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Summary. General expressions are established for means, variances and covariances, taking into account the 
effect of interactions between individuals. For simplicity, only groups of size two are considered so that in- 
teractions are restricted to pairs of individuals ; genetic effects are reduced to additivity and to additive • ad- 
ditive interaction between the direct effect of an allele and the associate effect of another. The effect of fam- 
ily structure is studied, and some consequences of interest to plant breeding are discussed by an application 
to general combining ability selection. From a population genetic point of view, this approach reveals a new 
application of coefficients of kinship. 

Introduction 

In classical plant breeding theory, it is assumed that 

individuals do not interact. Many experiments show 

that such an assumption is unrealistic and untenable. 

Griffing (1967) has proposed a model which takes in- 

to account the interactions between genotypes of unor- 

dered groups. He has considered the effect of inter- 

actions in the case of individual selection and of group 

selection in terms of parent-offspring covariances 

( 1968). He has not, however, considered the effect of 

interaction on other types of selection, such as gene- 

ral combining ability, half-sib and full-sib family sel- 

ection. To approach this problem, we give expressions 

of the means of different types of family and of the co- 

variances between relatives according to their repar- 

tition in different unordered groups. An application is 

made to general combining ability selection. We res- 

trict the development to groups of size two. 

The Model 

We use Griffing's (1967) model for unordered groups, 

with the same notation. Considering a group of size 

two (ilJl, i2J2), the genotype to be evaluated will be 

called "direct", and the other" associate", so the genes 

can also be direct or associate. Restricting, for sim- 

plicity, the interactions between genes to the first or- 

der, without dominance and epistasis, the genotypic 

valueilJlYi2J2 of ilJ I can be partitioned as: 

+ + d a ( ~ a ) i l i 2  i l J lYi2J2 = I~R + d~i 1 daJl  a~ + ~ + + a J2 

da(~O~)ilJ2 + d a ( ~ ) J l i 2  + d a ( a a ) j l J 2  

~R is the general mean of the population in random 

mating equilibrium and with a random distribution of 

genotypes among the groups. 

dai I = EPilPi2PJ2 ilJlYi2J2 - ~R: direct additive ef- 

fect of allele i l, 

�9 - ~R: associate additive 
aai2 = EPilPjlPJ2 ilJlYi2J2 

effect of allele i 2 as measured on genotype ilJl, 

da (aa)i ii2 = additive • additive interaction between 

direct allele i I and associate allele i 2 . 

There is an analogy between the parameter da(~C~) 

and the parameter of dominance: both are first order 

interactions between genes at the same locus. 

The parameters d~,aa,da(~a) are defined in refer- 

ence to the population in random mating equilibrium 

and with a random distribution of individuals. So, using 

the symbol E for expectation: 

E ( d a i l )  = E ( a a i 2 )  = 0 
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Ei2 {da(C~a)ili 2 } = Ei l  {da(Oml)ili 2 } = 0 (Ei l  being 

E with i I given).  

Some experimental results show that direct X asso- 

ciate interactions can be reduced to a linear function 

of associate effect (Jacquard 1970, Breese 1973). We 

do not consider here the consequences of such decom- 

position which could be useful in further developments. 

Effect on the Mean of a Population of the Repartition of 

Genotypes 

When individuals are distributed according to a family 

structure, there are interactions between relatives 

which lead to interactions of an allele i with itself as 
I 

expressed in two related individuals. We consider that 

a family is represented by an infinite number of groups 

(of size two) in which the related genotypes are ran- 

domly distributed. The probability of 2 alleles identi- 

cal by descent occurring one in a direct genotype and 

the other in an associate genotype will be the coeffi- 

cient of kinship (Mal~cot 1948) of these two genotypes. 

We denote itda%0 (i.i). Thus, we can write: 

E t da(C~)il l  2. } =[ 1 - da~P(i.i)] ECl  {da(~Ct)ili2 } + 

da~ ( i ' i )  EC 2 { da(Cr 2 } 

( ) is the expectation in the situation where 
EC I EC 2 

i I and i 2 are not (are for EC2) identical by descent .  

