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Summary. A model to study genetic effects at the level of 
a population of testcross progenies is presented. As there 
is no dominance for the testcross value, with the restric- 
tion of epistasis to pairs of loci, only additive x additive 
epistasis can contribute to the variance among progenies. 
To estimate the variance among progenies due to epista- 
sis, it is necessary to have the population structured in 
families of full sibs, half sibs or S 1, with only a few plants 
per family tested in combination with the tester. Using a 
two-way mating design to produce the families, it is pos- 
sible to estimate the variance due to additive x additive 
epistasis. The consequence of the presence of epistasis is 
studied at the level of recurrent selection for combining 
ability with the tester. It seems that epistasis itself does 
not change the efficiency of the breeding methods consid- 
ered. However, when the population from intercrossing is 
structured in families, it could be efficient to use a com- 
bined selection when the heritability is very low. In this 
case it would be efficient to produce full-sib families (by 
single-pair matings) at the level of intercrossing. The best 
procedure is to produce such families at the same time as 
crossing with the tester. In comparison to the classical 
scheme of selection for combining ability with a tester, 
such a modification increases the efficiency of selection 
41.1% if an off-season generation can be used. 

Key words: Combining ability - Additive x additive epis- 
tasis Combined selection Tester 

Introduction 

Selection with the use of a tester is very common in the 
breeding of cross-fertilized plants and in particular in 
maize, Zea mays L. (Hallauer and Miranda 1981). The 

tester is a unit (genotype or population) to which the 
members of a population are crossed. The aim is to im- 
prove either the random-mating population itself or its 
combining ability with the tester. Only the latter aim will 
be considered in this paper. The theory of such a breeding 
method is already well developed. However, it has not 
considered that after intercrossing, the population is or- 
ganized in families. If several plants are taken from a 
family and crossed to the tester, some progenies are "re- 
lated." It is expected that the consideration of the kinship 
between the progenies will increase the efficiency of selec- 
tion for traits with low heritabilities (Lush 1943). One of 
the objectives of this paper will be to include kinship 
information to increase efficiency of selection. Some con- 
sequences of the intercrossing method to increase the 
efficiency of selection will be considered. To solve such a 
problem, it is first necessary to develop a general ap- 
proach to describe genetic effects at the level of a popula- 
tion of testcross progenies. It will be shown that the use 
of related testcross progenies can be an efficient tool to 
study the presence of some types of epistasis. 

The genetic effects 

At one locus or in the absence of epistasis 

Consider a random-mating population with alleles A1, 
A2, . . .Ai ,  A j . . . ,  and a tester with alMic composition 
denoted by Ax; regardless of the nature of the tester, A x 
can be an allele or a set of alleles. Let A i Aj be a genotype 
of the population, and Y~x the value of a "genotype" Ai A~ 
(A~ A~ is a genotype in the classical sense only if A x is one 
allele). 

Then for the value T(ij) of the genotype Ai Aj in 
combination with the tester, it is possible to write: 

T(ij)=l/2(Yix+ Yjx) or T(i j )=#r+rCq+r~j ,  (1) 
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with l i r = E ( Y ~ )  the mean of all testcross progenies and 

r ~i= l /2 (Yi~- l i r )  �9 
rc~i can be defined as the additive effect for topcross 

value (or test value). Indeed, it can be easily verified that 
it is the average value in topcross of genotypes with allele 

At: 

T ~ i  = E j  [ T ( i j ) ]  - -  l i T  

because 

Ej IT(i j)] = 1/2 Y~+ 1/2 #T" 

Expression (1) shows that there are no dominance 
effects for the value of testcross, which was expected be- 
cause the general combining ability contains only addi- 
tive effects. If the tester is the population itself, the value 
in test of a genotype will be its general combining ability, 
and rCq = 1/2 ~ (~i being the classical additive effects with 
the notation of Kempthorne  1957). 

In the absence of epistasis, the total genotypic vari- 
ance among testcross progenies can be written: 

1 being the index for the locus. 

With two loci and epistasis 

With a two-loci genotype i~j~ k 212, with genes i~,j~ at 
locus 1 and genes k 2, l 2 at locus 2, it is possible to write 
its value in testcross, in the absence of linkage: 

T(ilj l ,  k212) 

This value depends only on the structure of the gametic 
array, so only additive x additive type of epistasis will 
exist, and it is possible to write: 

T(i lJi k 2  12) = # T  -~- T ~ i i  -{- T (Xji qt_ T ~k2 -t- r (~l 2 (2) 

+ r (~c% k~ + r (~) i ,  ~ + r (~c0ji ~ +  r (c~)a ,~ 

with 

T(C~O:)I1 k2 = T ( i l "  k2") - -  TO~I i - -  T C(k2 - -  t i t  

and 

T(i~., k>) = E [T(i~j~, k 212) ] = 1/4 Y~I k . . . . .  " 
Jl ,  I2 

Therefore, the total genotypic variance for value of 
testcross will be, after summation of all pairs of involved 
loci: 

0.2 __ 0.2 _~ 0.2AAT. G T  - -  A T  

Considering the epistasis between three loci, the formula 
can be extended directly. 

0-2 - -  0-2 j _  0.2 ~_ 0.2 
GT - -  A T  ! A A T  | A A A T  " 

Note that in the case where the tester is the popula- 
tion itself, r(~e)ilk2=l/4(eC~)ilk2, the classical addi- 
tive x additive epistatic effect. Then the value of testcross 
can be written: 

T ( i l J l  k212) = # T  -}- 1/2 (~i~ + ~Jl + 0~k2 + 0~12) 

+ 1/4 [(~),, k2+ ( ~ ) .  12+ (~)j, k2+ (~)J1 ,~l. 
This is the expression of the general combining ability, and 

a ~  = 1/4 0.~ + 1/16 0.~a 

is the general combining ability (GCA) variance, that is the 
covariance among half sibs. 

