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Genetic population di�erentiation is typically viewed as di�erentiation of population means.
However, several theories of evolution and speciation postulate that populations di�erentiate not
only with respect to the population means, but also with respect to the e�ects of alleles within these
populations. I develop herein a measure of population di�erentiation for the `local average e�ects' of
alleles, where local average e�ect is de®ned as the average e�ect of an allele in a deme measured as a
deviation from the metapopulation mean. The di�erentiation for local average e�ects has two
components, a component attributable to the population mean and a residual component that is
attributable to changes in the local average e�ects independent of the population mean. The variance
in local average e�ects attributable to the population mean is measured as the variance in the mean
local average e�ect of all alleles. The variance in the residual local average e�ects is measured as the
di�erence between the variance local average e�ects of individual alleles and the variance in the mean
local average e�ects of all alleles. Di�erentiation for population means and di�erentiation for residual
local average e�ects need not be related. I show that when there is only additive gene action,
populations can di�erentiate for population means, but not for residual local average e�ects.
However, if there is gene interaction then populations can also di�erentiate for local average e�ects of
alleles. The consequence of this di�erentiation is that the local average e�ects of alleles change relative
to each other such that an allele that is favoured by selection in one population may be removed by
selection in other populations. I discuss the evolutionary consequences of di�erentiation for local
average e�ects, and the interpretation of QTL data in light of this model.

Keywords: genetic drift, genetic variance components, metapopulation quantitative genetics,
quantitative trait loci, speciation.

Introduction

Genetic population di�erentiation typically is viewed as
di�erentiation of population means (Wright, 1952;
Crow & Kimura, 1970). However, a variety of theories
of evolution and speciation postulate that populations
di�erentiate not only with respect to the population
means, but also with respect to the e�ects of alleles
within these populations. This is the basis of Wright's
(1931, 1977) shifting balance process, which postulates
that epistasis and pleiotropy will lead to `multiple
selective peaks'. A hallmark of this theory is that
di�erent alleles are favoured by selection in the `domains
of attraction' of di�erent peaks. Similarly, theories of
speciation resulting from periods of small population
size, such as Mayr's (1963) genetic revolutions at
speciation model, Carson's (1968) founder-¯ush theory
of speciation, and Templeton's (1980a,b) theory of

genetic transilience, all rely on the idea that the selective
value of genes will change as a population passes
through a genetic bottleneck.
These authors all considered gene interaction to be

ubiquitous, but held in tightly coadapted gene complexes
as a result of stabilizing selection on gene interactions
during development. Under this view, the selective value
of a gene is a property not only of the gene, but also of
the genetic background in which it is found. Because the
selective values of genes are a function of all of the
interacting loci, an evolutionary inertia develops that
severely constrains the evolutionary pathways along
which a population can evolve. Founder events and
genetic drift are seen as mechanisms for disrupting the
cohesion of the gene pool by changing gene frequencies
randomlywith respect to ®tness, and potentially causing a
population to move under the domain of in¯uence of a
new coadapted gene complex. When a population begins
to evolve towards a new coadapted gene complex alleles
that formerly conferred high ®tness, and were at highCorrespondence. E-mail: charles.goodnight@uvm.edu
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frequency,maybe removedby selection.Other alleles that
were formerly deleterious and rare may suddenly confer
high ®tness and be favoured by selection. It is for this
reasonWright felt that `creative' evolutionwasmost likely
to occur when there was an interaction between genetic
drift, mutation, migration and selection (Wright, 1977).

It has been shown that additive genetic variance can
increase as a result of genetic drift in systems, when forms
of gene interaction including within-locus dominance
(Robertson, 1952; Willis & Orr, 1993), additive-by-additive
epistasis (Goodnight, 1983, 1988; Cockerham & Tachida,
1988), and a variety of forms of two-locus epistatic
interactions (Cheverud & Routman, 1996) are present. It
must be true that if additive genetic variance increases as
a result of population bottlenecks in systems with gene
interactions, then a statistical conversion of nonadditive
e�ects into additive e�ects is occurring. Because these
nonadditive e�ects arise from gene interactions it seems
reasonable intuitively that an among-populations genetic
di�erentiation of average e�ects will occur. Thus, these
studies of the increase in additive genetic variance lend
credence to the suggestion that population bottlenecks can
change the average e�ects of alleles.

