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Summary. In this paper we have studied the linear corre-
lation between a genetic distance index between two par-
ent lines (based on marker loci information) and the het-
erosis observed in the F| hybrid from the two lines, for a
quantitative character (determined by several loci, or
QTL). Theoretical computations of the correlation coeffi-
cient (g) between the distance index and the heterosis
were made, assuming the biallelic model (defined by
Fisher). When the alleles at both marker loci and QTL are
equally distributed among the whole population of con-
sidered lines, the coefficient g is a function of the squares
of linkage disequilibria between alleles at marker loci and
alleles at QTL. The QTL that are not marked by marker
loci and marker loci that do not mark any QTL play
symmetrical roles and can decrease g greatly. We con-
clude that the prediction of F; hybrid heterosis based on
marker loci would be more efficient if these markers were
selected for their relationship to the alleles implicated in
the heterotic traits considered.
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Introduction

Maize breeders continuously face the choice of inbred
combinations to be tested. Many studies have discussed
the interest of distance indexes between parent lines in
order to achieve this choice, and particularly the use of
enzymatic indexes [see Brunel (1985) for a review].
With maize, numerous authors have obtained nega-
tive results when trying to relate enzymatic diversity be-
tween lines and either heterosis or F, value, for yield or
other agronomic characteristics (Hunter and Kannen-
berg 1971; Heidrich-Sobrinho and Cordeiro 1975; Hadji-

nov et al. 1982; Price et al. 1986; Lamkey et al. 1987;
A. Charcosset, M. Lefort-Buson and M. Grenéche, un-
published results). These negative results could be par-
tially explained by the low number of loci that were con-
sidered in each study. Recent experimental results using
a large number of RFLP markers showed much better
correlations between the parental distance and the hybrid
trait (Fidgore 1987; Walton and Helentjaris 1987; Smith
and Smith 1989; Lee et al. 1989).

However, several authors have found a positive rela-
tionship between the enzymatic distance between parents
and F, yield value, even when few enzymatic loci were
considered (Frei et al. 1986; Edwards et al. 1987). In both
cases, there was a strong linkage disequilibrium among
the population of potential parents. Therefore, the lack of
a linkage disequilibrium between marker loci and loci
involved in the variation of a quantitative character is
probably another explanation of the numerous negative
results that have been mentioned.

The aim of this paper is to present a theoretical ap-
proach to the relationship between a distance index
based on markers and the observed heterosis for a poly-
genic character, using a simple genetic model. This rela-
tionship is discussed according to the strength of the
linkage between marker loci and loci involved in the
variation of the considered character. The need for select-
ing “efficient” markers to build up the distance index is
also discussed.

Basis of the model

We shall consider a population of inbred lines and as-
sume that phenotypes of lines and hybrids follow the
biallelic genetical model defined by Fisher. If we consider
Hayman’s notation, the genotypes at the I't locus (LL, LI,
1l) are represented by the variable 6,, which takes the



572

values +1, 0, —1, respectively. When the locus [ controls
a quantitative trait (i.e., a QTL), the phenotypes of indi-
viduals can be written: c¢+a, 6,+d,(1—6?) (c is a con-
stant, g, is half the difference between homozygotes LL
and 1l phenotypes, d, is the difference between het-
erozygote phenotype and the mean of homozygotes phe-
notypes, i.e., the dominance effect). When the trait is con-

trolled by n, loci acting independently, the phenotype is:
I=nl

> a, 0,+d,(1—067). The per se value of an inbred line i is:
1=1

Li)=Y;=X a,0;.
1

The value of the single cross i xj is:
Yl,=; a,(0;+0))/2+d,(1—6; 6))/2.

The value of heterosis, computed as the difference
between hybrid and midparental values, is:
H,Jz‘; d,(1—6:6]))2.

If we consider n, marker loci, the number of loci for

which the two lines i and j differ (i.e., the heterozygosity
of the hybrid) is:

Ai,-=§(1~9i 1/2.

This number will be considered as the distance be-
tween lines i and j.

Variance among distance indexes (4).
Var(4,;)=1/4 Var (Z(l -0 6’{;))
~ ‘

=1/4% Y Cov (0} 0f; 0% 6}
k Kk

Cov(0; 01, 6, 6])=E(0; 6] 6, 6})— E(0; 6f) E(6}, 6])
=E*(0,6,)— E*(0)) E*(0))
=Wt —wf w}

and so:

Var (4 1/42(1~ )+1/2Z > (Wi —wi i)

kK <k
Variance among heterosis values.