Covariances between related progenies 

To estimate the components of variance from mating de- 
signs, it is necessary to know the general expression of the 
covariance between relatives. Some components of vari- 
ance could be translated in covariances between relatives. 

The general expression of the covariances between rel- 
atives in a random-mating population can be used by 
replacing the individuals by the testcross progenies. The 
kinship is for the testcross progenies; then for two testcross 
progenies (XT, Yr), it is possible to write directly: 

c o v ( X r ,  Yr )=2  q~ cr~T + 4  cp 2 0.~aT + . . . ,  (3) 

~0 being the classical coefficient of kinship, where 

q) = 1/4 for full-sib progenies, and 
= 1/8 for half-sib progenies. 

It is also possible to consider the parent-offspring kinship, 
i.e., the kinship between the testcross progeny of the parent 
and the testcross progeny of offsprings; in this case q~ = 1/4. 
The covariance parent-offspring will be the same as the 
covariance between full sibs. 

The total genotypic variance can be derived from Eq. 2, 
but it is straightforward from Eq. 3. We have only to 
consider the covariance of a testcross family with itself; in 
this case ~0 = 1/2. 

Mating designs to estimate the variance components 

One-way mating designs 

In this type of mating design, a set of independent families 
is considered, with n plants per family crossed to the tester. 
Two levels of variation can be considered (within and be- 
tween families), and the experiment becomes a two-way 
mating design. An analysis of variance between and within 
families can be performed (Table 1). 

Let GIj be the genotypic value of the progeny of a plant 
j belonging to family i: 

G I j =  # T  + B i  + Wi j  , 



Table 1. Expected mean squares in an analysis of variance of a 
"one-way" mating design, n plants per family are crossed with 
the tester, and the progenies are evaluated in an experimental 
design with b repetitions 

Source variation Expected mean square 

Between families ~r~ + b a~w + b n cr~B 
Plants within families ~r 2 + b 0 "2 GW 
Residual ~re z 

where B~ is the effect of family i, with variance agB, and W/j 
is the effect of the progeny ij within i, with variance 2 0 - G W  �9 

It is clear that 

cov Gi; G~;, = 0-~ 

and 

C O Y  G i j  G i j  = 0-2 A_ 0-2 GB ~ G W  �9 

0-~B and a 2 Gw are directly estimated from the analysis of 
variance. From such estimations it will be possible to 
derive the estimation of the two covariances between rela- 
tives: cov (Gi j  , Gij, ) and c ov ( G i j  , Gi j )=agT  . Then it is 
possible to estimate the two components ( a ~  and azA~) 
of the genetic variance of testcross values. 

The families can be full sibs, half sibs, S ~ full sibs, and 
S~ full sibs. Consider each of these four types of families 
that are commonly used in plant breeding. 

Full-sib families. The variance among full-sib families can 
be written as the covariance within families: 

0-g, =cov (FS)~ = 1/2 0-~. + 1/4 0-G~. 

Then the within component of variance is: 

0-2~w = 0 - ~ - c o v  (FS)r 

2 = 1/2 0-~ + 3/4 0-2AT. 0 - G W  

Half-sib families. According to the previous results: 

COV (HS)T = 1/4 0-2 + 1/16 0-~A~, 

where the contribution of epistasis to the covariance is 
only 1/16. Nearly all the epistasis will be within-family 
components: 

0-~w = 3/4 G .  + a5/16 G A . .  

S 1 families (or S, families). The variance among S~ families 
is equal to the variance among S o plants, because it is 
equivalent to a cross of a So plant or its S t family to the 
tester. Then 

0 . 2  _ 0 - 2  ~ 0 - 2  
G B S t - -  A T  ~ A A T  " 

The total genotypic variance at the level of the S a plant 
can be deduced from Eq. 3 by the consideration of the 
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covariance of an individual progeny with itself, with q) = 
3/4: 

a 2 = 3/2 0-~, + 9/4 0-2 A G T S 1  

Then 

0-2 - 1/2 0-~ + 5/4 0-G~ G W  SI - -  

If inbred plants (F = 1) are used [derived by single-seed 
descent (SSD) or by haplodiploidization], the total vari- 
ance among testcross families will be: 

0 - 2 T L  = 2 0-2 7 + 4 0-2a . 

Considering the general case of the study of inbred 
plants in testcross, the variance "between" families is the 
variance among S,_ ~ plants: 

0 -2 --2 (p,_10-2A~+4 " 2 0.2 (n>2) 
GB S n - -  (/)n-- 1 A A T  ~ - -  

with 
1 + F . _ I  

~ o , _ ~ - - - ,  V,_ 1 = 1- (1 /2)  "-1 
2 

(p,_ ~ = 1 - (1/2)", 

and 
2 2 

0-2 = 2 ~xCp, 0-A7: -}- 4 xxqO,, 0-2A~ G T  Sn 

with x~O. being the covariance of an individual with itself, 
and 

I+F .  
~ j p , =  = 1 - ( 1 / 2 )  "+~ . 

2 

Then, 
2 - -  2 

0-GW Sn - -  0 -GT Sn - -  0-GB S~ 

2 =(1/2)" 0-2 + 4  (1/2)" [1 -(3/4)(1/2)"] 0-2AA T f f  G W  S~ 

Two-factor mating design 

In the case of a two-factor mating design, three variances 
can be estimated: variances among halb-sib families 
(cov (HS)T), or variance of GCA for testcross value; vari- 
ances of specific combining ability (cov(FS)T--2cov 
(HS)T); and variance among plants within a full-sib fami- 
ly, or 

0-~w = 0 - ~ -  coy (FS)~. 