In an earlier model I suggested that the genetic
di�erentiation of demes within a metapopulation could
be measured by calculating the variance in the local
breeding value of a single sire across a metapopulation
(Goodnight, 1995). The advantage of the local breeding
value approach used in that model is that it is a direct
extension of standard quantitative genetics, and is
amenable to quantitative genetic experimental tech-
niques. With the development of quantitative trait loci
(QTL) methodologies it is reasonable to develop similar
measures for systems with molecularly localized genetic
e�ects. Recently Cheverud & Routman (1995, 1996;
Routman & Cheverud, 1997) have developed a modi®-
cation of Cockerham's (1954) two-locus genetic model
that can be readily applied to QTL studies. Here I extend
the models of Cheverud and Routman to include the
measures of genetic population di�erentiation developed
in Goodnight (1995). In addition to providing measures
of population di�erentiation for average e�ects in terms
amenable to QTL studies this approach can be used to
analyse all forms of one- and two-locus genetic interac-
tions, as well as two-locus genotypic values derived from
empirical QTL studies. Thus, although there are clear
limitations to this modelling approach it provides an
excellent complement to the approach originally devel-
oped by Cockerham (1954).

Model

Epistasis occurs when phenotypic di�erences among
genotypes at one locus depend on which genotypes are

present at other loci. Cheverud & Routman (1996)
de®ne a quantitative measure of `physiological epistasis'
in a two-locus genetic model that is analogous to the
arbitrarily assigned genotypic values in a single-locus
system with dominance used by Falconer & Mackay
(1996) following Hayman & Mather (1955). This de®-
nition of physiological epistasis does not depend on
allele frequencies at the two loci in question and it is
distinct from the contribution of epistasis to genetic
variance components. Physiological epistasis contributes
to all three genetic variance components, additive,
dominance and epistatic (Cheverud & Routman, 1996).

I consider a phenotype determined by two loci, an A
locus and a B locus, each with two alleles, labelled 1 and
2, with allele frequencies p1 and p2 at locus A and q1 and
q2 at locus B. The genotypic values, de®ned as the mean
phenotype for a particular two-locus genotype, are
independent of allele frequencies at the loci in question
and, for present purposes, also assumed to be independ-
ent of allele frequencies at other loci (no three-way or
higher epistasis). Each locus, A and B, may have a direct
e�ect on the phenotype in question and act epistatically
to modify the e�ects of the other locus (Cheverud &
Routman, 1996).

I de®ne the local average e�ect of the ith allele at the
lth locus in the mth deme, a(L)mli, to be the mean
deviation from the metapopulation mean of an individ-
ual containing the allele, with the remaining genotype
having come at random from the mth deme. Average
e�ects were developed to describe the phenotypic e�ects
of an allele averaged across population structure (Fisher,
1958). As such, average e�ects are of greatest use in
unstructured random mating populations (Falconer,
1985). Local average e�ects are a natural extension of
average e�ects that explicitly include the e�ects of
population subdivision (Wade & Goodnight, 1998).
Local average e�ects are analogous to the local breeding
values de®ned by Goodnight (1995). In standard quan-
titative genetics, breeding value is the sum of the average
e�ects. This simple relationship does not hold for local
breeding values (de®ned as the mean value of the
o�spring of an individual mated in a deme measured as
a deviation from the metapopulation mean; Goodnight,
1995) and local average e�ects. This is the result of two
factors. First, the local average e�ects include the e�ects
of the local deme, and a sum of local average e�ects will
inappropriately add the deme mean multiple times. To
correct this the deme mean must be subtracted from
each of the local average e�ects and then added back to
the local breeding value (which is also measured as a
deviation from the metapopulation mean). Secondly, the
process of inbreeding causes alleles at the two loci to
become associated with each other. At higher inbreeding
coe�cients some interactions (`cis' interactions) are
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reliably transmitted from parent to o�spring. As a
result, the sum of the local average e�ects does not equal
the local breeding value of a sire unless the sire is
completely outbred ( f� 0; see also Falconer, 1985).
To examine the di�erentiation of demes for genetic