Var(H,,)=1/4 Var (; d,(1—0 e;))

~1/4Zd2(1~wz )+12E X ddy (Wi~

[

Wl Wz)

Covariance between distance and heterosis.

Cov(Hy;, 4;)= 1/4C0V<Zdz(1 —0;0); X(1-6; i))
1 3

—wi wp)

=143 d, (Wi
Ik

Correlation coefficient.

1/42 Z d,(Wig —wi w)

o(H,;

zp

I'<i

When N lines are considered for given loci [ and k, to
determine the population’s characteristics we establish:

i=N i=N
Wz=< 2 9§>/N and W2k=< PN 9i>/N‘
i=1 i=1
The frequency of the allele L in the population of
inbred lines is f; =(1 +w;)/2. The linkage disequilibrium
between alleles L and K is D= (W, —w, w,)/4.

Relationship between distance and heterosis
Correlation calculation

When we consider all potential hybrids that can be ob-
tained when crossing the lines of the previous “popula-
tion” (considering i x i as a “hybrid”), the correlation be-
tween heterozygosity at marker loci (i.c., the number of
loci for which the parent lines are different) and heterosis
is the ratio of the covariance between those two parame-
ters to the square root of the product of variances among
heterosis values and among distances values.

J1/42dl (1~w,)+1/22 > dd (Wi —wiw

w?) \/ﬁgi —wh+12% ¥ he—wfwi)

Influence of linkage disequilibria on the relationship

If we consider the cases for which the dominance param-
eter (d,) is constant (d) for all loci {(d,=d, YI), ¢ is the
correlation between mean heterozygosities computed for
two sets of loci (k and I) [see Mitton and Pierce (1980) and
Chakraborty (1981) for a discussion of the case where one
group of loci is a subset of the other group).

The quantity (W2 —w? wZ) has been studied for differ-
ent sets of allelic frequencies at loci k and / (see Appendix).
Negative values of this quantity can be found unless
(w,;=0 or w, =0), so that one can imagine situations such
as: Cov(H,; 4;;)<0; however, in these cases absolute
values are low. When the frequency of an allele at one
locus is low ( f =0.1) and of equal probability (/' =0.5) at
the other locus, the maximum value of (W2 —w? w?) is
0.04, so the correlation between heterozygosity at both
loci is extremely low (0.052).

When w;=w, =0 for all loci (i.e., alleles are equally
distributed in the whole population), the covariance is

reduced to: —ZZ d; W2. Since W,? equals 16 D, in this



particular case, the covariance between heterosis and dis-
tance is a function of the squares of the linkage disequi-
libria between marker alleles and alleles involved in het-
erosis variation. Thus:
o(H ij> A j) =
163 % d; D§;
!k

JK+32Y Y D3 /Y d* +32% % d,d, D3

kk'<k 1 U<t

If we consider that: (1) (d,=d, V), (2) all k loci are
independent, and (3) all / loci are independent, then:

163> D

1 k
o(Hy, 4)= —="—=.
P e

If we then consider a situation for which: (1) each
locus [ is associated to a single marker locus k;(D,,=0 if
k#k;), and (2) (V/, Dy ;= D), then:

o(Hy, 4;,)=16 D*.

Table 1. Evolution of correlation coefficient between heterosis
and heterozygosity at marker loci

X, k) 1 5 10 20 50
Generation
2 0.961 0.819 0.670 0.449 0.135
3 0.942 0.743 0.554 0.313 0.063
4 0.923 0.674 0.458 0.219 0.030
5 0.905 0.611 0.379 0.152 0.014
7 0.870 0.503 0.259 0.074 0.003
10 0.819 0.375 0.147 0.025 0.000
15 0.742 0.230 0.057 0.004 0.000
20 0.672 0.142 0.022 0.001 0.000
30 0.550 0.053 0.003 0.000 0.000
40 0.451 0.020 0.000 0.000 0.000
50 0.370 0.008 0.000 0.000 0.000

X (1, k): distance between QTL and marker locus (cMorgans)
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Now let us consider n, additional loci and n,. addi-
tional marker loci, assuming that these loci are not linked
to previous / loci and k marker loci and that there is no
linkage between these additional loci, in which case:

16nil D?

j)z«/n,-knlw/nk—l—nk,

16 D?

ny .
147 142
ny ny

The correlation coefficient decreases as n, and n,,
increase; nonmarked loci and “nonmarking” marker loci
play symmetrical roles.

