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Population Genetics of Heterosis: Effects of Hardy-Weinberg Disequilibrium
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Summary

The mechanistic explanation of heterosis has been tradition-
ally based on quantitative differences of gene effects. However,
for outcrossing populations, heterosis is also a property of pop-
ulations. In this paper, the effects of the deviation of a popula-
tion from Hardy-Weinberg equilibrium (HWE) on the magni-
tude of heterosis have been examined numerically. The mating
of two populations in HWE may generate directions and mag-
nitudes of heterosis different from the mating of two popula-
tions in Hardy-Weinberg disequilibrium (HWD). Such differ-
ences of heterosis between these two types of population mat-
ing may be due to the release of vigor restored in the parental
populations during the process of HWD. Results from this
study can provide guidance on the selection of parental popula-
tions for the effective exploitation of heterosis and the predic-
tion of genetic structure and organization for hybrid zones in
nature.
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Introduction

Heterosis or hybrid vigor has been one of the most important
driving forces for plant breeding in the last decades (GOWEN,
1952; Coors and PANDEY, 1999). The exploitation of heterosis
in an operational breeding program can be made more efficient
if its underlying genetic basis is known. Tremendous effort,
using quantitative and molecular genetic approaches, has been
expended to study the genetic causes of heterosis and its devel-
opmental and biochemical foundations (WRIGHT, 1922;
WILLIAMS, 1959; SCHNELL and COCKERHAM, 1992; STUBER et al.,
1992; X140 et al., 1995; L1 and Wu, 1996; YU et al., 1997; Xu
and ZHU, 1999). From these studies, three major genetic
hypotheses have been proposed to explain heterosis in terms of
quantitative effects of genes: dominant, overdominant and
epistatic (CrRow, 1952, 1993, 1999; GOODNIGHT, 1999). However,
the majority of these studies have been based on well designed
pedigrees derived from two complementary inbred lines
(homozygous) between which a simple genetic segregation pat-
tern exists, thus facilitating a quantitative genetic analysis of
heterosis (FALCONER and MACKAY, 1996).

For many outcrossing species, such as forest trees, it is very
difficult or impossible to develop inbred lines due to their typi-
cal biological properties. Thus, genetic studies for these species
should be based on non-domesticated natural systems. In many
of these species, remarkable heterosis may be generated for a
variety of morphological or life-history traits through natural
or artificial hybridization between wild populations (WU et al.,
1992; L1 and Wu, 1996; STETTLER et al., 1996; RIESEBERG, 1997).
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When two different populations are crossed to generate a new
progeny population, the parental populations will certainly
transmit their genes and population genetic properties of these
genes into their hybrids. Therefore, for the hybrids derived
from natural populations, heterosis is a property of the genes
concerned as well as of populations. For this reason, the tradi-
tional genetic analysis of heterosis based purely on quantita-
tive effects of genes, will not be enough to gain a comprehen-
sive insight into its genetic basis.

The population properties of genes have been defined with
respect to allele frequency and allele association (FALCONER and
MAcCKAY, 1996). In a large randomly mating population without
selection, mutation, or migration, different alleles for the same
gene are independent of each other, and the allele frequencies
and genotype frequencies are constant from generation to gen-
eration. This is known as the Hardy-Weinberg law. A popula-
tion composed of independent alleles for the same gene is said
to be in Hardy-Weinberg equilibrium (HWE), a major assump-
tion for most quantitative genetic studies. However, there are
also other types of populations common in nature and plant
breeding for which HWE may not apply. In order to study and
exploit heterosis for such populations, which are said to be in
Hardy-Weinberg disequilibrium (HWD), it is necessary to
reveal their population genetic properties and the effects of
these properties on heterosis. In this paper, we will numerical-
ly analyze how allele frequencies and HWD in the parental
populations interact with gene effects to affect the direction
and magnitude of heterosis as a whole.