e�ects I use the among-demes variance in the local
average e�ects. It is this variance that will describe
the extent to which alleles are performing di�erently
in the di�erent genetic backgrounds. The variance in
the single-allele local average e�ects is:
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and the variance in mean local average e�ect of a locus
is the variance in the mean local average e�ect of all
alleles at that locus in a particular deme:
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This is the among-demes variance in the mean local
average e�ect of the ith locus. This measure is an
intraclass covariance in average e�ects that is similar to
the among-demes covariance in the local breeding values
used by Goodnight (1995). A ®nal measure of interest is
the intraclass correlation in local average e�ects, or the
fraction of the variance in local average e�ects that is
among populations:

Corr a�L�i�
� � Var a�L�i�

�
Var a�L�ij

� : �3�

Because epistatic values contribute to the local aver-
age e�ects of alleles, they also contribute to additive
genetic variance and the variances in the local average
e�ects of alleles, and they may do so at any allele
frequency. The contributions of epistasis to dominance
and interaction variance are speci®ed in Cheverud &
Routman (1996).
Following Cheverud & Routman (1996) I measure the

e�ects of population bottlenecks on the variance in the
local average e�ect of an allele and in the variance in
mean local average e�ect. I do this by calculating these
variances among populations of constant ®nite size
drawn from a parental population with intermediate
allele frequencies at both loci. The frequency distribu-
tion of populations displaying various combinations of
allele frequencies is obtained using a two-locus Markov

chain model (Crow & Kimura, 1970; Hartl & Clark,
1997). The elements of this transition matrix are given
by:
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where T(i(k+1))(j(l+1)) is the transition probability from
state (i,k) (i alleles at the A locus and k alleles at the B
locus) to state (j,l ), and N is the population size. As with
the standard Markov chain model this can be used to
project the distribution of two-locus gene frequencies
forward from an initial starting condition.
I then calculate the local average e�ect of alleles in

each population type with a speci®ed set of two-locus
allele frequencies, and use these local average e�ects
weighted by the population-type frequencies, to calcu-
late the variances.
Most QTL analyses are undertaken using highly

di�erentiated parental populations that are mated to
produce a hybrid population with a gene frequency of
0.5 at all segregating loci. In keeping with this, all of the
examples given in this paper assume a starting gene
frequency of 0.5 at both loci, even though the Markov
chain model can be calculated based on any starting set
of gene frequencies. In natural populations the initial
gene frequencies will normally not be at 0.5, particularly
for loci that in¯uence phenotypes that are under
selection.

Special forms of genetic variation

In systems such as that modelled here, with two
interacting loci, the nine genotypic values can be divided
into eight independent genetical e�ects. The one- and
two-locus genetic e�ects (Cockerham, 1954; Hayman &
Mather, 1955; Van der Veen, 1959; Cockerham & Zeng,
1996) for a gene frequency of 0.5 at both loci and at
linkage equilibrium are shown in Table 1. These genetic
e�ects correspond to the columns of the `S' matrix of the
design III model of Cockerham & Zeng (1996). Also
listed in Table 1 are the genotypic values for the two
examples discussed below. Using regression methods
described below, any two-locus interaction at any gene
frequency can be decomposed into a combination of
these eight forms of interaction. Table 2 lists the residual
local average e�ects and Table 3 lists the among-deme
variance components for the pure forms of genetic
variance and the examples discussed below when all
alleles are at ®xation.
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Figure 1(a±e) are graphs of the among-deme varian-
ces as a function of inbreeding coe�cient for the
population mean, local average e�ect of a single allele,
and mean local average e�ects for the di�erent forms of
genetic e�ects. The mean additive genetic variance is
plotted in addition. These graphs were calculated using
the e�ect matrices for the interaction in Table 1 divided
by the genetic standard deviation, so that the total
genetic variance in the ancestral population ( p1�
q1� 0.5) is 1. Population sizes of 2, 4, 8, 16, 32 and 64
individuals were used in the calculations. Population

