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Summary. The power of experiments aimed at detecting linkage between a quantitative locus and a marker locus, 
both segregating in the backress or F2 generation of a cross between two inbred lines, is examined. Given that the 
two lines are close to fixation for alternative alleles of both marker locus and quantitative locus, it is concluded 
that experiments involving a few thousand offspring should be able to detect close linkages involving quantitative lo- 
ci (or groups of loci) having rather modest effects (i.e., that contribute, say, 1% of the total phenotypic variance 
in the F~). 

Inbred lines, even if from the samebase population, can 

be expected to differ in some of the quantitative and 

marker loci segregating in the original base population; 

chances of such differences are greater if the inbred 

lines originate from different base populations. Pleio- 

tropy aside, therefore, quantitative effects associated 

with marker loci segregating in crosses between inbred 

lines can be attributed to differences between the inbred 

lines in quantitative loci linked to the marker locus. Such 

experiments could provide information on the distribution 

a l o n g  t he  g e n o m e  of  l oc i  a f f e c t i n g  q u a n t i t a t i v e  t r a i t s ,  

and  on  t h e  p h y s i o l o g i c a l  s p e c i f i c i t y  of  s u c h  l o c i .  They  

m a y  p r o v i d e  a n s w e r s  to  s u c h  q u e s t i o n s  a s  : a r e  t h e  q u a n -  

t i t a t i v e  e f f e c t s  a s s o c i a t e d  wi th  a p a r t i c u l a r  m a r k e r  l o -  

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

t he  e n t i r e  woof  a n d  w a r p  of  t he  o r g a n i s m ?  Do t h e y  a f -  

f ec t  s p e c i f i c  a s p e c t s  of  p a r t i c u l a r  t r a i t s ,  o r  a r e  t h e y  

d i f fu se  and  g e n e r a l  in  n a t u r e ?  The g r e a t  hope  p r e s e n t e d  

by  s u c h  e x p e r i m e n t s  i s  t h a t  t h e y  m a y  i s o l a t e  q u a n t i t a t i v e  

e f f e c t s  s p e c i f i c  e n o u g h  to b e  fo l l owed  g e n e t i c a l l y  in  a 

s e m i - q u a l i t a t i v e  m a n n e r .  The p u r p o s e  of  t h i s  p a p e r  i s  

to p r o v i d e  s o m e  n o t i o n  of  t he  s i z e  of  t he  e x p e r i m e n t s  

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

and  it  i s  a s s u m e d  t h a t  t he  t h r e e  m a r k e r  g e n o t y p e s  h a v e  

d i s t i n g u i s h a b l e  p h e n o t y p e s .  I n i t i a l l y  we a s s u m e  c o m p l e t e  

l i n k a g e  ( p r o b a b i l i t y  of  r e c o m b i n a t i o n ,  r = 0 )  a n d  f i x a t i o n  

of  a l t e r n a t i v e  a l l e l e s  in  t h e  two l i n e s :  l i n e  1, wi th  g e n o -  

t y p e  M 1 A 1 / M 1 A 1 ;  a n d l i n e  2, w i t h g e n o t y p e  M2A2/M2A 2. 
O t h e r  a s s u m p t i o n s  a r e  a s  in  J a y a k a r  ( 1 9 7 0 ) .  

T a b l e  1 s h o w s  t h e  e x p e c t e d  f r e q u e n c y  of  t h e  v a r i o u s  

m a r k e r  c l a s s e s  a m o n g  t he  two s o r t s  of  b a c k c r o s s  p r o -  

g e n i e s ,  a n d  a m o n g  the  F 2 of  a c r o s s  b e t w e e n  t he  two 

l i n e s .  As  a r e s u l t  of  t h e  l i n k e d  q u a n t i t a t i v e  l o c i ,  t h e  o f f -  

s p r i n g  m a r k e r  c l a s s e s  a r e  e x p e c t e d  to d i f f e r  f r o m  one  

a n o t h e r  in  t h e i r  v a l u e  f o r  t he  q u a n t i t a t i v e  t r a i t  ( a l s o  

s h o w n  in  Tab le  1 ) .  We now c o n s i d e r  t h e  s a m p l e  s i z e  t h a t  

would  b e  r e q u i r e d  to d e t e c t  a d i f f e r e n c e ,  5, b e t w e e n t h e  

m a r k e r  c l a s s e s  wi th  Type I e r r o r ,  ~ = 0 . 0 5 ,  a n d  Type 