Genetic model

Consider two different diploid populations in which there is
the same segregating gene of two alleles A, and A, affecting a
quantitative trait. The values relative to some zero point of the
three different genotypes A A,, and A,A, at this locus are
denoted by a, & and —0, which assumes that A, and A, are the
favorable and unfavorable alleles, respectively. This gene is
supposed to have different population properties between the
two populations. The allele frequencies of A, and A, in popula-
tion 1, denoted by p, and q, (p,;+q,=1), may be different from
those in population 2, denoted by p, and g, (p,+q,=1). The two
alleles at this locus may be genetically associated due to the
influences of various evolutionary forces, with the extent
described by the coefficient of Hardy-Weinberg disequilibrium
(HWD). These coefficients are denoted by d, for population 1
and d, for population 2, and have respective bounds as func-
tions of the allele frequencies (WEIR, 1996),

{maX(—pf,—qf)Sd] <pa

(1)
max( ’Pzz"qg )<d, < pyg,

A negative disequilibrium coefficient corresponds to a defi-
ciency of homozygotes relative to HWE, whereas a positive
coefficient corresponds to an excess of homozygotes (HERNAN-
DEZ and WEIR, 1989). Given these definitions, genotype fre-
quencies for the gene in the populations are expressed by the
corresponding formulae in Table 1. It is straightforward to cal-



Table 1. — Genotypic values and frequencies of the gene under consider-
ation in two populations.

Genotype frequency

Genotype Genotypic value Population 1 Population 2
AA o pi+d, pitd,
A4 3 2pig,—d,) 2(prgr—dy)
A4, s @ +d, 43 +d,

culate the means of the trait for the gene in population 1 and 2
as u;=a(p—q,)+28p,q,—d,) and u,=a(p,—q,)+23(p,q,—d,),
respectively.

Hybrid mean

A random sample of individuals from one population as the
female parents, is crossed with a random sample of individuals
from the other population, the male parents, to produce an
inter-population hybrid progeny population. Because the two
samples used as parents represent a random sample of each
original population, the population genetic parameters in the
original populations, such as allele frequency and HWD coeffi-
cient, can be approximated by those in the samples. Thus,
genotype frequencies in the hybrid population can be estimated
based on the parameters defined for the original populations.
Assuming that each genotype for the locus has an equal proba-
bility of survival in the hybrid population, i.e., the hybridiza-
tion does not cause new HWD, the frequencies of the three
genotypes in the hybrid population are:

B =(pi +d)X(p; +dy)+3(pi +d,) X 2 pyg,— )
X2 pgy = d) X (p3 + dy) +4 X2 pig, = d) X2 pyg, — d)
= pps
for genotype A,A |,
By =3 pi +d )X pygy —dy )+ pl +d, ) @3 +dy )+ 5% 2 pigy—d, )X( p} +dy )
+3X2(pyg —d) %2 pyg,~ d,)
+EXY pgy —d, ) g5 +dy )+ (gf +d ) py +dy )+ (g +dy )X pyg, —d,)
= pg +qp,

for genotype A A,, and

Py= (gl + d)X(q;+ dy) +3(q) + d) X2 pyg, — )
+% X2(pq, _dl)x(q22 + d2)+i>< 2(p,q, —d)x2p,q, —d,)
= 49>

for genotype A A,.

It can be seen that genotype frequencies in the hybrid proge-
ny population are independent of the HWD coefficient in both
original populations. In nature, when any two different popula-
tions are merged, the new population will reach HWE in one
generation. For this reason, hybrid zones occurring between
two different but adjacent species must be in HWE as long as
they are not subject to new evolutionary forces. This is the
extension of the HWE law to different populations.