sizes of eight and larger are connected by a line. Smaller
populations (two and four) frequently deviate from
these smooth curves, particularly in interactions involv-
ing dominance.

Additivity

With pure additive variance, genotypic di�erences at the
two loci are independent, and the genotypic value is a
simple sum of the number of A2 or B2 alleles (Table 1,
Fig. 1a). The variance in local average e�ects, the

Table 1 Genotypic values for the pure forms of two-locus genetic variation (Cockerham, 1954) and the two examples of
mixed forms of variance discussed. With the exception of the teocinte/maize example values are given in whole numbers for
clarity. These numbers can be divided by the genetic standard deviation to obtain e�ects with gentoypic variances of 1

A1A1

B1B1

A1A2

B1B1

A2A2

B1B1

A1A1

B1B2

A1A2

B1B2

A2A2

B1B2

A1A1

B2B2

A1A2

B2B2

A2A2

B2B2

Additive A locus 1 0 )1 1 0 )1 1 0 )1
Additive B locus 1 1 1 0 0 0 )1 )1 )1
Dominance A locus 0 1 0 0 1 0 0 1 0
Dominance B locus 0 0 0 1 1 1 0 0 0
Additive-by-additive 1 0 )1 0 0 0 )1 0 1
Additive-by-dominance 1 0 )1 )1 0 1 1 0 )1
Dominance-by-additive 1 )1 1 0 0 0 )1 1 )1
Dominance-by-dominance )1 1 )1 1 )1 1 )1 1 )1

Directional dominance
(A locus)

1 1 0 1 1 0 1 1 0

PEDS (%)
(teocinte ´ maize)

0.0 0.0 0.8 0.3 0.2 1.3 1.1 0.4 7.3

Table 2 Residual average e�ects of alleles at ®xation for the pure forms of genetic variance

Add. A Add. B Dom. A Dom. B A ´ A A ´ D D ´ A D ´ D
Dir.
Dom. PEDS

Freq(A1) = 1 a(L)A1 ) a(L)A· 1/2 0 )1/2 0 1/2 1/2 1 )1 0 )0.15
Freq(B1) = 1 a(L)A2 ) a(L)A· )1/2 0 1/2 0 )1/2 )1/2 )1 1 0 0.15

a(L)B1 ) a(L)B· 0 1/2 0 )1/2 1/2 1 1/2 )1 0 0.00
a(L)B2 ) a(L)B· 0 )1/2 0 1/2 )1/2 )1 )1/2 1 0 0.00

Freq(A1) = 1 a(L)A1 ) a(L)A· 1/2 0 )1/2 0 )1/2 1/2 )1 )1 0 )0.25
Freq(B1) = 0 a(L)A2 ) a(L)A· )1/2 0 1/2 0 1/2 )1/2 1 1 0 0.25

a(L)B1 ) a(L)B· 0 1/2 0 1/2 1/2 )1 1/2 1 0 )0.40
a(L)B2 ) a(L)B· 0 )1/2 0 )1/2 )1/2 1 )1/2 )1 0 0.40

Freq(A1) = 0 a(L)A1 ) a(L)A· 1/2 0 1/2 0 1/2 1/2 )1 1 1/2 )0.40
Freq(B1) = 1 a(L)A2 ) a(L)A· )1/2 0 )1/2 0 )1/2 )1/2 1 )1 )1/2 0.40

a(L)B1 ) a(L)B· 0 1/2 0 )1/2 )1/2 )1 1/2 )1 0 0.35
a(L)B2 ) a(L)B· 0 )1/2 0 1/2 1/2 1 )1/2 1 0 )0.35

