e a s u r e m e n t  s ca l e  and the va lue  of the 

genotype that is homozygous  for  the l eas t  f avorab le  

a l l e l e  at each locus he te rozygous  in the F 1. 

Assuming  equal genotypic e f fec t s ,  s a m e  gene f r e -  

quency,  and a populat ion in which H a r d y - W e i n b e r g  

genotype f r e q u e n c i e s  can r ea sonab ly  be a s s u m e d ,  the 

genotypic  mean is 

7 =  ~[bq 2+ e2q(1 - q) + (1 - q )2 ]n ,  where  

2 e - b -  I 
a =  b - 1  ' 

u : ~ e ( b - 1 ) [ b q 2 +  2 e q ( 1 - q )  + ( 1 - q ) 2 ] n - 1  

and the addi t ive  genet ic  v a r i a n c e  is  

Og=e2 2 n 2 q ( l _ q )  l l + ( l _ 2 q ) ( ~ ) l  2 -41 ( b _ l ) 2 •  

[bq2+e2q(1-q)+ (l-q)2] 2(n-l) 

Because  both ~ and o 2 a r e  functions of b, e ,  and 
g , r - ~  

n, a p a r t i c u l a r  va lue  of the ra t io ,  ~ ,  requires 

p a r t i c u l a r  va lues  of b and e,  if  n and the l eve l  of 

dominance  (a) a r e  spec i f i ed .  Let ~ / / ~  be r e f e r r e d  

to as the gene t ic  coef f ic ien t  of va r i a t i on  and s y m b o -  

l i zed  as GCV. Then note that 

where  CV = phenotypic  coef f ic ien t  of va r i a t i on .  The 

fol lowing table  shows GCV va lues  a s s o c i a t e d  with 
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T a b l e  7.  V a l u e s  of  n5 w h i c h  a r e  g e n e  n u m b e r s  c o n c e r n i n g  m u l t i p l i c a f i v e  g e n e  e f f e c t s  a s s o c i a t e d  w i th  d i f f e r e n t  
g e n e  f r e q u e n c i e s  a c h i e v e d  by  s e l e c t i o n  w h e n  t h e r e  i s  no d o m i n a n c e  ( e =  ( b +  1 ) / 2 ) ,  GCV = 0 . 0 8 9  a n d  n = 10, 
50 o r  200 

n = 10 n = 50 n = 200 

q --y Vg2 n5 ~- a2g n5  y O2g n5 

0 1 . 0 0 0  0 . 0 0 0 0 0 0  7 . 0  1 . 0 0 0  0 . 0 0 0 0 0 0  2 2 . 3  1 . 0 0 0  0 . 0 0 0 0 0 0  4 3 . 6  
0 . 1  1 . 0 8 6  0 . 0 0 3 5 9 7  6 . 0  1 . 1 9 7  0 . 0 0 4 1 4 7  1 8 . 1  1 . 4 3 3  0 . 0 0 5 9 6 5  3 7 . 2  
0 . 3  1 . 2 7 9  0 . 0 1 1 2 6 2  3 . 7  1 . 7 1 1  0 . 0 1 9 4 9 7  9 . 8  2 . 9 3 6  0 . 0 5 8 0 2 8  2 0 . 6  
0 . 5  1 . 5 0 2  0 . 0 1 7 9 0 3  2 . 4 4 0  0 . 0 4 6 5 3 4  6 . 0 0 1  0 . 2 8 6 5 2 9  
0 . 7  1 . 7 5 9  0 . 0 1 9 9 9 1  - 1 5 . 8  3 . 4 7 1  0 . 0 7 7 9 8 4  - 1 6 . 9  1 2 . 2 3 4  0 . 9 9 3 2 4 8  - 2 7 . 5  
0 . 9  2 . 0 5 5  0 . 0 1 1 3 3 8  2 3 . 3  4 . 9 2 5  0 . 0 6 6 3 5 8  - 1 5 5 . 8  2 4 . 8 7 9  1 . 7 4 7 8 5 5  - 1 2 1 . 9  
1 . 0  2 . 2 2 0  0 . 0 0 0 0 0 0  1 4 . 4  5 .861  0 . 0 0 0 0 0 0  1 2 5 . 8  3 5 . 4 4 5  0 . 0 0 0 0 0 0  1 5 1 3 . 8  

s p e c i f i c  c o m b i n a t i o n s  of  CV a n d  h 2 s p a n n i n g  the  

n o r m a l  r a n g e s  of  t h o s e  p a r a m e t e r s .  