The trait mean of the hybrid population for the gene can be
expressed as M=a(p,p,—q,q,)+3(p,q,—qp,). According to the
traditional definition, heterosis is calculated by comparing
hybrids with inbred parents. But here heterosis is defined in
terms of the performance of outcrossing parental populations
(FALCONER and MAcKAY, 1996), calculated as the merit of the
hybrid population over the average value of the two parental
populations (H,) or the better parental populations (Hy):

Hy=M- 304 +1,)

= o{(pp, —019:) -3 - 4) + (P2 - )+ (g, -g)(p + p) +d +dy] (2)
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Hy=M - max{p,u, }
= a(q1p2_1’|q2)+6[(qZ —g)p —q)+2d] (3)

It can be seen that the additive (a) and dominant genetic
effects (8) affect heterosis through different mechanisms.
Whereas the influence of o depends on the degree of the fixture
of alleles in the parental populations, the influence of o
depends on the difference of allele frequencies between the
populations and the genetic association (measured by d, and
d,) between the two alleles for the gene. In Eq. (3), we assume
that population 1 is better than population 2, which implies
=y =2[a(p,—p,) +3(p,q,—d,—pyq,+d,)] > 0, resulting in par-
ticular restrictions on the relationship between the allele fre-
quencies of the two populations (see the Results).

Hybrid genetic variance

The genetic variance due to the gene in a parental popula-
tion (say i) can be derived as

o, =2(pig, +d)a’ +(pg ~d)(1-2p,q,+2d)8 ~2p, — ) pg, ~ d,)0d]
= 0% + 0y +2dX +2q, ~ p)(pig; —2d (A, + 0)8] - 4(8d,) (4)

where 0%, =2p,q,a%, 0% =4(p,q;0* and A= a+(q,—p;)d are the
additive genetic variance, dominant genetic variance and the
average effect of the gene substitution at the locus concerned,
respectively, when the population is in HWE (FALCONER and
Mackay, 1996). It is seen from Eq. (4) that the genetic variance
of a population in HWD is not simply the sum of the additive
and dominant genetic variances. It additionally contains inter-
actions between gene effects, allele frequency and coefficients
of HWD. These additional interactions will not exist if the pop-
ulation is in HWE (d,= 0).

The difference in genetic variance between two populations
is dependent on how allele frequencies and HWDs differ and
how these population parameters and gene effects interact, as
shown by the following expression:

v,=0,-0,
=A(pmp)(1=py = po)+ (dy —dy))e’
+2{(p, = p)U= p = p)1=2p + p,)+2(p} + p})]
+{(pd, — pdy) = (pjd, = pid)1—(d,—d,)1-2d, —2d,)} &
~4(p, = p)1 +2p12 +2pp,t 2p22 =3p,—3py)+2pd, ~ p,dy) ~(d, ﬁdz)]aa (5)
When the two populations with different genetic structures
are crossed, the genetic variance due to the gene in the hybrid
population (52(;) can be derived as
Uza =lpp(1-ppy+ a4) + 99,(1+ pp,— ‘11‘12)]“2
+Hpg:+ qp)1-pg,—q I’:)(YZ
=2(p,p2 = 49 X PGy + 4,0)0D (6)
which indicates that the traditional partitioning of genetic

variance into additive and dominant components is not possi-
ble for the hybrid populations.

Results

In this section, we will use numerical examples to demon-
strate how allele frequencies and HWD affect heterosis and
genetic variation in the hybrid progeny. For the effect of HWD,
we consider three different cases, coefficient of HWD = 0 and
HWD on the two extremes as shown by Eq. (1).

Mid-parent heterosis

As described by Eq. (2), heterosis based on the mid-parent
(H,) is independent of the additive effect of the gene. Assume
that the dominant effect 6 = 10. It is obvious that the magni-
tude of H, is a function of the difference in allele frequency
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Figure 1. — Plots of mid-parent heterosis vs. allele frequencies in two parental populations. A: Populations in HWE, B: Populations with HWD at

upper bound, C: Populations with HWD at the lower bound.

between the two parental populations (Figs. 1A-1C). When the
favorable allele is fixed in one population and the unfavorable
allele is fixed in the second (i.e., p,=1 and p,=0 or p,=0 and
py=1), the mid-parent heterosis is maximized. There is no het-
erosis when a given allele has the same frequency in the two
populations.