Freq(A1) = 0 a(L)A1 ) a(L)A· 1/2 0 1/2 0 )1/2 1/2 1 1 1/2 )3.00
Freq(B1) = 0 a(L)A2 ) a(L)A· )1/2 0 )1/2 0 1/2 )1/2 )1 )1 )1/2 3.00

a(L)B1 ) a(L)B· 0 1/2 0 1/2 )1/2 1 1/2 1 0 )3.45
a(L)B2 ) a(L)B· 0 )1/2 0 )1/2 1/2 )1 )1/2 )1 0 3.45

Var(a(L)A1 ) a(L)A)· 0 0 1/4 0 1/4 0 1 1 1/16 1.41
Var(a(L)B1 ) a(L)B)· 0 0 0 1/4 1/4 1 0 1 0 2.28
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variance in mean local average e�ects and the variance
among populations are equal, and at ®xation are equal
to twice the additive variance (owing to that locus) in the
ancestral population (Fig. 1a). As a result, the residual
variance in local average e�ect is zero and the correla-
tion in local average e�ects is 1.

Dominance

Pure dominance (Table 1, Fig. 1b) is what is classically
called symmetrical overdominance. Later I consider
directional dominance, which is a combination of
dominance and additivity. With dominance the two

Fig. 1 The among-deme variance in population means (var(Pop. Mean)), the variance in local average e�ect (Var(a)), the variance
in the mean local average e�ect (Var(meana)), and the additive genetic variance (Va) as a function of inbreeding coe�cient for the
`pure' forms of genetic e�ects. All examples are started with an initial gene frequency of 0.5 at both loci, and population sizes of 4, 8,
16, 32 and 64 individuals. In some cases smaller populations deviate slightly from this line. The di�erence (Var(a) ± Var(meana))
is the residual variance in average e�ects and measures the di�erentiation in local average e�ects. (a) Additive genetic variance
(b) dominance genetic variance, (c) additive-by-additive epistasis, (d) additive-by-dominance epistasis, (the additive locus (Add) and
the dominance locus (Dom) are plotted separately), (e) dominance-by-dominance epistasis.
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homozygotes have the same genotypic value, which is
lower than the genotypic value of the heterozygote. As
with the additive model the two loci are independent in
their e�ects. Because the two homozygotes have equal
genotypic values as the populations go to ®xation, the
variance among demes goes to 0. The variance in
the average e�ect climbs to a value of 1.0. However,
the mean average e�ect is constant for all population
frequencies. Thus the variance in mean average e�ects is
0 and the correlation in average e�ects is also 0. This will
be seen to be a general result: for all interactions
involving dominance the variance in the mean local
average e�ect, and, thus, the correlation in local average
e�ects, is always 0.

Additive-by-additive epistasis

With additive-by-additive epistasis, genotypic di�erences
at each locus are additive within modifying locus
genotypes, but the additive e�ects di�er in sign depend-
ing on which modifying locus genotype is present
(Table 1, Fig. 1c). The additive-by-additive epistasis
pattern described here corresponds to the special case
examined in previous models (Goodnight, 1988, 1995;
Whitlock et al., 1993). The results of this model are
numerically identical to those of a coancestry model
(Goodnight, unpubl. data), thus Fig. 1(c) can be con-
sidered to be the results for a coancestry model as well.

Additive-by-dominance and
dominance-by-additive epistasis

With additive-by-dominance epistasis (Table 1, Fig. 1d),
phenotypic di�erences are additive at one locus (the A
locus), but di�er in direction depending on the genotype
at the B locus. At the B locus, genotypic values display
overdominance or underdominance depending on the
genotype at the A locus. Dominance-by-additive epista-
sis is the transpose of additive-by-dominance epistasis,
but it is otherwise identical.