Q(Hij’Ai

<16D2.

Application within a random-mating population

The relationship between heterosis and heterozygosity at
marker loci depends on the germ plasm considered. For
example, let us consider a random mating population of
infinite size. The loci that are involved in heterosis are
assumed to segregate independently (to be on different
chromosomes) and to all have the same impact on char-
acter variation (d,=d, V). Each allele is also assumed to
be linked to a marker allele with a recombination fraction
of r.

If we consider that the population has been founded
by the self-fertilization of one single individual (w,=0 for
each locus), linkage disequilibrium for gametes from this
individual (generation 1) would be represented as:

D,=(1-2r/4,

and, at a given generation n, the linkage disequilibrium
Dn between a marker and the marked allele would be
represented as:

D,=i(1—2n(—mt.

Table 2. Evolution of correlation between heterosis and heterozygosity at marker loci. The first marker, k1, is 5 cMorgans from the
QTL. An additional marker, k2, is X (], k2) from QTL, to either side of the QTL

k2 rel. to QTL Beyond k1 Opposite side from k1
X1, k2)
Generation 5 10 20 50 5 10 20 50
2 0.819 0.781 0.720 0.625 0.896 0.846 0.767 0.640
3 0.743 0.695 0.628 0.548 0.842 0.771 0.671 0.556
4 0.674 0.619 0.550 0.488 0.789 0.698 0.588 0.492
5 0.611 0.552 0.485 0.438 0.736 0.629 0.515 0.440
7 0.503 0.440 0.383 0.357 0.634 0.505 0.400 0.357
10 0.375 0.315 0.275 0.266 0.496 0.359 0.282 0.266
15 0.230 0.183 0.165 0.163 0.317 0.202 0.166 0.163
20 0.142 0.108 0.100 0.100 0.198 0.115 0.101 0.100
30 0.053 0.039 0.038 0.075 0.040 0.038 0.038 0.038
40 0.020 0.014 0.014 0.014 0.028 0.015 0.014 0.014
50 0.008 0.005 0.005 0.005 0.011 0.005 0.005 0.005

X (I, k2): distance between QTL and marker locus (k2), in cMorgans
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The evolution of the correlation coefficient according
to the generation number and the distance x between the
marker and the locus involved in the quantitative trait is
given in Table 1. This assumes that r=1/2(1 —e~?%), ac-
cording to a Poisson process along the chromosome,
which corresponds to Haldane’s mapping function.

The correlation decreases quickly with the evolution
of generation number, unless the linkage is very tight
(x<0.01). The introduction of additional markers, which
are not tightly linked to alleles involved in the variation
of the character, into the distance computation may lead
to a dilution of the relationship between heterosis and
heterozygosity at marker loci (Table 2). When a first
marker is 5 cMorgans away from the marked allele, the
introduction of a second marker at 20 cMorgans from the
marked allele and 15 cMorgans from first marker leads to
a drop in the correlation coefficient from 0.611 to 0.485,
at the 5 generation.

Discussion and conclusions
Linkage disequilibria in a set of 50 public lines

When lines of several origins are considered as a popula-
tion, linkage disequilibrium is the result of a very complex
series of events. On the one hand, the generation number
is very large; on the other hand, the germ plasm is gener-
ally structured into partially isolated groups. Such groups
with little genetic exchange between them maintain the
linkage disequilibrium between group-specific alleles. A
group of 50 publicly available lines, which are (or have
been) commonty used in Northern France, has been ana-
lyzed for 18 isoenzymatic loci. A significant association
was found between alleles of the loci Mdh5 and Pgm2,
which in maize are known to be about 15 cMorgans
apart; no association was found between alleles of the
loci Idh! and Mdh{ (1 cMorgan apart) or between alleles
of the loci Idh2 and Mdh2 (also 1 cMorgan apart). Thus,
despite their greater proximity, these latter were found to
have no association.

In the first case, we should mention that alleles AMdh35-
15 and Pgm2-1 are both specific to the early European
flint group, which has been partly protected from con-
tamination by other groups. In the second case, two
explanations can be given. Firstly, the accumulation of
recombination events may have led to this situation. Se-
condly, because of the poor resolution of electrophoresis
technique, a given isozymic class may include several
genotypes, which may have very different origins. Use of
RFLP markers should eliminate this problem, since the
probability that a mutation will lead to a previously exist-
ing type is extremely low.