Since in condition C2, i I = i 2, we replace i I and i2bY 

i, and we write: 

~F = I~R + 4(n - l)da<P(i.i)E { da(a~)ii } + 

2(n - l)(n - 2)aa~(i.i)E { aa(Ol~)ii } 

aa~(i.i) is the probability of two alleles, taken one 

from each of two associate zygotes, being identical 

by descent. 

For half-sib and full-sib families, we have respec- 

tively: 

da~(i . i )  = aa~( i . i )  = 1/8, da~( i . i )  = aa~O(i.i) = 1/4 , 

and such coefficients are zero with random distribution 

of individuals. 

Covariances between Competing Arbitrary Relatives 

As introduced by Gritting (1967), selection can be at 

the individual or at the group level. However, the res- 

ponse to selection is evaluated at the group level so, 

to predict the genetic advance according to the selec- 

tion procedure, we have to consider two types of co- 

variance: covariances between direct individuals and 

their related groups; and covariances between groups. 

Both types can be studied by the consideration of co- 

variances between two random zygotes taken one from 

each of two different groups. We use a general method 

already developed by Gillois ( 1964 ), Bouffette (1966) 

and Gallais (1970, 1974). For the sake of simplicity, 

the genetic effects and the size of the groups will be 

restricted, as in the first part of this study. Our aim 

is only to show the general method of derivation of the 

covariance formula. 

CoV(Zl,Zj) : E (G I - PR ) (GJ - ~R ) - 

E (G I - ~R ) E(Gj - ~R ) 

E {da(aCr } = datO(i-i)E {da(Ctct)ii } 

and the mean ~F will be: 

~F = ~R + 4 da%O(i.i) E da(C~a)ii } . (i) 

E (G I - ~R ) (GJ - ~R 

4E ( d~d ~' ) + 4E ( a~a~ 

8[E{ a~da(~C~)' } + E 

can be written: 

) +4[E (a~d~') + E (d~a~')]+ 

a,'_ (~) } ] + 
a cla 

With a group of size n > 2, restricting interactionsbe- 

tween two individuals, we must also consider associ- 

ate • associate interactions. In this case: 

8[E{d~da(~)' } +E{ d da(~)l] + 

16 [ E { ad(~)ad(~) ' } ] 
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A p r i m e  denotes  p a r a m e t e r s  involving genes  f r o m  

J ; p a r a m e t e r s  without a p r i m e  involve genes  f r o m  I .  

We have  to compute  each  expec ta t ion  applying the the -  

o r e m  of condi t ional  expec t a t i ons .  Thus: 

E ( d  d ~ ~ ' )  : [1  - d d ~ ( i l i ) ] E C l ( d ~ i d ~  i )  + 

d d ~ ( i [ i ) E ( d a ~ )  : d d q ~ ( i i i ) E ( d  ~2) (2) 

E(auaU' ) = [i - u u ~ ( i i i ) ] E C l ( a ~ i a ~  i )  + 

a a C P ( i ; i ) E ( a ~ )  = a a t P ( i l i ) E ( a  ic~2) (3) 

E(a~d~' ) = E  a~'~)a =daCP( i [ i )E(a~ id r  ) (4) 

whe re  the xy~(i[ j) r e p r e s e n t  coef f ic ien ts  of k inship ,  

i .  e . ,  the p robab i l i t y  of two a l l e les  ident ical  by descen t  

(i = j ) ,  i f r o m  the zygote  x of one g r o u p ,  j f r o m  the 

zygote  y of ano the r  g roup ,  x and y being e i the r  a s s o -  

c ia te  (a )  o r  d i r ec t  (d)~ S imi l a r l y :  