II e r r o r ,  ~ = 0 . 1 0 .  In m a n y  c a s e s ,  we a r e  i n t e r e s t e d  in 

t h e  d i f f e r e n c e  b e t w e e n  two m a r k e r  c l a s s e s .  Tab le  2 

s h o w s  s o m e  d i f f e r e n c e s  of  i n t e r e s t  and  t he  a p p r o p r i a t e  

Tab le  1. E x p e c t e d  V a l u e  and  F r e q u e n c y  of  M a r k e r  C l a s -  
s e s  a m o n g  B a c k c r o s s  a n d  F s  P r o g e n y  ~ 

Marker class 
Type of 

c r o s s  M1M1 M I M 2  M2M2 

T h e o r y  and  R e s u l t s  

Let A 1 a n d  A 2 d e n o t e  t he  a l l e l e s  a t  t he  l o c u s  a f f e c t i n g  

t h e  q u a n t i t a t i v e  t r a i t .  W i t h i n  e a c h  of  t he  t h r e e  g e n o t y -  

p ic  c l a s s e s ,  A1A1 ,  A 1 A 2 ,  A2A2 ,  the  q u a n t i t a t i v e  c h a -  

r a c t e r ,  X, i s  a s s u m e d  to b e  n o r m a l l y  d i s t r i b u t e d  w i th  

v a r i a n c e  2 and  m e a n s ,  d,  h ,  a n d - d ,  r e s p e c t i v e l y .  At 

t he  m a r k e r  l o c u s  t h e  a l l e l e s  a r e  d e n o t e d  by  M 1 a n d  M2,  

f r e q .  v a l u e  f r e q .  v a l u e  f r e q .  v a l u e  

Backcross 1/2 d 1/2 h 
to line 1 

Backcross 1/2 h 1/2 -d 
to line 2 

F 2 1/4 d 1/2 h 1/4 -d 

1 
d e t a i l s  in  t e x t  
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Tab le  2. V a l u e s ,  A s s o c i a t e d  V a r i a n c e  and  N u m b e r  of  O f f s p r i n g  R e q u i r e d  p e r  E x p e r i m e n t  f o r  s o m e  D i f f e r e n c e s  of  
I n t e r e s t  A c c o r d i n g  to D o m i n a n c e  a t  t h e  Q u a n t i t a t i v e  Locus  ~ 

N u m b e r  of  o f f s p r i n g  r e q u i r e d  a c c o r d i n g  to 
D o m i n a n c e  a t  t he  Q u a n t i t a t i v e  Locus  

- d  d 
C r o s s  D i f f e r e n c e  V a l u e  V a r i a n c e  h = -d  h = T h = 0 h = -~ h=d 

202 
B a c k c r o s s  to  M1M1 - M2M 2 d -  h w 525 934 2100 8400 
l i n e  1 n 

2o 2 
B a c k c r o s s  to M I M  2 - M2M 2 d + h w co 8400 2100 934 
l i n e  2 n 

402 
C o m b i n e d  ( M I M  1 - M1M 2 ) 2d ,n w 2100 2100 2100 2100 
b a c k c r o s s  

+ ( M I M  2 - M2M 2) 

2~ 2 

F 2 M1M 1 - M2M 2 2d n w 1050 1050 1050 1050 

(30 

525 

2100 

1050 

1 
P r o p o r t i o n a t e  e f f e c t  of  q u a n t i t a t i v e  l o c u s  = 0 . 2 8 2 ,  Type I e r r o r  = 0 . 0 5 ,  Type II e r r o r  = 0 . 1 0 ,  o t h e r  d e t a i l s  in  t ex t  

v a r i a n c e s  f o r  t e s t i n g  t h e s e  d i f f e r e n c e s .  Wi th  n > 30 o f f -  

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

s i t u a t i o n  a n d  t h e  a p p r o p r i a t e  t e s t  v a l u e  (k)  s a t i s f y i n g  t he  

e r r o r  r e q u i r e m e n t s  c a n  b e  o b t a i n e d  d i r e c t l y  f r o m  the  

t a b l e  of  o r d i n a t e s  of  the  n o r m a l  c u r v e  by s u m m i n g  x + 

x~ = %. F o r  t he  s p e c i f i e d  ~ and  ~ e r r o r s ,  ~ e q u a l s 3 . 2 4 .  