Then it is possible to estimate three components of 
variance between testcross progenies and three compo- 
nents of the genotypic variance: 0-2 T 0-2A~ 0-2 ' A A A T  " 

The three equations are 

cov(FS)r = 1/2 0-2A~ + 1/4 0-2A~ + 1/8 0-2 A A A T  

cov(HS) r =1 /4  r  1/16 0 - 2 A T - I -  1/64 0-~;A~ (4) 

0-gw = 1/2 0-~ + 3/4 GAT + 7/S 0-GA~ 

and 

a ~  = c o v  (HS)T, the variance of"general combining abil- 
ity" for testcross value; 
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as2 = c o v  (FS)T-2  cov (HS)r, the variance of "specific 
combining ability" for 
testcross value; and 

a 2 = 1/8 a2a~ + 3/32 0 -2 
S T  A A A T  " 

With no epistasis, the variance of the specific combining 
ability for testcross value will be zero and it provides a 
test for the presence of epistasis. This result is similar to 
that established by Choo (1981) and Choo et al. (1986) for 
a diallel among lines where the F I values are replaced by 
their line value, a result generalized by Gallais (1990) for 
any two-way mating designs with inbred or noninbred 
parents. The analogy is clear, because haplodiploidiza- 
tion can be considered as a particular system of testing 
for which there also are no dominance effects. 

The adaptation of the process of estimation according 
to the mating design is straightforward. In Tables 2 - 4  are 
given the analysis of variance for three mating designs: 
hierarchical plan (design I, N.C.), factorial plan (design II, 
N.C.), and the diallel, with an experimental design with b 
repetitions and n testcross progenies per full-sib family. 

Table 2. Expected mean squares in an analysis of variance of 
testcross progenies from a nested A/B (N.C.I) mating design. 
There are f plants crossed to each common parent 

Source of variation Expected mean square 

Common parent ~ + b a 2 w + b n  O.V/M2 + b n f a 2  

Variable parent age + b a~w + b n @m 
2 0.2 Plant/family 0.e + b aw 

Residual 0.~ 

@/M = cov(FS)r-- cov(US)r, ~r~ = cov(HS)T = a~)  

Table 3. Expected mean squares in an analysis of variance of 
testcross progenies from a factorial design AB (N.C. II), with ra 
plants A, and f plants B 

Source of variation Expected mean square 

2 + b ~7gw + bn a2n + bn f a~ Plant A ~r 
2 +b ~gw+bn azAB+bnm ~ Plant B O" e 
2 2 g/ Interaction A x B G e + b G~w + b a~B 
2+b ~r2 Plant/family a e G w  

Residual cr~ 

2 a~B =cov (FS)r-  2 cov (HS) r = asT 
G2=G2=Cov(HS)T=G2 

Table 4. Expected mean squares in an analysis of variance of 
testcross progenies from a diallel among p plants [Griffing's 
Model 2 (1956), method 4] 

Source of variation Expected mean square 

GCA z 2 cre + b a~w +bn ~ + b n ( p -  2) a 2 g'r" 

SCA a~ + b a~w + b n a,~ 
Plant/family cr~ + b aZw 
Residual a~ 

Application to recurrent selection 

Genetic advance in one cycle o f  recurrent selection 

The classical scheme of recurrent selection for combining 
ability with a tester (method 1) has three phases: the pro- 
duction of testcross progenies, the evaluation of testcross 
progenies, and intercrossing of the parents of the best 
testcross progenies. The mother plants can be maintained 
by vegetative propagation, if possible, or by self-fertiliza- 
tion. The general formulation of the genetic advance for 
the combining ability with the tester is (Gallais 1979 a): 

cov Pr Or 
G = i  0 ~ ,  (5) 

,/var e~ 
where i is the selection intensity, 0 is the degree of control 
of selection on both sexes, cov Pr Or is a covariance par- 
ent offspring, with parent and offspring evaluated accord- 
ing to the testing system T, and var Pr is the phenotypic 
variance among tested units. 

In the method considered: 

0=2 ,  and cov Pr O r =  1/2 a ~ ,  (without epistasis) 

therefore 

o-~ - g .  (6) 
A G l = i x / ~  p T 

The cycle takes three generations. 
The parameter 0 can be equal to I (method 2), and 

selection is only maternal. This will be the case if the 
intercrossing, by production of half-sib families, is devel- 
oped at the same time as crossing with the tester. The 
length of the cycle is of only two generations, but the 
genetic advance per cycle is reduced 50%. 

In the other two methods (methods 3 and 4), inter- 
crossing is also developed at the same time as crossing 
with the tester, but it is performed by pair-crossing, which 
leads to full-sib families. With method 3 the selection is 
independent for each plant of a pair; it is, in fact, a kind 
of mixture of methods I and 2. Let p be the percentage 
of selection among testcross progenies. For  a fraction 

2 ( 1 - p )  of the pairs, only one plant is selected and the 
2 - p  

genetic advance is 1/2 K, and for a fraction 2 @  0 of the 

pairs the genetic advance is K. Then the expected genetic 
advance per cycle is: 

1 
AG 3 = K . (7) 

2 - p  

The length of the cycle for method 3 is of two generations. 
With method 4 (Fig. 1), the unit of selection is the pair 

of progenies. A pair will be selected and thereafter its two 
plants, according to the average value of the two testcross 
progenies. For  the same number of intercrossed plants, 
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Fig. 1. A modification of the testcross progeny test to have inter- 
crossing simultaneously to testcross with the tester. This short- 
ens the length of the cycle and allows the production of full-sib 
family to develop combined selection with testcross progenies. 
(1) Crossing by pairs of unrelated plants and simultaneously 
crossing of the member of a pair to the tester (T). 
(2) Test of testcross progenies with separate test of each plant of 
a pair. Identification of the best pairs. The next generation is 
constituted by the mixture of the full-sib [from (1)] associated to 
the best pairs 

the selection intensity will be the same as previously, and 
the expected genetic advance in one cycle can be written: 

cov Pr Or 
A G~ = i , (8) 

,/var Pr 
where Pr is the average value of the two testcross proge- 
nies of a pair, and O r is the value in test (combining 
ability with the tester) of the full sibs from the crossing of 
the two plants. 