E l d ~ d a ( ~  ' )  } : E {  a'~'da(C~u) } : 

d.d2(i[ i . i )  E { d~i da(~a) i  i } (51 

E{ aC~da (~ ' )  } : E i d a ' d a ( a a )  } = 

a.da~~ i . i )  E {a~i da(aC~)i i } (6) 

where  q~(ii i . i )  is the p robab i l i ty  of t h r e e  genes  iden-  

t i ca l  by descen t  taken one f rom each of t h r ee  zygo tes  

I , J , K ,  I being a d i rec t  o r  a s s o c i a t e  zygote  of one 

g roup ,  J and K r e s p e c t i v e l y  d i rec t  and a s s o c i a t e  zy-  

gotes  of another. The expectations are zero for all 

other states of identity of the three genes. When four 

genes are involved 

E{da(~)da(~C~) '}  = d a . d a ~ O ( i - j ' i - j ) E { d a ( ~ ) 2 i j ]  + 

da.  d a ~ ( i . i  I j . j  )E I d a ( ~ ) i i  d a ( ~ ) j j  } + 

da .daq~( i - i ] i - i )E [da (aC~)2 i i }  + 

da .  da~O (i . j ] j  . i  )E t d a ( ~  )ij da (eg) j i  } (7) 

( i . j [  i . j ) ,  ( i . i  I j . j ) ,  ( i . i  I i . i ) ,  ( i . j l  j . i )  r e p r e s e n t  the 

s i tua t ions  which lead to a n o n - z e r o  a s s o c i a t e d  e x p e c -  
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ta t ion .  The notat ion ( i . j l  k . l )  c o n c e r n s  genes  i and k 

f r o m  di f ferent  d i r ec t  zygotes  I and K, and genes  j, 1 

f r o m  the i r  r e s p e c t i v e  a s s o c i a t e s  K and L. This s e p a -  

r a t e s  genes  f r o m  dif ferent  zygotes  of the s a m e  g roup .  

r ) is  the a s s o c i a t e  p robab i l i t y .  Using the e x p r e s -  

s ions  2 to 7 and those  of the c o r r e c t i o n  f ac to r  which 

r e su l t  f r o m  the e x p r e s s i o n  of the mean  ( 1 ),  we de r i ve  

the c o v a r i a n c e  f o r m u l a  given in appendix 1. 

As an appl ica t ion ,  Table 1 g ives  the va lues  of the 

coef f ic ien ts  of kinship fo r  c o v a r i a n c e s  be tween indivi -  

duals  d i s t r ibu ted  in g roups  of half  s ib  and full s ib  

f a m i l i e s .  Such c o v a r i a n c e s  a r e ,  r e s p e c t i v e l y ,  the 

v a r i a n c e s  between half  s ib  and independent  full s ib  f a m -  

i l i e s ,  with a f ami ly  d is t r ibu t ion  of indiv iduals .  

Table 1. Values  of coef f ic ien ts  of kinship appea r ing  in 
the e x p r e s s i o n  of c o v a r i a n c e s  be tween  half  s ib and full 
s ib f a m i l i e s ,  with a f ami ly  d is t r ibu t ion  of individuals  
and in t e rac t ions  be tween genes  r e s t r i c t e d  to the f i r s t  
o r d e r  without dominance  and e p i s t a s i s  

Coeff icient  Half  s ib  Ful l  s ib  

dd~( i ] i )  = da~(il  i)  = aa~P(ili) 1/8 1/4 

d .da~0( i [ i . i )  = d . d a ~ ( i ! i . i )  1/32 1/16 
�9 ( i . j [  i . j )  1/128 3/64 

d a . d a . ~ .  ' 1/128 3/64 da .daWtl ,  jl j . i )  
da.da~(i.ii j.j) 1/128 3/64 

da.  daq~(i .il i . i )  1/128 1/64 

If individuals  a r e  r andomly  d i s t r ibu ted  among  the 

g roups  the c o v a r i a n c e  f o r m u l a  is  r educed  to:  