Thus ,  i f  t he  e x p e c t e d  d i f f e r e n c e  b e t w e e n  t he  two m a r k e r  

c l a s s e s  ( o r  t he  e x p e c t e d  v a l u e  of  t he  c o n t r a s t )  i s  e q u a l  

to 5, t h e n  the  ~ a n d  ~ e r r o r s  wi l l  be  s a t i s f i e d  w h e n  

8 k ( 3 . 2 4 )  2 
= 4, i . e . ,  n = 

k 2 / n  ( 5/Ow ) 2 

w h e r e  o i s  t h e  w i t h i n  m a r k e r  c l a s s  s t a n d a r d  d e v i a t i o n ,  
k ~  2 w 

and  w i s  t he  v a r i a n c e  of  t he  p a r t i c u l a r  d i f f e r e n c e  
n 

(k = 2 o r  4 d e p e n d i n g  on  the  n u m b e r  of m a r k e r  c l a s s e s  

i n v o l v e d )  ( s e e  Tab le  2 ) .  

The n u m b e r  of  o f f s p r i n g  p e r  m a r k e r  c l a s s  (n )  i s  t h u s  

a f u n c t i o n  of  5 /Ow; 8, in  t u r n ,  i s  a f u n c t i o n  of  d and  h .  
2d T h u s ,  n i s  r e l a t e d  to t he  p r o p o r t i o n a t e  e f f e c t ,  D = - - ,  
o 

of  the  q u a n t i t a t i v e  l o c u s  i n v o l v e d .  In t h e  o n e - w a y  b a c k -  

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

g r o u p s ,  so  t he  t o t a l  n u m b e r  of  o f f s p r i n g  r e q u i r e d  i s  2n;  

in  t he  t w o - w a y  b a c k c r o s s  a n d  in  t he  F 2 d e s i g n s ,  t he  t o -  

t a l  n u m b e r  of  o f f s p r i n g  r e q u i r e d  wil l  b e  4n .  ( In  the  F 2 

d e s i g n ,  o f f s p r i n g  h e t e r o z y g o u s  a t  t he  m a r k e r  l o c u s  a r e  

c u s  h a v i n g  a p r o p o r t i o n a t e  e f f e c t ,  D O = 0 .  282.  Such  a l o -  

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

a n c e  equa l  to  1 7~ of t he  t o t a l  p h e n o t y p i c  v a r i a n c e  in  t h e  

F 2 g e n e r a t i o n .  Th i s  s e e m s  a r e a s o n a b l e  m a g n i t u d e  of  

e f f e c t  to l ook  f o r :  i t  i s  h i g h e r  t h a n  t he  v a l u e s  o b t a i n e d  

by  F a l c o n e r  ( 1 9 6 0 ) f r o m  a n  a n a l y s i s  of  s e l e c t i o n  s t u d i e s  

in  t h e  m o u s e  a n d  D r o s o p h i l a ,  bu t  l e s s  t h a n  m a n y  of  t h e  

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

fy ing  t h e  e f f e c t  of  i n d i v i d u a l  q u a n t i t a t i v e  l o c i  ( s e e ,  e . g . ,  

S p i c k e t t  and  Thoday ,  1966 ; Law, 1966 ; W e h r h a h n  a n d  

A l l a r d ,  1965;  C h a i ,  1968;  A 1 - M u r r a n i  and  R o b e r t s ,  

1 9 7 4 ) .  T h u s ,  we a r e  c o n s i d e r i n g  l oc i  f o r  w h i c h  t h e  d i f -  

f e r e n c e  b e t w e e n  a l t e r n a t i v e  h o m o z y g o t e s  (2d  = 0 .  282o w) 