The magnitude of H, also differs depending on whether or
not there is HWD (Figs. 1A vs. IB and IC) and how much
HWD is in the two parental populations (Fig. 1B vs. 1C). Given
the same difference between allele frequencies (except those at
the extremes) of the two populations, larger positive H, is
observed in the case where HWD is at the upper bound (Fig.
1B) than in the case where there is no HDW (Fig. 1A) or where
HWD is at the lower bound (Fig. 1C). In the case in which
HDW is at the lower bound, H, may be negative when the
allele frequencies tend to be identical between the two popula-
tions.

Better-parent heterosis

The influences of allele frequencies and HWD on heterosis
based on the better parent (Hj) are compared. This is because
the direction and size of H, is dependent of the degree of domi-
nance as described by the ratio of 6 to o and because there are
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restrictions on the relationship between the allele frequencies
of the two populations. Assume that population 1 is the better
parent. Thus, when there is no HWD in both parental popula-
tions, the value of p, should be 0< p,<p,<1 for a dominant or
partially dominant gene and

OSplszﬂlorOSpZS%+ql ifpl—ql>%
0
a . o
OSp25p1510r053+q,<p251 lfp]—ql<g
0<spsp,<lor0<p,<p <l ifp1_41=%

for an overdominant gene. When HWDs in both populations
are at the upper bound, the value of p, is 0<p,<p <1, irre-
spective of the dominance of the gene. When HWDs in both
populations are at the lower bound, the value of p, will be
taken as:

0<p,<p or0.55p2<ap‘_§q' (@ >(5)0rap‘_gq' <p,(@a<d) if0<p <05
a- a-

05<p,<p or0<p,<l- ‘5}’16 if 0.5< p, <1
o+

As demonstrated by the numerical analyses, H, increases
with the difference of allele frequencies between the two



parental populations, with the extent of increase depending on
the degrees of HWD and dominance (results not shown). Under
the same degree of dominance, larger Hy can be generated for
two parental populations with HWDs at the upper bound than
the two populations without HWDs. At a given HWD level,
dominance increases the heterosis significantly. However, the
heterosis is affected by interactions between HWD and domi-
nance. The effect of HWD on the heterosis is increased from
partial dominance (d/a =0.5) to dominance (é/a =1.0) to over-
dominance (d/a =1.5). For example, at partial dominance, the
difference of the heterosis between the situation in which there
is HWD at the upper bound and the situation of no HWD is 0.9.
This difference is increased to 2.4 at dominance (d/a =1) and
2.7 at overdominance (6/a =1.5).

When the two parental populations have HWDs at the lower
bound, the effect of the difference of allele frequency on Hj, has
different trends for overdominance (d/a =1.5). In this example,
the heterosis has a minimum value at p,=0.5. When p,
decreases from 0.5 to 0 or increases from 0.5 to 1, the heterosis
is increased. In all cases, the heterosis is increased with
increased p, values, although it is negative for many combina-
tions of p; and p,,.

dlo 0 o

Wau et al.-Silvae Genetica (2004) 53-1, 1-6

Population difference and hybrid population

The genetic variance of a parental population is a function of
the difference of the frequencies of alternative alleles, the
degree of HWD and the degree of dominance (Fig. 2). In a HWE
population, the genetic variance is increased consistently with
increased divergence in the frequencies of alternative alleles
and increased dominance (Fig. 1A). However, for a population
with HWD at the upper bound, the increase of the genetic vari-
ance with the difference of the alternative allele frequencies is
not dependent on the degree of dominance (Fig. 2B), because
there are no heterozygotes in this case. For a population with
HWD at the lower bound, there exist two distinct trends for the
genetic variance (Fig. 2C). If the frequency of the favorable
allele ranges from 0 to 0.5, the pattern of the values for the
genetic variance is the same as for a population without HWD.
But if the allele frequency ranges from 0.5 to 1, the pattern of
the values for the genetic variance is the same as for a popula-
tion with HWD at the upper bound.

