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S u m m a r y .  M o n o g e n i c  c h a r a c t e r s  m a r k  c h r o m o s o m e  s e c t i o n s  a n d  t h e r e f o r e  a l l o w  e s t i m a t i o n  of  t he  s u b s t i t u t i o n  
e f f e c t s  of  g e n e s  l o c a t e d  in  t h e m  f o r  a q u a n t i t a t i v e  c h a r a c t e r .  F r o m  a s s u m p t i o n s  fo r  h i g h e r  o r g a n i s m s ,  t he  e x -  
p e c t e d  e f f e c t s  of  a q u a n t i t a t i v e  t r a i t  a r e  d e d u c e d .  The d e r i v a t i o n s  a i m  to p r o d u c e  c o m p a r i s o n  v a l u e s  f o r  s u b s e -  
q u e n t  e m p i r i c a l  i n v e s t i g a t i o n s  in  d o m e s t i c  m a m m a l s .  

C h r o m o s o m e  s e c t i o n s  c a n  be  m a r k e d  by  u s e  of  g e n e  

l o c i .  The e f f e c t s  of  t h e s e  s e c t i o n s  a r e  a n a l y s e d ,  a s  

d e s c r i b e d  by  G e l d e r m a n n  ( 1 9 7 5 ) .  Tak ing  i n to  a c c o u n t  

s o m e  c o n d i t i o n s  of  t h e s e  e f f e c t s ,  i t  i s  p o s s i b l e  to c a l -  

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

s o m e s  a n d  a q u a n t i t a t i v e  t r a i t .  

i f  M' is t h e  n u m b e r  of  all QTL's wi th  s u b s t i t u t i o n  e f -  

f e c t s .  

d)  L inkage  b e t w e e n  m a r k e r  l o c u s  a n d  QTL i s  i n t e r -  

r u p t e d  by  c r o s s i n g  o v e r .  T h e r e f o r e ,  o n l y  p a r t s  of  t he  

e f f e c t s  of  QTL a r e  r e c o r d a b l e  a t  a m a r k e r  g e n e  l o c u s .  

The r e l a t i o n  b e t w e e n  S ( i )  and  ~ ( i )  c a n  b e  e x p r e s s e d  

by  

A s s u m e d  c o n d i t i o n s  f o r  e s t i m a t i o n  of  a q u a n t i t a t i v e  

t r a i t  by  g e n e  m a r k e r s  

F o r  t he  r e l a t i o n s  b e t w e e n  g e n e  m a r k e r s  a n d  q u a n t i t a -  

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

s u m e d :  

a )  A p a r e n t  h a s  M' g e n e  loc i  l i n k e d  to c h r o m o s o m e  

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

t e r  in  t he  two h o m o l o g o u s  p a r t s .  T o g e t h e r  w i th  a d i s -  

t i n c t  a l l e l e  f r o m  one  of  t h e s e  m a r k e r  l o c i ,  a n  e x t e n d -  

ed  h o m o l o g o u s  c h r o m o s o m e  s e c t i o n  i s  t r a n s m i t t e d  

f r o m  a p a r e n t  to p r o g e n y .  Th i s  p r o g e n y  p r o d u c e s  a 

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

p a r e d  wi th  p r o g e n y  h a v i n g  t h e  o t h e r  a l l e l e  w i th  a s u b -  

s t i t u t i o n  v a l u e  S ( i ) .  

b )  The e f f e c t s  m e a s u r a b l e  a t  a m a r k e r  g e n e  a r i s e  

f r o m  a g e n e  l o c u s  f o r  t he  q u a n t i t a t i v e  t r a i t  ( q u a n t i t a -  

t i v e  t r a i t  l o c u s  = QTL) w i t h i n  t he  l i n k e d  c h r o m o s o m e  

s e c t i o n .  The s u b s t i t u t i o n  e f f e c t  of  t he  QTL i s  t e r m e d  

~(i). 
c )  Al l  ~ ( i )  in  a g e n o m e  m a k e  up t h e  v a r i a n c e  oG 

of  a m e t r i c  t r a i t  c a u s e d  by  a d d i t i v e  g e n e t i c  e f f e c t s .  