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

s t a n d a r d  d e v i a t i o n ,  i . e . ,  we a r e  c o n s i d e r i n g  l oc i  d e t e r -  

m i n i n g  a d i f f e r e n c e  of  2 0 0 k g .  in  y e a r l y  m i l k  p r o d u c t i o n ,  

5 - 6 k g .  in  14 m o n t h  l i v e w e i g h t  of  b e e f  c a t t l e ,  6 -7  e g g s  

in  a n n u a l  p r o d u c t i o n  of  l a y e r s ,  a n d  30 -40  g r a m s  in  8 -  

week  body  w e i g h t  of b r o i l e r s .  S i n c e  n i s  i n v e r s e l y  p r o -  

p o r t i o n a l  to D 2, o f f s p r i n g  n u m b e r s  r e q u i r e d  to d e t e c t  l o -  

c i  h a v i n g  p r o p o r t i o n a t e  e f f e c t s ,  D, o t h e r  t h a n  D O = 0 . 2 8 2 ,  

c a n  b e  o b t a i n e d  s i m p l y  by  m u l t i p l y i n g  the  v a l u e s  in  Tab le  
2 ( o .  282  ) 

2 b y  , D 

T a b l e  3 s h o w s  t h e  d i f f e r e n c e s  of  i n t e r e s t ,  and  r e -  

q u i r e d  s a m p l e  n u m b e r s  p e r  e x p e r i m e n t  c l a s s  w h e n t h e r e  

i s  fu l l  d o m i n a n c e  f o r  t h e  m a r k e r  l o c u s .  When  t he  d o m i -  

no t  i n c l u d e d  in  t he  f ina l  a n a l y s i s .  ) T a b l e  2 g i v e s  t h e  t o t a l  n a n t  q u a n t i t a t i v e  l o c u s  i s  l i n k e d  to t he  d o m i n a n t  m a r k e r  

n u m b e r  of  o f f s p r i n g  r e q u i r e d  to d e t e c t  a q u a n t i t a t i v e  l o -  l o c u s ,  the  b a c k c r o s s  d e s i g n  i s  m o r e  s e n s i t i v e  t h a n  t he  



M. S o l l e r ,  T. B r o d y  and  A.  G e n i z i :  D e t e c t i o n  of  L inkage  b e t w e e n  M a r k e r  Loci  and  Q u a n t i t a t i v e  Loci  37 

T a b l e  3. V a l u e s ,  A s s o c i a t e d  V a r i a n c e  and  N u m b e r  of  O f f s p r i n g  R e q u i r e d  p e r  E x p e r i m e n t  f o r  s o m e  Di f -  
f e r e n c e s  of  I n t e r e s t ,  w h e n  t h e r e  i s  D o m i n a n c e  a t  t he  M a r k e r  Locus  x 

N u m b e r  of  o f f s p r i n g  r e q u i r e d  a c c o r d i n g  to 
D o m i n a n c e  a t  t he  Q u a n t i t a t i v e  Locus  

- d  d 
C r o s s  D i f f e r e n c e  V a l u e  V a r i a n c e  h = - d  h = -~- h = 0 h = ~ h = d 

2a 2 

Backcross to MIM 2 - M2M 2 d+h w 
l i n e  2 n 

4~ 2 
4 2 w 

F 2 (M~I-) - M2M 2 ~ d  + ~ h  3n 

co 8400 2100 934 525 

6300 2800 1584 1008 700 

P r o p o r t i o n a t e  e f f e c t  of  q u a n t i t a t i v e  l o c u s  = 0 .  282,  Type I e r r o r  = 0 . 0 5 ,  Type II e r r o r  = 0 . 1 0 ,  o t h e r  d e t a i l s  
in  t ex t  

F 2 d e s i g n .  The s i t u a t i o n  i s  reversed in  t he  a b s e n c e  of  

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

l i n k e d  to t h e  d o m i n a n t  m a r k e r  l o c u s .  F o r  b o t h  d e s i g n s ,  

w h e n  h = 0 e x p e r i m e n t s  i n v o l v i n g  a t o t a l  of  2000 o f f -  

s p r i n g  o r  so  would  b e  of  t he  r e q u i r e d  p o w e r .  C o n s i d e r a -  

t i on  of  T a b l e s  2 a n d  3 s h o w s  t h a t  in  m o s t  c a s e s  the  F 2 

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

t he  b a c k c r o s s  d e s i g n ,  so  t h a t  in  p l a n n i n g  s u c h  e x p e r i -  

m e n t s ,  t h e  F 2 d e s i g n  i s  to be  r e c o m m e n d e d .  