As expected, the difference in genetic variance between two
natural populations depends on how the allele frequencies and
HWD differ between the populations (see Eq. 5). These two
population parameters further interact with the degree of dom-

100

Figure 2. — Plots of genetic variance vs. allelic frequency and the degree of dominance for a natural population. A: Population in HWE, B: Population
with HWD at the upper bound, C: Population with HWD at the lower bound.
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Figure 3. — Plots of genetic variance in the hybrid population vs. allelic frequencies in two parental populations under pure additivity (A), partial

dominance (B), dominance (C) and overdominance (D).

inance to affect the population difference of genetic variance.
The genetic variance of the hybrid population is not dependent
on HWD, but is affected by the difference of the frequency of
the same allele between the two populations. If the allele fre-
quency is 1/2 in both populations, the genetic variance of the
hybrid population is maximum (Fig. 3). The genetic variance of
the hybrid population is a function of the degree of dominance,
increasing from no dominance (d/a =0, Fig. 3A to partial domi-
nance (8/a =0.5, Fig. 3B to dominance (d/a =1, Fig. 3C) to over-
dominance (d/a =1.5, Fig. 3D).

Discussion

Traditional genetic analyses of heterosis are based on the
quantitative effects of the genes segregating between two com-
plementary opposite inbred lines. Three genetic hypotheses,
dominance, overdominance, or epistasis, have been extracted
from these analyses to explain the genetic mechanisms of het-
erosis. However, heterosis for the hybrids derived from two dif-
ferent outcrossing populations, especially those in HWD, is not
only dependent on gene effects (this is the essence of quantita-
tive genetics) but also the genetic structures and evolutionary
histories of the populations (this is the essence of population
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genetics). One of the main motivations for this study is to
investigate the genetic basis of heterosis from both quantita-
tive and population genetic perspectives. It is found that het-
erosis based on either the mid-parent or better parent is affect-
ed by genetic divergence in allele frequency and allele associa-
tion between two populations. These population parameters
interact with gene effects and gene actions to determine het-
erosis.

There have been a number of well documented examples
showing that heterosis is increased by the genetic diversity
between two populations (Cox and MUrPHY, 1990; LABATE et
al., 1998). Increased heterosis with population divergence has
often been attributed to the difference of allele frequencies
between populations (CRESS, 1966). Our theoretical analyses
indicate that the disequilibrium status of populations can also
offer a mechanistic explanation for heterosis in natural popula-
tions. Although fundamental theories of quantitative genetics
are based on the properties of a large, randomly mating popu-
lation (FALCONER and MAcKAY, 1996), deviations from HWE
have not been uncommon in many situations for domesticated
and wild species. The generation of HWD may be due to a num-
ber of evolutionary forces, such as selection, mutation, migra-
tion and subdivision (FALCONER and MACKAY, 1996).



Two populations that are in HWD can reach HWE when they
are randomly mated for one generation. This may suggest that
there is a higher probability for hybrid zones to be in HWD
than either parental population in nature, before new evolu-
tionary forces have an effect on the hybrid population. Howev-
er, occurrence of HWD in the parental population affects the
magnitude of heterosis in the hybrid population. Consider two
pairs of outcrossing populations, one pair in HWD and the
other in HWE. Any population from one pair has the same
allele distributions as a population from the other pair. As
illustrated in this study, the mating of the pair of populations
in HWD will produce extreme heterosis compared to the mat-
ing of the other pair of populations in HWE. According to
LAMKEY and EDWARDS (1999), we define the heterosis of the
randomly mating populations in HWE as panmictic heterosis.
The “extreme” heterosis between the two populations in HWD
is a kind of baseline heterosis, as defined by LAMKEY and
EDWARDS (1999), which is the restoration of what was lost in
the parental populations because of HWD. Our analysis is
based on the assumption that new HWD is created during
hybridization between two outcrossing populations. But the
generation of HWD for the hybrids is not imposssible because
of possible outcrossing depression. It is straightforward to
incorporate the effect of HWD resulting from hybridization in
our heterosis analysis.

Hybrid populations with strong heterosis may be an impor-
tant force for speciation (RIESEBERG, 1997). New developments
of quantitative genetic studies of hybrid populations like those
in this study are appealing, because many quantitative genetic
concepts such as average effect, additive genetic variance and
narrow sense heritability are inappropriate for understanding
the genetic organization and structure of the hybrid population
(GORDON, 1999).
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