W i t h i n  t he  p r o g e n y  of  a p a r e n t  we o b t a i n :  

M l 

i = l  

(i) 

S ( i )  = co(i) - 2 -  cCi)  �9 c~(i) , (2) 

w h e r e  c ( i )  i s  t he  c r o s s i n g  o v e r  f r e q u e n c y  b e t w e e n  

marker gene i and QTLi. Avariancec(i) �9 (l-c(i))- 

�9 ~(i) 2 remain within a progeny class with the same 

marker allele. From this, inserting S(i) into formu- 

la (I),  we obtain: 

M I 

2 F  
(~G = 

i = l  

M' 

i=1 

s(i) 2 
12( I -2 .c ( i ) ) I  (3) 

1 + c ( i ) .  (1 - c ( i ) ) ' ~ ( i )  ( 4 )  

e) Sometimes the S ( i )  of only one parent can be 

estimated. If father and mother contribute equally to 
2 

variance ~G' both parents cause the same variance 

~'~ in their p r o g e n y :  

2.  O, 2G = ~ (5) 

f )  The S ( i )  h a v e  d i f f e r e n t  v a l u e s  w h i c h  a r e  n o r m a l -  

ly distributed, with ~ as mean and a S as standard de- 

viation. Including a limited sample, the estimated S(i) 

become significant if their values rise above S - r ~S" 

Consideration of the significant S (i) for evaluating a 

metric trait gives: 
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2 
M' r x 

1 2 ( 1 -  2 c ( i ) )  = ~G" e dx (6) 
i=1 ~ - c o  

Thus the  m a x i m a l  s h a r e  r e g i s t e r a b l e  of  c ~  depends  

on the v a l u e s  of  r .  

g)  T r a n s m i s s i o n  of  a h o m o l o g o u s  c h r o m o s o m e  s e c -  

t ion f r o m  a p a r e n t  to a d i s t i n c t  d e s c e n d a n t  i s  r e g i s -  

t e r e d  by t r a c i n g  a m a r k e r  a l l e l e  f r o m  p a r e n t  to p r o -  

geny .  A l l e l e  t r a n s f e r  can  be  i d e n t i f i e d  i f  the  m a r k e r  

g e n o t y p e s  of  the p a r e n t  c o n c e r n e d  a r e  h e t e r o z y g o u s .  M 
V " I  

E v e n  in  th i s  c a s e  the  a l l e l e  t r a n s f e r  i s  not  d i s c e r n i b l e  

fo r  e v e r y  o f f s p r i n g .  The s h a r e  of  p r o v a b l e  t r a n s f e r  fo r  i= l  

a gene  with i n t e r m e d i a t e  o r  c o d o m i n a n t  a l l e l e  e f f e c t s ,  

and unde r  the  h y p o t h e s i s  of  gene t i c  e q u i l i b r i u m ,  i s  o b -  

t a ined  as  f o l l o w s :  

K ( i )  

P ( i )  = ~, [ 2 p ( i , j ) - p ( i , m ) l l - p ( i , j ) - p ( i , m ) } ]  

j < m  (7) 

T h e r e b y ,  

P ( i )  : F r e q u e n c y  of  d e t e c t a b l e  a l l e l e  t r a n s -  

f e r s  f r o m  p a r e n t s  to o f f s p r i n g  

p ( i , j ) , p ( i , m )  : A l l e l e  f r e q u e n c i e s ;  j , m = l , . . . , K ( i )  

K ( i )  : N u m b e r  of  a l l e l e s  of  the  gene  l o c u s  i 

C o n s i d e r a t i o n  of  the  r e c o r d a b l e  p a r t  of  a l l e l e  t r a n s -  

f e r s  i s  n e c e s s a r y  i f  the  a v e r a g e  e s t i m a t i o n  fo r  a s i n -  

g le  d e s c e n d a n t  i s  to be  c a l c u l a t e d .  By o b s e r v i n g  m e t -  

r i c  t r a i t s  wi th in  s a m p l e s  of  a n i m a l s  the  r e c o r d a b l e  