For the additive locus (locus A) the correlation in
local average e�ects starts out at 0, but the correlation
goes to 1 as ®xation occurs. This occurs because in the
presence of either homozygous genotype at the B locus,
the A locus is additive with the A1 allele greater than the
A2 allele. At greater values of f there are relatively few B
locus heterozygotes, and therefore relatively few popu-
lations showing a reversal in the ranking of the A alleles.

The dominance locus (B) behaves very di�erently
from the additive locus. The variance in the local average
e�ect of an allele is always greater than or equal to
the variance among deme means, whereas the variance in
the mean average e�ects is always 0. Thus, the correla-
tion in local average e�ects is always 0. Of particular

interest is that the dominance locus is overdominant in
the presence of the A2 homozygote and underdominant
in the presence of the A1 homozygote (Table 1). Thus,
for example, a homozygous B1B1 population is invasible
by a B2 allele in a population ®xed for theA2A2 genotype,
but not in a population ®xed for the A1A1 genotype.

Dominance-by-dominance epistasis

With dominance-by-dominance epistasis (Table 1,
Fig. 1e) all of the two-locus homozygotes have the same
phenotype. However, heterozygote values vary so that
genotypic values display underdominance or overdom-
inance depending on the modifying locus genotype. As
with the other dominance interaction, the variance in
mean local average e�ect is 0. Throughout the inbreed-
ing process the population means become only slightly
di�erentiated, and at ®xation all population means are
the same (Var(l)� 0). Note, however, that the local
average e�ects of alleles are highly dependent on the
gene frequencies so that the di�erentiation in average
e�ects increases with increasing f (Table 3).

Mixtures of forms of genetic effects

The relative contributions of the di�erent genetic e�ects
of a pair of interacting loci (QTL) can be determined by
performing a partial regression of the values in the
observed genotypic values on the corresponding values
in the pure forms of genetic variance. The partial
regression as it is presented here is used strictly for
partitioning the variances and not for signi®cance
testing. It has several details that distinguish it from
regression as it is typically used. First, it is important
that the type one or sequential sums of squares be used.
Other types of sums of squares (e.g. type three sums of
squares) use an iterative formula that will give incorrect
results. Secondly, because sequential sums of squares are
used it is important that the e�ects be entered in order of
increasing degree of interaction. Thus, the pure forms of
genetic variance should be entered as additive (one for
each locus, order not important), dominance (one for
each locus, order not important), additive-by-additive
epistasis, additive-by-dominance and dominance-by-
additive epistasis (order not important), and ®nally
dominance-by-dominance epistasis. Thirdly, the pure
forms of genetic variance (Table 2) should be divided by
the standard deviation of that form of variance at the
gene frequency being measured. This gives them a
variance of one, which makes the interpretation of the
regressions clearer. Finally, the regression should be
weighted by the genotype frequencies. [A Macintosh
JMP (SAS, 1994) spreadsheet for performing these
regressions is available from the author.]
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This partial regression divides the empirical geno-
typic values into the pure additive, dominance and
epistatic components with the sums-of-squares provid-
ing the variances attributable to the pure forms of
genetic e�ects. Note that partitioning of the genotypic
values into the pure forms of genetic variance will
change as gene frequencies change. For example, what
is expressed as epistasis in the F2 population may be
expressed as a mixture of additive and epistatic e�ects
in the backcross populations. I illustrate this ®rst with
the theoretical example of directional dominance, and
secondly with an empirical example involving two
interacting QTL in a cross between teocinte and maize
(Doebley et al., 1995).
With mixtures of genetic e�ects that include both

additive and dominance e�ects there will frequently be a
covariance between the local average e�ect and the
mean local average e�ect. For two alleles the covariance
will be positive for the dominant allele and of equal
magnitude but negative for the recessive allele. This
covariance is removed when the mean variance in the
local average e�ect of alleles is used (note that this is
di�erent from the variance in the mean local average
e�ect of alleles).