h 2 

CV 0.2 0.4 0.6 

0.1 0.045 0.063 0.077 
0 . 2  0 . 0 8 9  0 . 1 2 6  0 . 1 5 5  
0 . 3  0 . 1 3 4  0 . 1 9 0  0 . 2 3 2  

If d o m i n a n c e  l e v e l ,  n u m b e r  of  g e n e s ,  a n d  g e n e  f r e -  

q u e n c y  a r e  s p e c i f i e d ,  t h e  v a l u e  of GCV a s s o c i a t e d  

wi th  a s p e c i f i c  v a l u e  of  b c a n  be  c a l c u l a t e d .  T h u s ,  

by i t e r a t i o n ,  r e a s o n a b l e  v a l u e s  f o r  b ( a n d  f o r  e )  c a n  

b e  d e t e r m i n e d .  A s  e x a m p l e s ,  g i v e n  no d o m i n a n c e ,  

e = (b  + 1 ) / 2  ( H o r n e r  e t  a l .  1955)  a n d  n = 10, 50 o r  

200,  v a l u e s  of  b ( a n d  e )  r e q u i r e d  to m a k e  GCV = 

0 . 0 4 5  in  t h e  F 2 fo l l ow:  

n b e 

10 1 . 0 4 1  1 . 0 2 0 5  
50 1 . 0 1 8 2  1 . 0 0 9 1  

200 1 . 0 0 9 0  1 . 0 0 4 5  

With this procedure to obtain the necessary val- 

ues of b and e, we are able to investigate bias in 

gene number ( n 5 ) .  

Table 7 shows results for no dominance, 

e = (b + 1)/2, and GCV = 0.089 which corresponds 

to any of the following paired values of h 2 and CV. 

h 2 CV 

0 . 2  0 .  200 
0 . 3  0 . 1 6 2  
0 . 4  0 . 1 4 1  
0 . 5  0 . 1 1 5  

The  t a b l e  s h o w s  t h a t  e s t i m a t e s  of  n b a s e d  o n  e q u a -  

t i on  (1 )  wil l  a l m o s t  a l w a y s  b e  u n s a t i s f a c t o r y  w h e n  

g e n e  e f f e c t s  a r e  m u l t i p l i c a t i v e .  N e g a t i v e  v a l u e s  of  

n 5 o c c u r  when  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  i s  i n -  

c r e a s e d  by  c h a n g e s  in  g e n e  f r e q u e n c y  due  to s e l e c -  

t i o n .  In T a b l e  7 w i th  n = 50 a n d  no d o m i n a n c e ,  t he  

a d d i t i v e  g e n e t i c  v a r i a n c e  i s  l a r g e r  when  0 . 5  < q < 

2 2 ) f i r s t  0 . 9  t h a n  i t  i s  when  q = O. 5. When  (Og b - Crg c 

b e c o m e s  p o s i t i v e  ( a s  a t  q = 0 . 9 5  in  t h i s  i n s t a n c e ) ,  

i t s  s m a l l  s i z e  c a u s e s  n 5 to  b e  e x t r e m e l y  l a r g e .  

C o m p l e t e  d o m i n a n c e  (e  = b )  a n d  no g e n i c  d o m i -  

n a n c e  (b  = e 2) s h o w e d  s i m i l a r  b i a s e s .  

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

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

s i d e r e d  wi l l  a l s o  b e  u n s a t i s f a c t o r y  in  t h e  p r e s e n c e  of 

o t h e r  t y p e s  of  e p i s t a s i s .  

Discussion 

The sources of bias for gene number estimates have 

been studied individually but in the end their joint ef- 

fects must be established. However, at the present 

l e v e l  of  i n v e s t i g a t i o n ,  t h e r e  a r e  two s i t u a t i o n s  in  

w h i c h  t h e  p r o c e d u r e  m a y  b e  e x p e c t e d  to w o r k  r e a s o n -  

a b l y  we l l  : 

a )  when  t h e r e  i s  no  e p i s t a s i s ,  

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

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

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

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

a )  No e p i s t a s i s ,  

b )  M u l t i p l i c a t i v e  g e n e  e f f e c t s ,  

c )  E p i s t a s i s  o t h e r  t h a n  m u l t i p l i o a t i v e .  
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Whether such discrimination would always or ever 

be possible is a question needing further investiga- 

tion. However, there are four criteria based on gen- 

eration means (Mather 1949) that should theoretical- 

ly agree in the absence of epistasis, even though any 

or all of dominance, drift, linkage disequilibrium, 

and inequality of gene effects are present. 