() 4ddCP(ir i)E dC~i + 4aa~(il i)E 2 a i + 

8daq~(i ! i)E (dC~i aC~i) 

because 

d.da (1]i.i) a.daCP(lli.i) da.da~(i.jli.j) = 

da .da~0( i . j ! j . i )  = da.daCP(i.il j . j )  = d a . d a ~ ~  = 

~ ( i . i )  : 0 

and fo r  the p a r t i c u l a r  c a s e  of p a r e n t - o f f s p r i n g  r e l a -  

t ionship  as  

ddq~(i] i) : 1 /4 ,  aaCP(ii i) : 0 

cov PO = E i 

we find the r e su l t  given by Gri f f ing  (1967) .  

daCP(iii) : 1 /8 ,  

+ E ( d q i  a~ i )  , 
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The variance can be deduced directly from covar- 

iance by equating zygotes I and J in the formula. Coef- 

ficients ~P(I ) thus become coefficients of relationship 

of an individual with itself. It is clear that the total 

genotypic variance will also depend on the family re- 

partition. 

genes i and j, respectively, from zygotes I and J of 

one group, and genes k and I from zygotes K and L 

of another. 

It can be verified that the consideration of relations 

(8) in (9) leads to the covariance formula given in 

appendix I, with the conditions that 

Case of Covariances between Related Groups 

Two groups I and J will be related if one or several 

members of group I are related to one or several mem- 

bers of group J. Covariances between related groups 

are necessary for the study of group selection intro- 

duced by Gritting (1967). Clearly, if the value of a 

group is evaluated by the average of the values of its 

members, the covariance between two groups will be 

equal to the covariance between two random members 

taken one from each group. However a direct approach 

to the covariance between groups lead to a reduction of 

the number of parameters. Indeed the performance of 

a group (ij,kl) of size two can be written with our 

simplifying restrictions : 

2Yij,k I ' , , = 2~R + ~i + C~j + c~ k + ~ + (c~'ol')ik + 

(~'~)il + (ff '~ ' ' ')jl )jk + (~ 'a 

�9 (il i) = d . d  ~~ i ) '  = a - a  ~~ = d - a  ~ ( i l i )  

~(i . j i i . j )  = 2da.da%~ = 2da.da<P(i.ji j . i) 

~ ( i l i . i )  = d . d a ~ ( i l i . i )  = a . d a e ( i l i . i )  

~ ( i . i l i . i  ) _- d a . d a V ( i . i l i . i ) ,  ~ ( i - i l J - J )  - -da .da~0( i - i l j - J )  

Indeed, there are such relations between the two 

kinds of coefficients. With a random distribution of in- 

dividuals among the groups, 

~p(i.i) = ~ ( i l i . i )  = 9 ( i . j l i .  j )  = ~ ( i . i l i . i )  = ~0(i.il j .  j ) =0,  

so the  c o v a r i a n c e  is  r e d u c e d  to : 4~(i  l i )E (a l )  2 which 

is  a lw ays  p o s i t i v e .  This  a a g e n e r a l i z a t i o n  of  G r i f -  

r ing's  r e s u l t s .  

I -- 
w i t h  ~i dai + a~i 

and (~ '~ ' ) ik  = da(~c~)ik + da(~a)ki 

(s) 

Using as above the properties of conditional expecta- 

tions, it gives for the covariance: 

4~( i  l i ) E  ( a~ )2+  8~( i  l i . i ) E  { ~ ( ~ ' G ' ) i i }  + 

4 ~ ( i . j l i . j ) E ( ~ ' a ' ) 2  + 4~p(i i l i . i ) E ( ~ ' a ' ) ? i  + ij 

4 [ ~o(i.i I j . j) - ~i(i.i)%oj(i.i)] [E(~'c~')ii ]2 

(9) 

Within a group, a genotype is at the same time di- 

rect and associate, so subscripts for ~(I ) are not ne- 

cessary. As above, the notation (i.jl k.l) concerns 

Some Consequences of Interest to Plant Breeding" Ap- 

plication to General Combining Ability Selection 

It is not the aim of this paper to give all implications 

of competition in plant breeding theory. Gritting ( 1967- 

1968) has considered the case of phenotypic (mass) 

selection with a random distribution of individuals. We 

only want to give here, as an example, the effect of 

interactions between individuals on the meaning of the 

combining abilities and on selection based on general 

combining ability. 