For  two plants i and j of a pair: 

/OT =1/2  (PT~+PTj), and O u = O ~ + O i ;  

then 

coy PT Or = c ~  PT O r = l ~  2 0-2 as previously, 

and 

var PT = 1/2 var PT ; 

finally: 

AG4=i  ~ / 2  0-2T 
,/ Pr 

= xf2/2 K .  (9) 

A variant (method 4') of this method consists in mix- 
ing the two progenies from a pair to produce only one 
"progeny." A pair will be selected according to the value 
of this artificial progeny. With the same amount  of plots, 
this allows testing twice the number of plants. For  select- 
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ing the same number of plants, the selection intensity 
among pairs will be greater. For  example, if 200 progenies 
are studied with method 1, with a percentage of selection 
(p) of 20%, 40 plants are selected. With method 3, 100 
pairs will be evaluated, and 20pairs are selected 
(p = 20%), leading to the intercrossing of 40 plants. With 
the modification (mixture of the two progenies of a pair), 
200 pairs can be evaluated; to intercross 40 plants, it is 
necessary to select 20 pairs as previously, but in this case 
p = 10%. The ratio of the selection intensities i4,/i~ will be 
1.755/1.40 = 1.25. This ratio will decrease with an increas- 
ing selection intensity. (Example: if p~= 10%, i4 = 1.755 
and p4 ,=5%,  i4,=2.063, i4,/i4=1.17. ) 

The expected genetic advance of method 4' can be 
written: 

coy Pr Or 
A G~, = i' 

x/var/5~ 

where P~ represents the value of the artificial progeny 
from the two plants of a pair; then: 

cov P} /Or  = 1/2 a]~ as for method 4, 

var P~ = 1/2 2 2 f A  T ~- l e t  

2 representing the residual variance in the test. with o-e, 
To simplify, this residual variance will be considered 

as equivalent to the residual variance (r z) in the previous 
methods, and in particular in method 3: 

--t 2 var P~ = 1/2 f ~  + 1/2 r �9 

The assumption ae,2 ~ 0-e2 is acceptable if the number (n) of 
plants per progeny is sufficiently great. Indeed: 

2 = 1/b [@ + (f2 w + 0-2 w)/n], G e 

2 is the environ- where b is the number of repetitions, 0-p 
mental variance at the plot level, 0-2 is the within-plot Gw 
genetic variance, and fleW2 is the within-plot environmen- 
tal variance. With n sufficiently large, the contribution of 

2 will be very low; the contribution of fe2W is the same GGW 
in both residuals. 

In this case, with 

hl-  0-L 
0 -2 -1- 0 -2 ' 

A T "  e 

the heritability for the test values, it is possible to write: 

var PTij = 1/2 ~ 2 (0- A~/hT) 

~., 2 - h ~  2 
var t" r ~W55-.2 0-AT ; 

~J 2 h T 

then 

P~J 2 -h~ .  var 

var Pr,j 
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Method 4' will be more efficient than method 4 if: 

-h~ 

For a ratio i'/i of 1.25, it is necessary to have h~ > 0.4; with 
i ' / i=1.18 it is necessary to have h~>0.6. As expected, 
method 4' is more efficient for a highly heritable charac- 
ter. However, as h~- is defined at the level of means, a 
value between 0.4 and 0.6 corresponds to a relatively low 
value at the individual level. Therefore, it is possible to 
have method 4' more efficient than method 4 in a realistic 
range of parameters of genetic advance. 

Table 5 summarizes the expressions of expected ge- 
netic advance for methods I (taken as reference), 2, 3, and 
4, which can be compared directly because considering 
the same selection intensities is justified. 

The genetic advance is expressed per cycle (A), per 
generation (B), with three generations per cycle for meth- 
ods I and two generations for the others, and per year (C) 
for an annual plant species, assuming one off-season gen- 
eration for each scheme. 

On a per cycle basis, 

method 1 > me thod4  > method 3 > method 2. 
(100) (70) (55 for p=0.20) (50) 

On a per generation basis, 

me thod4  > method I > me thod3  > method 2. 
(106) (a00) (83.3 for p=0.20) (75) 

On a per year basis for an annual plant species with 
one off-season generation, 

method 4 > method3  > method 1 = method 2. 
(141) (111) (100) (100) 

The relative efficiency of each method is included in 
parenthesis. On a per cycle basis, method 1 is the more 
efficient, but on a per year basis with one off-season gen- 
eration, method 4 is 30% more efficient, regardless of the 
heritability. With low selection intensity and relatively 
high heritability, (hZr = a 2 /ca 2 + crcz), h 2 > 0.40), method A T ~ \  AT  

4', by mixture of the two progenies from a pair, can be 
more efficient than method 4, with separate test of the 
two progenies. 

Table 5. Genetic advance for different breeding methods using 
testcross progenies. Method 1: classical method; method 2: ma- 
ternal selection only; methods 3 and 4: simultaneous pair-cross- 
ing and testcross, with independent tests in 3 and selection of 
pairs in 4 

Scheme A G/cycle A G/generation A G/year" 

Method i K 1/3 K 1/2 K 
Method 2 1/2 K 1/4 K 1/2 K 
Method 3 [1/(2-p)] K [1/2(2-p)] K [1/(2-p)] K 
Method 4 ,/2/2 K \f2/4 K ../2/2 K 

For an annual plant species with off-season generation 

The use of  combined selection 

After intercrossing, the new population can be structured 
in half-sib families with methods I and 2 and in full-sib 
families with methods 3 and 4. Full-sib families can be 
also produced in method 1 if intercrossing among select- 
ed plants is developed by pair-crossing. 