In t he  F 2 ,  in  t he  a b s e n c e  of  m a r k e r  d o m i n a n c e ,  t h e r e  

a r e  s i t u a t i o n s  (h ~ 0 ,  d e p e n d i n g  on  h)  when  i n c l u d i n g  t he  

h e t e r o z y g o u s  m a r k e r  c l a s s  in  t he  a n a l y s i s  would  i n -  

c r e a s e  i t s  p o w e r .  In t h i s  c a s e  t h e  n o r m a l - t e s t  i s  no l o n -  

g e r  a p p r o p r i a t e ,  and  a o n e - w a y  a n a l y s i s  of  v a r i a n c e  

b a s e d  on  t h r e e  c l a s s i f i c a t i o n s  would  b e  u s e d .  S i m p l e  

m a n i p u l a t i o n s  of  s t a n d a r d  t e x t b o o k  f o r m u l a e  (Scheff@, 

1959) t h e n  y i e l d  

O (kl 
N= 

( ~/Ow ) 2 

w h e r e ,  

Ck is the non-central parameter for given ~ error and 

error, 

k is the number of marker genotype classes among the 

offspring, 

= Eri(gi )2 = 1/4 (2d2+ h2), 

r i is the frequency of each marker genotype class, 

~i is the deviation of each marker genotype class from 

the mean, and 

N is the total number of offspring over all marker 

genotype classes required for specified power. 

For D = 0.282 and h = 0, d/2 and d, the total numbers 

of offspring required for the desired power are 1248, 

1085 a n d  832,  r e s p e c t i v e l y .  Thus ,  o n c e  h > d / 2 ,  i n -  

c l u d i n g  t he  h e t e r o z y g o u s  m a r k e r  c l a s s  in  the  a n a l y s i s  of  

the  i n t e r c r o s s  d e s i g n  wil l  i n c r e a s e  t he  s e n s i t i v i t y  of  t he  

e x p e r i m e n t .  

E f f e c t  of  R e c o m b i n a t i o n  

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

t h a t  t he  e f f e c t  of  r e c o m b i n a t i o n  i s  to  r e d u c e  t he  e x p e c t e d  

v a l u e  of  t he  c o n t r a s t ,  p r e v i o u s l y  e q u a l  to  5, to ( 1 - 2 r ) 5 .  

H e n c e ,  s a m p l e  s i z e s  f o r  g i v e n  p o w e r  wil l  h a v e  to b e  i n -  

c r e a s e d  by  1 / ( 1 - 2 r )  2. It i s  c l e a r  t h a t ,  o n c e  r i s  g r e a t e r  

t h a n  0 . 1 5 - 0 . 2 0 ,  t he  c h a n c e s  of  d e t e c t i n g  a s i n g l e  l i n k e d  

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

d r o p  p r e c i p i t o u s l y .  If a n u m b e r  of  q u a n t i t a t i v e  l oc i  a r e  

l o c a t e d  in the  v i c i n i t y  of  t he  m a r k e r  l o c u s ,  t he  s i t u a t i o n  

i s  m o r e  c o m p l e x .  

F o r  t h e  a n a l y s i s  of  v a r i a n c e  s i t u a t i o n ,  wi th  t h r e e  

m a r k e r  c l a s s e s ,  i t  c a n  r e a d i l y  b e  s h o w n  t h a t  in  t he  p r e s -  

e n c e  of  r e c o m b i n a t i o n ,  

= 1 / 4 ( 1 - 2 r ) 2 1 2 d 2 +  h 2 ( 1 - 2 r ) 2 ] .  