Selection of “efficient” markers

Prediction of heterosis on the basis of parental markers
would require selection of which markers should be in-

troduced into the heterozygosity computation. Develop-
ment of RFLP techniques suggests that the number of
potential markers will become almost infinite; however,
strategies for the selection of appropriate markers remain
to be defined. As an illustration, when considering the
germ plasm that can be used under French conditions, we
found that 7 lines (out of 48), which had the allele Mdh3-
15, also had the same parental origin (the French line F,),
shared some physiological characteristics (earliness, rela-
tively short height when crossed to testers), and led to
low-yielding hybrids when intercrossed. However, recent
attempts have been made to intercross this group with
American later-growing types (M. Derieux (1990), per-
sonal communication), suggesting that what we had
known about the allele Mdh5-15 may no longer be suffi-
cient when predicting the outcome of crossings with such
new material. Studies of segregating populations (F, or
recombinant inbred lines) involving European and other
parents should help to answer this question and provide
information about the genetic basis of the relationship
between parental marker distance and hybrid heterosis.
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Appendix

Study of the variation of Cov (8 6] 0% 61)
Sor given allelic frequencies at loci | and k

Cov (8} 0f; 6, 1) =Wii —wi wi
=16D*+8w, w, D.

The value of the covariance depends on the value of D but
also on the allelic frequencies at both loci. For a given set of
allelic frequencies, the values that D may have fall within the

following interval:
De [_min<(1 +w,)4(1 +wk)’ ¢! —w,)4(1 —wk)>;

mm<“+wl)4(1"w"), (1—w,)4(1+wk)>]

For fixed allelic frequencies, the covariance is a function of

W, W

T
Therefore, the maximum and minimum values of
Cov(¢:0]; . 6]) will depend on the relative positions of

_min(m ) (L+w) (8 -w,)4(1 —wk)>’ mm(a ) (1=w,)

D, with a minimum of —

4 4
1— 1

L_ﬂ’%‘f_jW_IJ)’ and —Iw, w,. If we call those three values,
respectively, a, b, and c:

Situation Coymin Cov™a*

c<a<b Cov(a) Cov(b)

age<bh Cov(c) max (Cov(a), Cov (b))
a<h<c Cov(b) Cov{(a)
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And so:

Minimum covariances
0.90 —0.050 —0.070 —0.062 —0.026 0.000 —0.026 —0.062 —0.070 —0.050
0.80 —0.070 —0.090 —0.058 —0.014 0.000 —0.014 —0.058 —0.090 -0.070
0.70 —0.062 —0.058 —0.026 —0.006 0.000 —0.006 —0.026 —0.058 ~0.062
0.60 —0.026 —0.014 —0.006 —0.002 0.000 —0.002 —0.006 —0.014 -0.026
0.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.40 —0.026 —0.014 —0.006 —0.002 0.000 —-0.002 —0.006 —0.014 -0.026
0.30 —0.062 —0.048 —0.026 —0.006 0.000 —0.006 —0.026 —0.058 -0.062
0.20 —-0.070 —0.090 —0.058 —~0.014 0.000 —-0.014 —0.058 —0.090 -0.070
0.10 —0.050 —0.070 —0.062 —0.026 0.000 —0.026 —0.062 —0.070 -0.050
T4+w, /14w,
75 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900

Maximum covariances
0.90 0.590 0.410 0.258 0.134 0.040 0.134 0.258 0.410 0.590
0.80 0.410 0.870 0.582 0.346 0.160 0.346 0.582 0.870 0.410
0.70 0.258 0.582 0.974 0.634 0.360 0.634 0.974 0.582 0.258
0.60 0.134 0.346 0.634 0.998 0.640 0.998 0.634 0.346 0.134
0.50 0.040 0.160 0.360 0.640 1.000 0.640 0.360 0.160 0.040
0.40 0.134 0.346 0.634 0.998 0.640 0.998 0.634 0.346 0.134
0.30 0.258 0.582 0.974 0.634 0.360 0.634 0.974 0.582 0.258
0.20 0.410 0.870 0.582 0.346 0.160 0.346 0.582 0.870 0.410
0.10 0.590 0.410 0.258 0.134 0.040 0.134 0.258 0.410 0.590
% / %‘ﬁ 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900
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