When crossed with the tester, the testcross progenies 
of the plants can be grouped in families. This generates a 
one-way mating design, as previously described, which 
can be used to estimate additive and epistatic variances 
for test values. Such a structuring can be used to predict 
with greater accuracy the genotypic value of the testcross 
progenies. It is possible to perform a combined selection 
with an index between family and within family. For 
example, with a family i and a plant j within the family, 
denoting by T u the phenotypic value in testcross of a 
plant i j, the index predicting the testcross value of off- 
spring from that plant is: 

[=/~ (T,.- 7:..) +/~ (T~j- r,.). (10) 

To simplify, a constant number of tested plants (n) per 
family will be considered. The situation is analogous to 
the classical situation of selection on phenotypic values of 
individuals with a family structure. The results of Lush 
(1943) can be directly extrapolated by changing the nota- 
tion: 

1 + ( n -  1) r 1 - r  
and f i 2 -  , i l l -  1 + ( n - l )  t l - t  

with 

a 2 cov(HS)r 
t = - the intra-class correlation, 

@ ,  crgT ' 

and 

coy (HUN) r 

cov(PO)r  ' 

where coy (HS)r is the variance among half-sib families of 
topcross progenies (if the intercrossing generates half-sib 
families; in the case of pair-crossing, cov(HS)r  will be 
replaced by coy (FS)r, the covariance among full-sib fam- 
ilies). @T is the total phenotypic variance among 
testcross progenies, which is the sum of the variance be- 
tween family (o-~), of the within-family variance (~r~v), and 

2.  of the residual variance cr e . 

0.2T 2 2 2 : O'B ~- O'W -]- O" e 

with 

a 2 = c o v ( H S ) r .  

coy (HUN)r  is the half uncle-nephew covariance for 
test value and cov(PO)r  the parent-offspring covariance 
for test value. The structure of the residual a~ is complex; 
it includes the variance of the environmental effects at the 



level of the plot and the variance of specific effects (genetic 
and environmental) affecting an individual in a testcross 
progeny, divided by the number of plants per plot. 

In the absence of epistasis: 

cov(HS)r = 1 / 4 0 . ~ ;  cov(FS)r = I/2 0.2 ; 
cov(HUN) r = 1/80.2 T ; cov(PO)r = 1/2 a 2  ; and 

cov(UN)r =1/4 0.2 (covariance uncle-nephew). 

Then 

0.2 
tHS = 1/4 ~_2 a~ = 1/4 h 2 and tFs = 1/2 h 2 , 

0.PT 

h 2 being the heritability for test values, and 

rus= 1/4 and rFS= 1/2.  

The genetic advance in one cycle of combined selec- 
tion is: 

~/  ( r - t )  2 (n--l) 
AGcomb=i0.prh 2 lff 1 - t  l + ( n - l )  t '  (11) 

where i is the selection intensity. 
With individual testcross progeny selection, the ge- 

netic advance will be 

AGind =i 0.PT h2 " 

The relative efficiency of combined selection will be 

~/  +(r-- t )  2 (n--i) 
E =  1 (l--t)  l + ( n - - l ) t '  

With epistasis, formula 11 can always be used. Indeed, 
the variance of the predicted values can always be writ- 
ten: 

[Cov(PO)T]2 { ( r - - t ) 2 ( n - - l ) }  
0.It= 4 r  lq  (l -- t) [l + (n --1) t] " 

Then, 

dGoomb=iOfir OpT E (0=2, if selection is on both sexes) 

with 

cov(PO)r 

& =  4 ~  ' 

and 

AGin d = i 0 f i r  GPT " 

Hence, A Gcomb/A Gin a is always equal to E, but it is neces- 
sary to adapt the values of r and t: 

1/4 a 2  + 1/16 0.2AA T 1/2 0.~ + 1/4 0.2 AAT 
t H S =  0.2T ' tFS = 0-2 T 

1/8 o-2T + 1/64 0.2A~ 
FHS = 1/2 0-2 T + 1 /4  0.2AA T 
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and 
1/4 0.2 +1/16 0.2 AAT2 rFS = 
1/2 0.2 + 1/4 0.~AT 

Denoting by a 2 the ratio 0.2 /0.2 A A T /  AT ' 

1/4+ 1/32 a 2 1 / 2 +  1/8 a 2 
YHS --  , fYS = 1 + 1/2 a 2 ] + 1/2 a 2 - '  

The general expression of t and r are 

l + 2 q o  a 2 0 .2 
t=2ep 1+a2 h 2 with h2= AT+ff2AAT 0.2 

and 

r=2qo 
l + ( p a  2 

1 + 1/2 a 2 " 

The relative efficiency of combined selection depends 
only on r, t, h 2, rt, and a 2, which are determined by the 
material and the experimental structure: r =  1/2 or 1/4 
and t=  1/2 h 2 or 1/4 h 2, according to the methods of 
intercrossing. The number of tested plants per family will 
be generally low (between 4 and 10). By numerical appli- 
cation, it is then possible to determine the relative effi- 
ciency of combined selection, noting that h~ will be gen- 
erally high because it is heritability at the level of the 
experimental design: 2 h T = 0.30 will correspond to low her- 
itability at the individual level. 

Some results of the numerical application are shown 
Table 6. Obviously some of these are predictable from 
previously known results: selection with full-sib families 
is more efficient than selection with half-sib families; rela- 
tive efficiency of the combined selection is greater for low 
heritability and, in this case, it increases with the number 
of progenies included per family; the presence of epistasis 
tends to decrease the relative efficiency of the combined 
selection, but it does not affect the previous conclusions. 

Considering a realistic example for the plant breeder 
with n= 5, and HS families, the relative efficiency is of 
1.09 for very low heritability (h2=0.i0) and 1.025 for a 
heritability of 0.50, which can be considered as an average 
heritability (at the level of means) for yield in maize. With 
FS families, the relative efficiency is 1.30 with h~-=0.10 
and 1.08 for h 2 =0.50. For h 2 greater than 0.40, the com- 
bined selection will not be justified. It is more justified for 
h2< 0.30 and mainly with full-sib families. 