So in t h i s  c a s e ,  when  r and  h ~ 0 ,  t he  p o w e r  of  the  e x -  

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

t e s t  s i t u a t i o n .  

E f f e c t  of  I n c o m p l e t e  F i x a t i o n  at  t h e  M a r k e r  and  Q u a n t i t a -  

t i v e  Locus  

If  one  o r  b o t h  of  t h e  two l i n e s  to b e  c r o s s e d  a r e  no t  a t  

f i x a t i o n  f o r  a l t e r n a t i v e  a l l e l e s  of  t he  q u a n t i t a t i v e  l o c u s ,  

i t  i s  e v i d e n t  t h a t  t he  d i f f e r e n c e s  b e t w e e n  m a r k e r  g e n o -  

t y p e s  wil l  b e  l e s s  t h a n  in  t h e  s i t u a t i o n  of  c o m p l e t e  f i x a -  

t i o n .  In t h i s  t he  e f f e c t  o f  i n c o m p l e t e  f i x a t i o n  i s  a n a l o -  
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gous to the effect  of r ecombina t ion .  Letting a l l  and a12 

be a l l e l i c  f r equenc ies  in l ine 1, and a21 and a22 the 

a l l e l i c  f r equenc ie s  in l ine 2, it can read i ly  be shownthat  

the va lues  for the va r ious  con t r a s t s  will be reduced  by 

( a l l -  a21) .  Thus, r e q u i r e d  sample  s i ze s  a r e  i n c r e a s e d  

by a fac tor  of 1 / ( a l l -  a21 )2. C lea r ly  it will be difficult  

to detect  l inkage unless  the s t r a in s  involved a re  c lose  to 

f ixation (say a l l ,  a22 ~ 0 .8 )  for  the quant i ta t ive loc i .  

S imi l a r ly ,  if  the two l ines  a r e  not at f ixation for  the m a r k -  

e r  locus ,  t h ree  c l a s s e s  of m a r k e r  genotypes a r e  p r o -  

duced among the backc ros s  of fspr ing .  Letting r o l l ,  m12 

and m21, m22 be a l l e l i c  f r equenc ies  in l ine  1 and l ine  

2 r e s p e c t i v e l y ,  numer i ca l  examples  show that so long as 

r o l l  , m22 , a l l  , a 2 2 ~ 0 . 8 ,  it will be m o r e  eff ic ient  to 

d i s r e g a r d  the minor  m a r k e r  genotype among the back-  

c r o s s  offspr ing and to r e ly  on the ma jo r  genotypes a lone .  

In this  ca se  the va lues  of the r e l evan t  con t r a s t s  a r e  r e -  

duced by approx imate ly  (m 11 - m21 ) ( a l  I - a21 ) '  and 

sample  s i z e s  must  be i n c r e a s e d  accord ing ly .  F u r t h e r -  

m o r e ,  additional of fspr ing of the unused m a r k e r  genotype 

will have to be produced.  Thus, if  r o l l  = 0 .8 ,  and a s -  

suming that only he te rozygous  F 1 offspr ing a r e  used as 

pa ren t s  of the b a c k c r o s s ,  t he re  will be O. 10 of M2M 2 

offspr ing in the b a c k c r o s s  that a r e  not u t i l ized  in the ana-  

l y s i s .  

Once M l l  < 0 .8 ,  it will genera l ly  pay to include the 

M2M 2 offspr ing and c a r r y  out an ana lys i s  of v a r i a n c e .  

It is  c u m b e r s o m e  to wr i te  a comple te ly  genera l  e x p r e s -  

s ion,  but for  the case  a l l  = a22, m l l  = m22, it can 

read i ly  be shown that 

1 ) 2 ( a l l _ a 2 1 ) 2  ~ = ~ ( m l l - m 2 1  

[1 + ( m l l - m 2 1 ) 2 ] ( 1 - 2 r ) 2 1 2 d 2 + h ( 1 - 2 r ) 2 ] .  