1. Interpretation of the combining abilities 

We consider mainly the case of the general combining 

ability (GCA). The GCA of a genotype with genes (i,j) 

can be evaluated according to four methods: 

Ist method: the half sib progenies are mixed and the 

individuals randomly distributed among the groups. The 
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G C A  of  a p a r e n t  i j i s  t h e  e x p e c t e d  v a l u e  o f i t s  h a l f  s i b  

p r o g e n y :  

= ~R + 1 / 2  ( d~i + d~j) ( 1 0 )  g l  

b e c a u s e  a l l  o t h e r  e f f e c t s  h a v e  a z e r o  e x p e c t a t i o n  ( t h e y  

i n v o l v e d  g e n e s  no t  r e l a t e d  to  i and  j ) .  

2nd  m e t h o d :  w i t h  t h e  s a m e  r e p a r t i t i o n  a s  in  t h e  1s t  

m e t h o d ,  t h e  G C A  i s  e v a l u a t e d  a s  t h e  e x p e c t a t i o n  of  

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

g2 = ~XR + I /2  ( d~i + d~j + a~i + a~j ) : 

2.  G e n e t i c  a d v a n c e  a c c o r d i n g  to  t h e  m e t h o d  of  e v a l u a -  

t i o n  of  GCA 

W e  h a v e  s h o w n  a b o v e  t h e  i n f l u e n c e  of  t h e  e x p e r i m e n t a l  

s t r u c t u r e  o n  t h e  e s t i m a t i o n  of  G C A .  T h i s  w i l l  d e t e r -  

m i n e  t h e  e x p e c t e d  g e n e t i c  a d v a n c e .  W h a t e v e r  t h e  m e -  

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

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

v i d u a l s  a m o n g  t h e  g r o u p s .  W e  w i s h  to p r e d i c t  t h e  e x -  

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

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

d i v i d u a l  w i t h  g e n o t y p e  i j  w i l l  b e :  

g l  + 1 / 2 ( a ~ i  + ac~j) (11) 
g2 = ~R + 1 / 2  ( dC~i + d~j  + a0ti + a~j  ) 

3 r d  m e t h o d :  t h e  h a l f - s i b  f a m i l i e s  a r e  e v a l u a t e d  in  

g r o u p s  w i t h  i n d i v i d u a l s  of  t h e  s a m e  f a m i l y  ( " p u r e  s t a n d "  

t e s t )  

g3 :g2  + 1/4 [ da(C~)ij + d a ( ~ )  ji + da(~C~)ii + da(~a) jj ] 

(12) 

4 th  m e t h o d :  t h e  i n d i v i d u a l s  i n  a g r o u p  a r e  f u l l - s i b .  

In  t h i s  c a s e  i t  c a n  b e  s h o w n  ( s e e  a p p e n d i x  2)  t h a t :  

g4 : g3 + 1 / 2 E  ( d a ( ~ r  (13) 

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

m i n a n c e  a n d  w i t h  i n t e r a c t i o n s  b e t w e e n  g e n e s  r e s t r i c t e d  

to  t h e  f i r s t  o r d e r .  L i f t i ng  t h e s e  r e s t r i c t i o n s  l e a d s  to  a 

s i m i l a r  r e s u l t .  E q u a t i o n  (13 )  in  p a r t i c u l a r  s h o w s  t h a t  

t h e  v a r i a n c e  of  G C A  wi l l  b e  t h e  s a m e  f o r  t h e  l a s t  two  