Assuming epistasis is ignored, the coefficients fll and 
f12 in Eq. 10 will be wrong. Ignoring epistasis is equiva- 
lent to assuming cov(PO)r=2  cov(HS)r , cov(HUN)r 
= 1/2 cov (HS)T and cov (UN)r = coy (HS)T. The general 
expressions of fil and f12 are, for half-sib families: 

l/n coy (PO)r + (n -  1)In cov(HUN)r 

fll - 4 + 1/n 4 

cov(PO)r [ 1 + ( n - l )  r]/n cov(PO)r A 

0.~r [1 +(n-- 1) t]/n @~ B 
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Table 6. Relative efficiency (E) of combined selection (A) and effect of ignoring epistasis (B). n is the number of progenies per family. 
Values in A give the efficiency of combined selection relative to individual progeny selection. Values in B give the ratio AGo/AG e of 
the genetic advance of combined selection ignoring epistasis to the genetic advance of combined selection considering epistasis (for 
n = 1, it is the ratio for individual progeny selection). N.B.: considering the value of a 2, it can be shown that with intrapopulation 
testcross, a value of 1 corresponds to the case where the variance additive x additive epistasis is four times the additive variance. 
Therefore, values greater than 1 must be exceptional. 

E according to n 

(A) (B) 
h~ a ~ r t I 3 5 7 9 1 3 5 7 9 

0.125 0.I00 

0.125 0.I00 

0.125 0.I00 

0.125 0.I00 

0.125 0.100 

0.125 0,200 

0.125 0.200 

0.125 0.200 

0.125 0.200 

0.125 0.200 

0.125 0.300 

0.125 0.300 

0.125 0.300 

0.125 0.300 

0.125 0.300 

0.125 0.400 

0.125 0.400 

0.125 0.400 

0.125 0.400 

0.00 0,250 0.025 

0.20 0.233 0.022 

0.50 0.207 0.016 

1.80 0,161 0.013 

5.110 0.113 0.009 

0.00 0,250 0.050 

0.20 0.233 0.0114 

0.60 0.207 0.036 

1.80 0.161 0.026 

5.40 0.113 1,018 

0.00 0,250 0,075 

0.20 0,233 0.066 

0.60 0.207 0,054 

1.80 0.161 0.039 

5.40 0.113 0.028 

0.00 0.250 0.100 

0.20 0.233 0.087 

0.60 0.207 0,072 

1.80 0.161 0.052 

0.125 0.400 5.40 0,113 0.037 

0.125 0.500 0.00 0.250 0,150 

0.125 0,600 0.20 0.233 0,131 

0.125 0.600 0.60 0.207 0.108 

0.125 O.6OO 

0.125 0.600 

0.250 0.100 

0.25O 0.100 

0.250 0.100 

O.25O 0,I00 

0.250 1.100 

0.250 0.200 

0.250 0.200 

0.250 0.200 

0.250 0.200 

0.250 0,200 

O.25O O.3OO 

0.250 0.300 

0.250 O.3OO 

O.25O O.3OO 

0.250 0,300 

0.250 0.400 

0,250 0.400 

0.250 0.400 

1.80 o.161 0.078 

5.40 0.113 0.055 

0.00 0.500 0.050 

0.2o 0.477 0.046 

0.60 0.442 0.041 

1.80 0.382 0.034 

5.40 0.318 0.029 

0.00 0.500 0.100 

0.20 0.477 0.092 

0.60 0.442 0.081 

1.80 0.382 0.068 

5.40 0.318 0.58 

0.00 0.500 0.150 

0.20 0.477 0.138 

0.60 0.442 0.122 

1.80 0,392 0.102 

5.40 0.318 0.087 

0.00 0.500 0.200 

O.20 0.477 0.183 

0.60 0.442 0.162 

1.000 1.048 

1.000 1.043 

1.000 1.034 

1.000 1.021 

1.000 1.011 

1.000 1.038 

1.000 1.034 

1.000 1.028 

1.000 1.018 

1.000 1.009 

1.000 1.029 

1.000 1.026 

1.000 1.022 

1.000 1.014 

1.000 1.007 

1.000 1.021 

1.000 1.020 

1.000 1.017 

1.000 1.011 

1.000 1,006 

1.000 1.009 

1.000 1.009 

1.000 1.009 

1.000 1.007 

1.000 1.003 

1.000 1.178 

1.000 1.155 

1.000 1.145 

1.000 1.111 

1,000 1.078 

1.000 1.139 

1.000 1.130 

1.000 1.115 

1.000 1.089 

1.000 1.062 

1.000 1.105 

1.000 1. 100 

1.000 1.090 

1,000 1.070 

1.000 1.049 

1.000 1.077 

1.000 1.075 

1.000 1.068 

1.090 1.127 1.160 

1.081 1.114 1.145 

1.066 1.09lt 1.120 

1.0111 1.060 1.078 

1.021 1.31 1.040 

1.068 1.093 1.114 

1.062 1.085 1.105 

1.052 1.072 1.090 

1.033 1.048 1.060 

1.017 1.02;I 1,031 

1.050 1.066 1,080 

1.0116 1.063 1,076 

1.040 1.054 1,067 

1.027 1.037 1.046 

1.013 1.019 1.024 

1.035 1.046 1.054 

1.034 1.0ll5 1,053 

1.030 1.040 1.049 

0.021 1.028 1,035 

1,011 1,015 1.019 

1.015 1.018 1,021 

1.015 1.020 1.023 

1.015 1.020 1.023 

1,011 1.015 1.018 

1.oo5 I.OO5 I.OIC 

1.308 1.408 1,489 

1.288 1.385 1.464 

1.356 1,346 1,420 

1.200 1.274 1,337 

1.144 1.199 1,242 

1.228 I .291 1,338 

1.216 1.278 1.325 

I. 195 1.254 1,299 

I. 154 1.204 1,244 

1.110 1.148 1,180 

1.166 I .206 1,235 

1.150 I .200 I .229 

1.1116 1 185 1.2111 

1.117 1 151 1.177 

1.083 1 109 1.129 

1.118 1 143 1.160 

1.115 1 141 1,159 

1.108 1 133 1,151 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

I ,000 

I .000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1,000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 