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

e x p r e s s i o n  above  P ( i )  e q u a l s  1. 

h)  To e s t a b l i s h  p h e n o t y p e s  wi th  m o n o g e n i c  i n h e r i -  

t a n c e ,  s p e c i a l  c r i t e r i a  of  p r o t e i n s  o r  e n z y m e s  a r e  

of ten  used �9  M o l e c u l e s  a r e  s e l e c t e d  which a p p e a r  c o n -  

t i nuous ly  in l a r g e  a m o u n t s  du r ing  a l m o s t  the  whole  M 
pos tna t a l  d e v e l o p m e n t  of  the  a n i m a l s .  In s e l e c t i n g  the  V 

/ , 
m a c r o m o l e c u l a r  s u b s t a n c e s ,  i t  i s  p o s s i b l e  to t ake  i n -  i= l  

to c o n s i d e r a t i o n  t h o s e  c r i t e r i a  c o n c e r n e d  with  the  m e -  

t a b o l i s m  of  the quan t i t a t i ve  c h a r a c t e r ,  o r  t h o s e  which 

have  been  p r o v e d  to e x e r c i s e  o t h e r  i n f l u e n c e s  on the  

quan t i t a t i ve  c h a r a c t e r  ( R e v i e w s  s .  H a r r i s  1971, M a -  

tou~ek 1970, M c K u s i c k  and C h a s e  1973, M i t s c h e r l i c h  

1965)�9 T h e r e f o r e ,  i t  i s  p o s s i b l e  that  the  s e l e c t e d  g e n e s  

a f fec t  a p o l y g e n i c  c h a r a c t e r  to a l a r g e r  ex t en t  than  the  

a v e r a g e  of  the  r e m a i n i n g  gene  l o c i .  

A d i r e c t  i n f l u e n c e  of  a m o n e g e n i c  t r a i t  on a m e t r i c  

c h a r a c t e r  a l l o w s  an a s s e s s m e n t  of  e f f e c t s  in a l l  c a s e s  

w h e r e  the  pheno type  of  that  m o n o g e n i c  t r a i t  i s  known 

fo r  an ind iv idua l  ; t h e r e b y  the  v a l u e  of  P ( i )  i n c r e a s e s  

to 1. M o r e o v e r  no c r o s s i n g  o v e r  o c c u r s ,  so  that  c ( i )  

becomes 0. 

i) In general not all chromosome sections with 

substitution effects can be marked. If the marked 

chromosome sections are representative for the non- 

marked sections, i.e. they have the same distribu- 

tion of the S(i), formula (3)extends to 

S ( i )  ]2 M 2 l 2 ( 1 - 2 0 ( i ) )  J = ~ - . r ' a G ,  (8) 

where 

M: Number of marked chromosome sections with a 

v a l u e  of  S ( i )  J 0.  

Expected relations between number of marker genes 

and estimable variance of a quantitative trait 

From the conditions mentioned follow relations be- 

tween the number of marked chromosome sections 

and the estimated genetic additive variance of a met- 

ric t r a i t � 9  If m a r k e r  g e n e s  with S ( i )  > 5 +  r . ~  S a r e  

c o n s i d e r e d  we can  e x p r e s s  

M r -x 2 

~ ,  1 [ S ( i ) ] 2  2 M E  l f e 2  
i = l  P---('~ " 2 ( 1 - 2 c ( i ) )  = CG" 2M' ~ - c o  

with  

E : N u m b e r  of  p a r e n t s  p e r  o f f s p r i n g  i nc luded  in the  

e s t i m a t i o n s ;  E = 1 o r  2. 