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

The  s a m e  a p p r o a c h  c a n  b e  d e v e l o p e d  f o r  t h e  s p e c i -  

f i c  c o m b i n i n g  a b i l i t y ,  ( S C A )  c o n s i d e r i n g  t h e  e x p e c t a -  

t i o n  of  fu l l  s i b  f a m i l i e s .  A l l  i n d i v i d u a l s  c a n b e  r a n d o m -  

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

t h e  fu l l  s i b  f a m i l y  c a n  b e  e v a l u a t e d  a s  t h e  e x p e c t a t i o n  

of  t h e  v a l u e  of  i t s  m e m b e r s  w i t h i n  a g r o u p  ( 1 s t  m e t h o d ) ,  

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

d i v i d u a l  of  t h e  s a m e  fu l l  s i b  f a m i l y  ( 2 n d  m e t h o d ) .  In a 

3 r d  m e t h o d  ( t h e  o n l y  o n e  u s e d  b y  t h e  p l a n t  b r e e d e r  u n -  

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

w i t h  i n d i v i d u a l s  of  t h e  s a m e  f u l l - s i b  f a m i l y  ( " p u r e  s t a n d "  

t e s t ) .  In  t h i s  c a s e ,  i n t e r a c t i o n s  b e t w e e n  g e n e s  in  d i f -  

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

c i f i c  c o m b i n i n g  a b i l i t y  in  t h e  a b s e n c e  of  d o m i n a n c e .  

By  s e l e c t i o n  on  o n e  s e x  o n l y ,  t h e  e x p e c t e d  g e n e t i c  a d -  

v a n c e  f o r  a g i v e n  m e t h o d  of  e v a l u a t i o n  i ,  w i l l  b e :  

coy gig 2 
AG. : S - -  ( 1 4 )  

1 v a r  gi  

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

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

t h e  m e t h o d  of  e v a l u a t i o n  i .  T a b l e  2 g i v e s  t h e  e x p r e s s i o n  

of  c o v  g ig  2 a n d  in  a p p e n d i x  3 a r e  t h e  v a l u e s  of  t h e  a s -  

s o c i a t e d  c o e f f i c i e n t s  �9 f o r  s u c h  e o v a r i a n c e s  b e t w e e n  

h a l f - s i b s .  It a p p e a r s  t h a t  o n l y  m e t h o d  2 c a n  a s s u r e  a 

p o s i t i v e  a d v a n c e .  In G r i f f i n g '  s t e r m i n o l o g y ,  m e t h o d  2 

i s  a g r o u p  s e l e c t i o n  m e t h o d .  M e t h o d  1 c a n  l e a d  to no  

d~i  ) i s  n e -  c h a n g e  o r  to  a n e g a t i v e  c h a n g e  w h e n  E ( a0t i E ( d ~ ;  

g a t i v e  a n d  g r e a t e r  in  a b s o l u t e  v a l u e  t h a n  ). 

I n d e e d ,  e x p e r i m e n t a l  r e s u l t s  s h o w  t h a t  a t  t h e  g e n o t y p i e  

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

f e c t s  i s  n e g a t i v e  ( J a c q u a r d  1970 ,  G a l l a i s  1 9 7 2 ) .  T h e s e  

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

( 1 9 6 7 )  f o r  p h e n o t y p i c  s e l e c t i o n .  M e t h o d s  3 a n d 4  c l a s -  

s i c a l l y  u s e d  b y  t h e  p l a n t  b r e e d e r  c a n  b e  b e t t e r  t h a n  

m e t h o d  1, b e c a u s e  t h e y  c o n s i d e r  b o t h  d i r e c t  a n d  a s s o -  

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

e n t .  The  p r o b l e m  f o r  t h e s e  m e t h o d s  i s  to  k n o w  t h e  s i g n  

a n d  a m p l i t u d e  of  p a r a m e t e r s  s u c h  a s  E ( a0li da(Cr ) 

or E ( d(~i da(~(~)ii ). 