0.998 0.997 0.997 0.996 

0.993 0.988 0.985 0.982 

0.984 0.971 0.961 0.954 

1.000 1.000 1.000 1.000 

1.000 1.000 0.999 0.999 

0.998 0.997 0.997 0.996 

0.993 0.988 0.995 0.962 

0.984 0.971 0.961 0.954 

1.000 1,000 1.000 1.000 

1.000 1.000 0.999 0.999 

0.998 0.997 0.997 0.996 

0.993 0.988 0.925 0.982 

0.983 0.971 0.961 0.954 

1.000 1.000 1.000 1.000 

1.ooo 1.0o0 0.999 0.999 

0.998 0.997 0.997 0.996 

0.993 0.988 0.985 0.982 

0.983 0.71 0.962 0.954 

1.000 1.000 1.000 1.000 

1.000 1.000 0.999 0.999 

0.998 0.997 0.997 0.996 

0.993 0.988 0.985 0.982 

0.983 0.971 0.962 0.955 

1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 

0.998 0.998 0.998 0.998 

0.992 0.990 0.969 0.969 

0.980 0.974 0.972 0.971 

1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 

0,998 0.998 0.997 0.997 

0.992 0.989 0.988 0.988 

0.979 0.972 0,969 0.967 

1.000 1.000 1.000 1.000 1.000 

1.000 1.000 1.000 1.000 1.000 

1.000 0.998 0.997 0.997 0.997 

1.000 0.991 0.989 0.987 0.986 

1,000 0.978 0.970 0.966 0.964 

1.000 1.000 1.000 1.000 1.000 

1,000 1.000 1.000 0.999 0,999 

1,000 0.995 0.997 0.997 0,996 
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z a 2 t I h T r 

E according to n 

(A) 
5 7 

(B) 
9 I 3 5 7 9 

0.250 0.400 1.80 0.382 0.136 1.000 1.0511 1.087 1.110 1.126 1.000 0.991 0.987 0.925 0.984 

0.250 0.1100 5.40 0.318 0.116 1.000 1.037 1.061 1.079 1.092 1.000 0.977 0.986 0.963 0.960 

0.250 0.600 0.00 0.500 0.300 1.000 1.035 1.051 1.059 1.065 1.000 1.000 1.000 1.000 1.000 

0.250 0.600 0.20 0.477 0.275 1.000 1.036 1,052 1.062 1.068 1.000 1.000 0.999 0.999 0.999 

0.250 0.800 0.80 0.442 0.244 1.O00 1.034 1.051 I .O62 I.O68 1.000 0.998 0.997 0.996 0.996 

0.250 0.600 1.80 0.352 0.204 1.000 1.029 1.043 1.052 1.059 1,000 0.990 0,956 0.983 0.982 

0.250 0.600 5.40 0.318 0.173 1.000 1.018 1.029 1.036 1.041 1.000 0.976 0.965 0.959 0.956 

and 

[ c o v ( P O ) r - c o v ( H U N ) T  ] cov(PO)r  l - r  
f12= 0 -2 0-2T 1 - t  

cov(PO)r  1 - -A 
o-2 1 - -B 

The estimated coefficients will be 

1/n 2cov(HS)r  [1 + ( n -  1) ro]/n 2 cov(HS)r  Ao 
fil - cr~r [1 + (n-- 1) t]/n - ~ 2  B 

with 

1/2 cov(HS) r 1 
/"0-- ~ - -  2 cov(HS) r 4 

and 

2 cov(HS)r  1 - - r  o 2 cov(HS)T 1- -A 

/~i- #,T I - ~ =  #~ I - B  

The value of t is always the same. With FS families, it will 
be only necessary to change the value of r 0 (r o = 1/2). 
The selection is then performed from a linear combina-  
tion I' of the family effect and of the plant/family effect: 

[ ;  .j) = fl i (T~. - p) + f12 (T~j - T~ .) . (121 

The genetic advance in one cycle of recurrent selection 
Will be: 

coy(f; 6) 
AG'=i  a[ ;  ' 

with cov([ '  G) being the covariance between the value of 
an individual according to the index of combined selec- 
tion with the wrong coefficient and the true genotypic 
value of the offspring. 

When fl't = f l l ,  and fi'2=fi2, then 

c o v ( & G ) = ~ 2  , and AG'=iaio.  

With half-sib families: 

cov l" o G = fi', [1/n coy (PO)r  + (n - 1)n cov (HUN)r  ] 

+ [1' 2 ( n -  l)/n [cov (PO)r  - cov (HUN)T ] 

= fi'l [1 + (n - 1) r]/n + fi'2 (n - 1) (1 - r)/n 

and 

o-~6 - fl'l 2 E(T~. __~)2 l_fl,2 E(Tij_ T/.)2 

= [2 c~  [;o2 (1 - A o ) 2 ]  

0-2 r 1 - B  _[" 
After simplification it results that: 

I2covt  l l  f tro } 
O2io - a 2  1-t ( 1 - t )  [l + ( n -  l) t] 

_ (2 coy (HS)r) 2 
~ Co 

and 

covP o G -  2 c~ (PO)r0-r2~7 coy (HS) r {1 -~ (r--t)(r~ ~ - - ~ 7 ] . J  

= 2 coy (PO)r coy ( H S ) r  Co 
0-~,~ 

cov(PO)r  Coe ~G;=i  
0"PT ~ 0 0  " 

If n = 1, this gives the classical result for individual selec- 
tion. The comparison of the genetic advance to the one 
(AGe) with consideration of epistasis becomes 

. cov(PO)r  
AGe=~ 

O'pT 
with 

(r-  0 2 (n-  1) 
Ce= l -t 

(n-1)U +(n-l)] ' 
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and 

A~o Coe 
AG~ 

which is the correlation coefficient between the predicted 
value of offspring by ignoring the presence of epistasis 
and their predicted values taking into account the pres- 
ence of epistasis. 