Discuss ion  

These r e su l t s  show that e x p e r i m e n t s  of r a the r  modes t  

total s i ze ,  t echnica l ly  quite feas ib le  for  most  e x p e r i -  

mental  and ag r i cu l tu ra l  spec i e s ,  a r e  capable  of de t ec t -  

ing r e l a t i ve ly  smal l  quant i ta t ive  e f fec t s  under ideal con-  

dit ions (no recombina t ion  between m a r k e r  locus  and 

quanti tat ive locus and comple te  fixation of a l t e rna t ive  

a l l e l e s  in the l ines  being c r o s s e d ) .  It is  c l e a r ,  however ,  

that as soon as the l ines  involved move any degree  f rom 

comple te  f ixation,  the power  of the tes t  d e c r e a s e s  v e r y  

rap id ly .  F o r  example ,  in the case  of comple te  f ixation 

and h = O, we have ( f rom Table 2) 2100 offspr ing r e -  

quired for the total experimental size, for the backcross 

design. If all = 0.8 and a21 = 0.I, this rises to 4286 

offspring. If, in addition, roll = m22 = 0.9, 6696 off- 

spring are required, and if we have r = 0.I, the total 

number of offspring required for the desired power rises 

to 10,462. 

Practically speaking, these results mean that expe- 

riments of the sort described are feasible only if the two 

lines differ sufficiently for their marker loci so that it is 

possible to choose parents out of each line for the initial 

cross and the backcross which are homozygous for the 

marker loci under consideration. Furthermore, it will 

be possible to detect only those linked quantitative loci 

for which alternative alleles are close to fixation in the 

two lines. 

The genetic interpretation of quantitative effects de- 

tected in this manner is beyond the scope of this paper. 

McMillan and Robertson (1974) have discussed the dif- 

ficulty of determining whether a quantitative effect as- 

sociated with a particular marker locus is produced by 

a s ingle quant i ta t ive locus ,  o r  by a group of loc i .  In 

some  c a s e s  the physiological  spec i f ic i ty  of the quant i ta-  

t ive  effect  may provide  a clue to i ts  genet ic  a r c h i t e c t u r e .  

Al te rna t ive ly ,  insight  may be provided  by the max imum 

likel ihood p r o c e d u r e s  developed by Stewart  (1969) and 

Els ton and Stewart  ( i973a,  1973b). Genera l ly ,  the ab i l i -  

ty to locate a quantitative locus with respect to its asso- 

ciated marker locus will be limited by the confounding 

of effects due to recombination with those due to incom- 

plete fixation in the inbred lines. 

The laboratory mouse is an obvious candidate for ex- 

periments of this sort, particularly with respect to quan- 

titative behavioral traits. Total genetic map size is quite 

small (Henderson and Edwards, 1968), numerous in- 

bred lines are available, and these can be screened for 

a host of morphological, biochemical and antigenic mark- 

ers (see, e.g., Taylor, 1972). Our own particular in- 

terest lies in the possibility of applying these designs to 

domestic chicken populations. In addition to their econ- 

omic and biological interest, chickens are suitable ma- 

terial for such experiments: inbred lines are available, 

numerous genetic markers have been identified, and a 

variety of quantitative traits are well-defined (including: 

growth rate, body conformation, mature size, egg pro- 

duction and its components, egg size and quality, semen 

quality and quantity, and agonistic and sexual behaviour ). 

Although there are 2n = 78 chromosomes and a total 

genetic map length of ~ 5000 centimorgans, most of the 

genetic information appears to be concentrated in the six 
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l a r g e s t  c h r o m o s o m e  p a i r s  ( P o l l a c k ,  1 9 7 4 ) .  B r i g g s  a n d  

N o r d s k o g  ( 1 9 7 3 ) ,  in  a s t u d y  of  F a y o u m i  • H e a v y  b r e e d  

c r o s s e s ,  s h o w e d  t h a t  s i g n i f i c a n t  e f f e c t s  on  8 - w e e k  body  

w e i g h t ,  a g e  a t  f i r s t  egg ,  a n d  t e n - d a y  egg  p r o d u c t i o n  

c o u l d  b e  a s s i g n e d  to t he  Z s e x  c h r o m o s o m e .  Th i s  i s  t he  

f i f th  l a r g e s t  c h r o m o s o m e  a n d  c o n t a i n s  a l m o s t  10 g of  t he  

t o t a l  g e n o m e  (Ohno ,  1 9 6 7 ) . A l s o ,  t he  k n o w n  m o r p h o l o g i -  

c a l  m a r k e r s  a l l  a p p e a r  to  m a p  in  a f ew l i n k a g e  g r o u p s  