F-i P-I + P--2 
F2=T+ 4 ' 

B = 
1 2 ' 

(r2+ 
B" and 

2 2 

(gl + g2 ) 
F2 = 2 ' 

where P indicates a homozygous parent and B indi- 

cates a first baekcross. If these equalities are not 

observed when satisfactory data are available, ab- 

sence of epistasis cannot be assumed. Unfortunately, 

satisfactory data cannot always be obtained. The 

greatest obstacle may be the difficulty of assuming 

a common environment when the time pattern of de- 

velopment varies among the various test generations 

(Sentz et al. 1954). 

In view of the problems encountered if there is 

negative dominance (a <0) at most loci and selec- 

tion in the primary phase is upward, the difference 

between the generation means of offspring and parents 

(F-I - ~-) should always be estimated anf if it is large 

relative to P it should determine the direction of 

primary phase selection. 

Given ~I - ~ > 0, select upward. 

Given F I - P < 0, select downward. 

Biased from drift and from sampling variance 

differ from other biases because they can be con- 

trolled. Bias from drift can be reduced as much as 

desired by increasing the effective population size in 

the primary selection program. Bias from sampling 

variance can be reduced by doing the things (i. e. 

longer generation (c) in the primary selection pro- 

gram) required to decrease variances of estimates 
2 2). 

of Yc and (ag b - ag c 

Assuming absence of epistasis of a form other 

than multiplicative, major questions are "What are 

the circumstances in which the new estimator will 

provide satisfactory estimates?" and "How much 

time is saved compared with that required by the 

conventional methods that require complete fixation?" 

Whether estimates are satisfactory can be judged 

by their sampling variance and the amount of bias. 

Part I. of this paper indicated that if heritability 

is 0.2 and n = 200, a very large project would be 

required. Even assuming c = 20, number of sires 

(m) must be about 40-50 to obtain a coefficient of 

variation of ~ as small as 0.2. To reduce that to 

0.I would require many more sires (about 200). 

Table 1 shows that bias from drift would be about 35% 

given m = 20. Hence, in this situation it would seem 

desirable to use m >~ 30 in the primary selection 

phase to insure that the amount of bias would not be 

excessive. This estimation procedure would be very 

costly in cases involving large organisms with long 

life cycles. 

When h : 0.2 but n is as small as 50, require- 

ments are not so extreme. Assuming values of m 

specified in the case above where n -- 200, about the 

same precision of n estimates is obtained with c 

reduced from 20 to I0 and the bias would be less. 

Alternatively, if c is 20, considerably smaller val- 

ues of m yield satisfactory values of the coefficient 

of variation and of bias. 

When heritability is greater (e.g., 0.4) require- 

ments for satisfactory precision and bias are much 

less. Length of the primary selection program and/ 

or the values of m can be greatly reduced from those 

required when heritability is 0.2. 

After initial heritability has been determined, an 

investigator may proceed with confidence if heritabil- 

ity is large or decide not to proceed if heritability is 

too low (say less than 0.2). He may also be faced 

with possibilities of satisfactory results if n is mod- 

erate in size, or unsatisfactory results if n is large. 

To evaluate the amount of time saved by the pro- 

posed procedure, one needs information on the time 

required by older methods that involve selecting until 

there is no further response. Equation (25) from 

Part I. of this paper can be used to obtain the approx- 

imate allele frequencies after c generations of selec- 

tion. The value given by the equation approaches 1.0 

asymptotically and therefore a value less than 1.0 

must be used. For the present purpose, 0.98 will be 
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used because in the case of additive genes it repre- 

sents 96 ~ of all possible response and only an 8 

downward bias in the estimate obtained, assuming 

complete fixation. 

The numbers of generations obtained in four spe- 

cific s i tua t ions  follow. 

h 2 = 0 .2  h 2 = 0 .4  
n = 50 n = 200 n 50 n = 200 

35 70 25 50 

Here  the se lec t ion  d i f fe ren t ia l  has been a s s u m e d  to 

be 1.2 as be fo r e .  F o r  c = 10 r- 20, f rom 20 to 707~ 

of the t ime  r e q u i r e d  by the o lde r  methods  would be 

saved .  
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