Indeed: = i coy Go G/a~o, and 

= i o-~ . 
AGo 

AGe 

Then A G O - -  = coy ~ o G / ( ~  o %~ 
AGe 

A A 
coy Go G = coy Go Ge 

AGo 

AGe = Q(~~ ~~ " 

By a numerical application, this formulation allows a 
very simple approach to the relative efficiency of the se- 
lection ignoring the epistasis. It seems (Table 6) that the 
ratio is nearly independent of the type of progenies (full- 
sib or half-sib) and of the value of heritability. It tends to 
be affected by the size of the progeny and by the amount 
of epistasis. Within reasonable range of variation of such 
parameters, however, their combined effect is no more 
than 5%. With the considered situation, epistasis does 
not disturb the prediction very much. This was expected 
from the consideration of the lower coefficients of epista- 
sis in the expressions of covariances between relatives. 

When selection is relaxed, only additive variance con- 
tributes to genetic advance (Griffing 1962; Gallais 
1979 a, b). Then it is also interesting to consider the pre- 
diction of the testcross value of offsprings due only to 
additive effects. According to previous results, the index 
is as follows: 

~/! tt rr /Te : i l l  ( r / ' - - # )  ~- f12 ( T / j -  T / . ) ,  (13) 

with 

(1/2 a~ )  1 +(n-  l) ro 
/~= ~ l + ( n - ] ) t  

and r o = I/4 or 1/2 for half-sib or full-sib families, and: 

2 ~ )  l - t o  
( 1 /  ] - t 

By ignoring the epistasis, the index will be that one 
considered previously (Eq. 12). It is clear that index 13 is 
equivalent to index 12 because it can be deduced from it 

2 covHS 
by multiplying by 1/2 a ~  ' It results that the correla- 

tion between the two indexes is one. The predicted genet- 
ic advance by ignoring the epistasis is the genetic advance 
after relaxation of selection. 

For the application of combined selection to meth- 
od 4, the pairs are selected from the predicted value of the 
progenies of the full-sib family, which is given by the sum 
of the predicted value in testing each of the two plants of 
the pair. Comparison of the efficiency of combined selec- 
tion method 4 to the efficiency of combined selection 
method 1 (with pair-crossing) for the expected genetic 
advance per unit of time with the use of an off-season 
generation leads to the same advantage for method 4 
(+ 41%) as for individual progeny selection. 

Conclusions 

The development of the concept of test value leads to 
simple and classical mating designs, which appear to 
be powerful for the detection of epistasis at the popula- 
tion level by the use of second-degree statistics. Indeed, 
with only a family structure it will be possible to estimate 
two variance components and, with a two-way mating 
design, it will be possible to estimate two variance com- 
ponents due to epistasis (additive x additive and addi- 
tive x additive x additive). Such designs partially avoid 
the difficulties emphasized by Chi et al. (1969) for simul- 
taneously estimating components due to epistasis and 
components due to additivity an dominance. The relative 
simplicity of estimating epistatic components is due to 
the absence of dominance. The situation is similar to that 
for line value (Gallais 1990). However, in this latter case, 
it is the epistasis homozygote x homozygote that is con- 
sidered. These two approaches of epistasis will be very 
powerful in investigating the nature of epistasis either in 
autogamous or in allogamous plants. It will be very fruit- 
ful to apply these two approaches to the same popula- 
tions within a species. It will be possible to have accurate 
estimates of additive x additive epistasis for testcrosss 
value (through a~A, if the population itself is taken as 
tester, or ~A~ with an arbitrary tester) and of ho- 
mozygote x homozygote epistasis. Such information 
would emphasize the organization of the genetic varia- 
tion according to the system of mating. 

For the application of recurrent selection, two majo r 
conclusions seem evident. First, considering the genetic 
advance per unit of time with the use of an off-season 
generation, it seems appropriate to include pair-crossing 
at the same time as crossing with the tester, considering 
the pair as unit of selection (method 4). Such a method is 
more efficient (+  41%) than the classical method (meth- 
od 1). The conclusion is also at the level of the use of 
combined selection. In methods with half-sib families, 
there is no gain with combined selection. The organiza- 
tion of the population in full-sib families allows a more 
efficient combined selection, but mainly for traits with 
relatively low heritability. This increases the interest of 
pair-crossing as in method 4. 
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Another advantage of pair-crossing is the possibility 
to control the development of inbreeding at the popula- 
tion level. To attain this goal, it will be necessary to 
control the pedigree of each plant to avoid crossing relat- 
ed plants. The use of circular pair mating or related plans 
as those discussed by Kimura and Crow (1963) and 
Cockerham (1970) must be considered. Their disadvan- 
tage is that they will not  allow beween-family but only 
within-family selection. However, to avoid a too rapid 
loss of variability in recurrent selection programs, the 
breeder applies a very low selection intensity between 
families. 

The effect of the presence of epistasis on relative effi- 
ciency of combined selection is relatively low. Such a 
conclusion can be extrapolated for any situation where 
there is only additive x additive epistasis at the level of 
the value according to the system of testing. This applies 
particularly for the selection on line value by the use of 
haplodiploidization with several lines per haplodiploi- 
dized plants and low heritability. The combined selection 
will increase the genetic advance (Gallais 1989), and more 
significantly for the cases considered in this study, be- 
cause the coefficient of kinship between lines of the same 
plant is of 1/2. However, it is possible to predict that the 
presence of epistasis will not change the conclusions. This 
is an argument for ignoring epistasis in the development 
of the theory of recurrent selection when only one cycle 
is considered. However, with a long-term recurrent selec- 
tion as with varietal development, it will be necessary to 
consider epistasis. Analogous developments and breed- 
ing schemes can be proposed for selection with S~ proge- 
ny test or for any other types of selection with progeny 
test or analogous procedures, including clonal evalua- 
tion. 
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