When P ( i )  and c ( i )  a r e  u s e d  wi thout  s u b s c r i p t s  

a t r a n s f o r m e d  equa t ion  r e s u l t s :  

o2  MPE- [ 2 ( 1 - 2 o ) 3  2 S ( i )  2 

2 
r -x 

�9 e dx 

-(DO 

1 

(lO) 

dx 

Ifweinsert c = 0.I, P = 0.3, r = I, and M' = 10 

into this formula, the graphically represented function 

for number of marker genes can be obtained, as in 

Fig. 1. Assuming known marker genes for all 10 re- 

levant chromosome sections, but varying values of c 

and P, leads to the graph in Fig.2. 
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F i g .  1. E s t i m a b l e  p a r t  of  g e n e t i c a l  a d d i t i v e  v a r i a n c e  
a s  f u n c t i o n  of  m a r k e r  g e n e  n u m b e r  
(1)  F u n c t i o n  f o r  a s a m p l e  of  a n i m a l s  and  E e q u a l  2 
(2 )  F u n c t i o n  f o r  a s a m p l e  of  a n i m a l s  a n d  E e q u a l  1 
(3 )  F u n c t i o n  f o r  o n e  d e s c e n d a n t  and  E e q u a l  2 
(4)  F u n c t i o n  f o r  o n e  d e s c e n d a n t  a n d  E e q u a l  1. 
F u r t h e r  a s s u m p t i o n s  a r e  e x p l a i n e d  in  t e x t  

D i s c u s s i o n  

The d e r i v a t i o n  s t a r t e d  f r o m  the  a s s u m p t i o n  t h a t  m a n y  

t r a i t s  wi th  a l l e l i c  f o r m s  c a n  b e  found  w h i c h  a r e  

t r a c e a b l e  by  o b s e r v i n g  t h e i r  t r a n s m i s s i o n .  P h e n o t y p e s  

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

in  " p r i m a r y "  g e n e  p r o d u c t s  s u c h  a s  s o l u b l e  p r o t e i n s  

o r  e n z y m e s  ( R e v i e w  s .  Lewon t in  1 9 7 3 ) .  

If  t he  a l l e l e s  of  two o r  s e v e r a l  g e n e s  a r e  c o n s i d -  

e r e d  s i m u l t a n e o u s l y ,  p a r e n t - o f f s p r i n g  s t u d i e s  g ive  

i n f o r m a t i o n  a b o u t  t he  l o c a l i t y  of  t h e  g e n e s  in  t he  

c h r o m o s o m e s .  The f r e q u e n c y  of  c r o s s i n g  o v e r  b e t w e e n  

two g e n e s  s e r v e s  a s  a un i t  of  the  d i s t a n c e  of  t he  loc i  

( R e n w i c h  1971,  W e i t k a m p  e t  a l .  1 9 7 1 ) .  In m a n  a n d  

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

m a m m a l s ,  t he  c r o s s i n g  o v e r  r a t i o  p e r  c h r o m o s o m e  

i s  e s t i m a t e d  to b e  b e t w e e n  50 a n d  150.  The o c c u r -  

r e n c e  of  c r o s s i n g  o v e r  d e p e n d s  on  t he  c h r o m o s o m e  

r e g i o n s  ( B r i d g e s  1935,  W h i t e h o u s e  1 9 6 9 ) ,  on  g e n e s  

( C h i n n i c i  1971a  and  b ,  P a n d e y  1972,  V a l e n t i n  1973a 

a n d  b ) ,  on  s e x  ( R e n w i c h  1971,  W e i t k a m p  e t  a l . ,  1971,  

1 9 7 3 ) ,  on  a g e  ( H e n d e r s o n  a n d  E d w a r d s  1968)  and  on  

o t h e r  i n f l u e n c e s  ( B o d m e r  a n d  P a r s o n s  1 9 6 2 ) .  L e v i -  

t a n  ( 1 9 7 3 a  and  b )  i n f e r r e d  t h a t  t h e r e  a r e  s e l e c t i v e  a d -  

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

Fig. 2. Estimable part of genetical additive variance 
as function of recordable allele transfers and cross- 
ing over between marker genes and genes for the me- 
tric trait. Assumptions are explained in text 

in a chromosome. The combinations are forced by 

minimizing recombination pressure on the one hand, 

and by favouring certain allele arrangements on a 

chromatidon the other hand. The relations of several 

loci within a chromatid were reviewed by Lewontin 

(1973). The stated influences on the recombination 

processes can be useful for the assessment of quan- 

titative character by gene markers. 