( S o a m e s ,  1 9 7 3 ) .  P o l l a c k  (1974)  h a s  found  a n  a v e r a g e  

t o t a l  c h i a s m a t a  n u m b e r  of  28 f o r  t h e s e  s i x  m a j o r  c h r o -  

m o s o m e  p a i r s .  It would  p r o b a b l y  not  be  f a r  w r o n g  to  

a s s u m e  t h a t  70 g of  t he  g e n e t i c  i n f o r m a t i o n  in  t he  d o -  

m e s t i c  c h i c k e n  i s  i n c l u d e d  in  a t o t a l  m a p  l e n g t h  of  1500 

c e n t i m o r g a n s .  E a c h  m a r k e r  l o c u s  in  p o u l t r y  would  t h u s  

c o v e r  a b o u t  2 g of  t he  g e n o m e ,  so  t h a t  a n  e x p e r i m e n t  

i n v o l v i n g  10 -15  m a r k e r s  would  m o n i t o r  20-307~ of  t he  

g e n o m e .  Th i s  s h o u l d  b e  s u f f i c i e n t  to g ive  a f a i r  n o t i o n  

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

b e  o b t a i n e d  by  t h i s  k i n d  of e x p e r i m e n t .  

The m a i n  t e c h n i c a l  p r o b l e m  in  d e s i g n i n g  s u c h  e x p e r i -  

m e n t s  w i th  p o u l t r y  ( a n d  o t h e r  s p e c i e s  a s  w e l l )  i s  to l o -  

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

in  t h e i r  g e n e  f r e q u e n c i e s  f o r  q u a n t i t a t i v e  l oc i  a n d  f o r  

m a r k e r  l o c i .  C l e a r l y ,  in  d e t e r m i n i n g  t he  f ina l  c h o i c e  of  

s t r a i n s  f o r  c r o s s i n g ,  i t  wi l l  a l w a y s  be  a n  a d v a n t a g e  to 

h a v e  s t r a i n s  t h a t  d i f f e r  in  a m a x i m u m  n u m b e r  of m a r k e r  

l o c i .  F o r  t h e  q u a n t i t a t i v e  l o c i  the  s i t u a t i o n  i s  m o r e  c o m -  

p l e x .  A s  s t r a i n s  d i f f e r  in  m o r e  q u a n t i t a t i v e  l o c i ,  t h e  

c h a n c e s  of  f i nd ing  a q u a n t i t a t i v e  e f f e c t  a s s o c i a t e d  w i th  a 

p a r t i c u l a r  m a r k e r  l o c u s  i n c r e a s e ,  bu t  s o  d o e s  the  l i k e -  

l i h o o d  t h a t  t he  e f f e c t  i t s e l f  wi l l  b e  due  to a b l o c k  of  l i n k e d  

q u a n t i t a t i v e  loc i  r a t h e r  t h a n  a s i n g l e  l o c u s .  N e v e r t h e l e s s ,  

i n  any  t r a d e - o f f  b e t w e e n  t he  p r o b a b i l i t y  of  d e t e c t i n g  a 

q u a n t i t a t i v e  e f f e c t ,  and  p r e c i s i o n  in  i n t e r p r e t i n g  a n  e f -  

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

e x p e r i m e n t s  of  t h i s  s o r t  t he  m a j o r  e m p h a s i s  s h o u l d  b e  

on  m a x i m i z i n g  the  e x p e c t e d  n u m b e r  and  m a g n i t u d e  of  

m a r k e r - a s s o c i a t e d  q u a n t i t a t i v e  e f f e c t s .  The t a s k  of  a -  

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

c o v e r e d ,  i f  any ,  c a n  be  l e f t  to l a t e r  e x p e r i m e n t s .  
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