Clearly, in the absence of interactions direct x 

associate and of associate effects, all covariances 

covgig2arereducedtotheelassicalresult 1 / 2 E  (ffi2) a. 

1 / 4 0 2 .  
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Table 2. Expressionof the covariance between value of half sibs indivi- 
duals in method i and their  contribution to the value of the group with 
a random distribution of individuals. Such covariance determines ,  the 
genetic advance (see formula 14) 

Methods cov gi g2 Sign 

I 

2 

3or4 

1/2 E (d~ i  2) + 1/2 E ( a ~ i  dai ) X 0 

1/2 E ( d ~ )  + 1/2 E ( a ~ )  + E ( a a i  d~i) =~2 > 0 
g2 

a2 + 1/4 E /a~ i da(a~)ii} + 1/4 EIda i da(aa)i i  ~ X 0 
g2 

Conclusion 

The first extension of the Gritting theory given in this 

paper is a new step towards redeveloping all breeding 

theory to account for competition effects. Some im- 

portant consequences for the plant breeder are expect- 

ed from such developments. The application to GCA 

selection gives an example of this. From the point of 

view of population genetics, this extension reveals a 

new application for coefficients of kinship. The same 

approach may be extended to groups of arbitrary size 

and to admit dominance (direct and associate), direct 

dominance x associate dominance, inbreeding, and 

more complex situations. 

Appendix 1 Covariances between competing arbitrary 

relatives. Groups of size two; genetic effects restric- 

ted to additivity and additive x associate interactions 

4dd~0(ili)E(d 2 )+  4aa~O(ili)E( 2 a i )  + 

8da~(i [ i)E ( d~i a~i ) + 16d.da~(i[ i . i )E[  d~ida(~r t + 

16a.da~(i ] i - i )Eta~ i d a ( ~ ) i i  } + 

16da.da~O(i.j[ i . j )E  [ d a ( ~ )  2 ij} + 

16 E da.da~~ j . j )  - ~i(i . i)r  ] I E d a ( ~ ) i i  I 2 + 

16da.da~O(i.jl j . i )E f d a ( ~ ) i j  da(Ct~)ji t 

Appendix 2 Relationship between GCA evaluated from 

separate (FS) or mixed (HS) full sib families. The 

value of a full sib family issued from the cross of two 

genotypes ij and kl and evaluated in competition with 

itself in a group of size two, will be: 

~R + I/2 ( d01i + d~j + d~k + d~l + a~i + a~j + auk + aC~l ) + 

1/4 t da(~el)ii + da (~ ) j j  + d a ( ~ ) k k  + da(~Ot)ll I + 

1/4 I d a ( ~ ) i j  + da ( ~ )  ji + d a ( ~ ) i k  + d a ( ~ ) k i  + 

da(r + d a ( ~ ) l i  + d a ( ~ )  jk + d a ( ~ ) k j  + d a ( ~ )  jl + 

da ( ~ )  lj + da ( ~ ) k l  + da ( ~ )  lk } 

Taking the expectation on k and 1 and following expres-  
sion (12) gives the GCA evaluated with separate full 
sib families,  as given in expression (13). 

Appendix 3 Values of the coefficients ~0([ ) for differ- 

ent types of covariances between half-sibs which de- 

termine the expected genetic advance according to the 

method of evaluation of GCA. 

The other coefficients ~0([ ) are zero except ~(i I i) 

for methods 3 and 4 but, as r for a random dis- 

tribution of individuals is zero, the correction factor 

in the covariance is zero. 
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Method ddCP(i!i) a a ~ ( i i i )  da~0(ili) d .daCP( i l i . i )  a . d a q ) ( i l i . i )  

1 1/8 0 1/16 0 0 
2 1/8 1/8 1/8 o o 
3 o r  4 1/8 1/8 1/8 1/64 1/64 
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