Further advantages emerge if few chromosome 

sections exert substitution effects on a certain metric 

character. Estimations of the numbers of gene loci 

participating in the continuous variation of a metric 

character in higher organisms show (Reviews s. Bed- 

mar and Parsons 1962, and Stewart 1969) that there 

are probably very few genes with greater effects 

( "oligogenes"), but many genes with smaller effects 

("modifier genes"). This means that a small share of 

the chromosome sections can be assumed to have 

stronger relations to a quantitative character, lead- 

ing to a reduced number of selected marker genes 

for assessing a fixed genetically determined vari- 

ance of a quantitative trait (Figs. 1 and 2). 

Restrictions on the estimation of metric traits with 

marked chromosome sections originate in the limited 
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p a r t s  of  d e t e c t a b l e  a l l e l e  t r a n s m i s s i o n  f r o m  p a r e n t s  

to o f f s p r i n g .  T h e s e  p a r t s  b e c o m e  s m a l l e r  when  f e w e r  

a l l e l e s  of  a m a r k e r  g e n e  c a n  be  d i f f e r e n t i a t e d  a n d  

h i g h e r  w h e n  t he  f r e q u e n c y  of  one  a l l e l e  i n c r e a s e s .  

W i t h i n  a s a m p l e  t he  r a t i o  of  r e c o g n i z a b l e  a l l e l e  t r a n s -  

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

a r e  a v a i l a b l e  f o r  t he  e s t i m a t i o n  of  t he  s u b s t i t u t i o n s  

S ( i ) .  Bu t  f o r  the  e v a l u a t i o n  of  a l l e l e  t r a n s m i s s i o n  

f r o m  a p a r e n t  to  a p a r t i c u l a r  d e s c e n d a n t  t he  f r a c t i o n  

g i v e s  the  f r e q u e n c y  of  u s e a b l e  m a r k e r  g e n e s .  To r e -  

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

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

s e n t e d  a s  f a r  a s  p o s s i b l e .  It i s  a l s o  d e s i r a b l e  to m a r k  

i m p o r t a n t  c h r o m o s o m e  s e c t i o n  w i th  m o r e  t h a n  one  

g e n e  l o c u s .  

The r e s t r i c t i o n s  on  t he  i d e n t i f i c a t i o n  of  a l l e l e  t r a n s -  

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

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

t i o n s  in  the  d e v e l o p m e n t  of  a q u a n t i t a t i v e  t r a i t .  T h e r e -  

f o r e ,  e f f o r t s  s h o u l d  be  m a d e  to f ind  g e n e s  wi th  d i r e c t  

e f f e c t s  on  t he  q u a n t i t a t i v e  t r a i t  c o n c e r n e d  i f  e s t i m a -  

t i on  of  s i n g l e  d e s c e n d a n t s  i s  d e s i r e d .  In a n i m a l  p o p -  

u l a t i o n s ,  g e n e s  wi th  d i r e c t  e f f e c t s  a r e  r e l a t i v e l y  d i f -  

f i cu l t  to d e t e c t ,  so  one  of  the  a i m s  of  the  m a r k e r  g e n e  

m e t h o d  c a n  be  to o f f e r  i n f o r m a t i o n  f o r  s u c h  s t u d i e s .  

To v e r i f y  w h e t h e r  q u a n t i t a t i v e  c h a r a c t e r s  c a n  be  

e x p l o r e d  in  a n i m a l s  of  e x i s t i n g  p o p u l a t i o n s  by  u s i n g  

gene  m a r k e r s  n e e d s  s e v e r a l  i n v e s t i g a t i o n s  b a s e d  on  

e m p i r i c a l  d a t a .  An e v a l u a t i o n  m a d e  wi th  d o m e s t i c  

c a t t l e  wi l l  b e  p r e s e n t e d  in  t he  t h i r d  p a r t  of  t h i s  p a p e r .  
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