Directional dominance

First I examine a theoretical interaction, directional
dominance (Table 1, Fig. 2). In this example the A locus
shows directional dominance with the `1' alleles being
dominant to the `2' alleles and the B locus is neutral.
Although often referred to as simply dominance, direc-
tional dominance is a combination of the additive and
dominance e�ects described above. It is helpful to
visualize directional dominance as a dominance inter-
action `tilted' so that one of the homozygotes has a
higher ®tness than the other. The regression approach
described above will divide this interaction into compo-

nents attributable to dominance (the `overdominance')
and additivity (the `tilt').
The correlation in local average e�ects remains 0.5 for

all generations and population sizes and at ®xation the
only populations that have nonzero residual local
average e�ects are those ®xed for the recessive allele
(Table 2). The local average e�ects of the dominant and
recessive dominant alleles are both 0 in populations
®xed for the dominant allele. In these populations a
single recessive allele would inevitably be in a heterozy-
gote with the dominant phenotype; thus, the neutrality
of the recessive allele in these populations makes
intuitive sense. On the other hand, in populations ®xed
for the recessive allele the local average e�ects of the two
alleles are di�erent and nonzero. Again, this is in
accordance with expectation because heterozygotes
would have the dominant phenotype unlike other
members of the population that would have the homo-
zygous recessive phenotype. Note that in this example it
is the dominant phenotype that has high ®tness, and

Fig. 2 The among-deme variance in population means
(var(Pop. Mean)), the variance in local average e�ect (Var(a)),
the variance in the mean local average e�ect (Var(meana)), and
the additive genetic variance (Va) as a function of inbreeding
coe�cient for directional dominance. Initial gene frequency is
0.5, and population sizes of 2, 4, 8, 16, 32 and 64 individuals.

Populations greater than four individuals are connected by a
line.

Table 3 Among-deme variance components at ®xation

Source of genetic variance
Var
(l)

Var
(amij)

Var
(ami.)

Corr
(ami.)

Additive 2 1/2 1/2 1
Dominance 0 1 0 0
Additive-by-additive epistasis 4 2 1 1/2
Additive-by-dominance epistasis (additive locus) 2 1/2 1/2 1
Additive-by-dominance epistasis (dominant locus) 2 2 0 0
Dominance-by-dominance epistasis 0 1 0 0
Directional dominance 1 1/3 1/3 2/3 1/2
% of cupules with the pedicellate spikelet 8.495
Locus A: UMC107 4.03 2.62 0.65
Locus B: BV302 4.60 2.32 0.50
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therefore could invade populations ®xed for the reces-
sive allele. However, the opposite is also possible with
the recessive homozygote having the high ®tness phe-
notype.

Performing a multiple regression on the eight pure
forms of genetic variance indicates that a system with
directional dominance is described fully by the additive
and dominance variance. At a gene frequency of 1 for
the recessive allele all of the genetic variance is additive,
whereas at a gene frequency of 0 for the recessive allele
all of the genetic variance is dominance variance. At an
intermediate gene frequency (P� 0.5) 2/3 of the variance
is additive and 1/3 is dominance variance (see Falconer
& Mackay, 1996, p. 128).

Empirical example

Doebley et al. (1995) have identi®ed QTL for several
traits in a wide cross between teosinte (Zea mays ssp.
parviglumis) and cultivated maize (Zea mays ssp. mays).
The details of the mapping procedure are described in
Doebley et al. (1995; see also Doebley & Stec, 1993).
One pair of markers (UMC107 and BV302) located on
di�erent chromosomes was shown to interact epistati-
cally for several traits. The trait I have chosen to focus
on is `PEDS', the percentage of cupules with the
pedicellate (maize-like) spikelet (see Doebley et al.,
1995 for a more complete description of this trait).

The partitioning of genetic variance into the genetic
variance components for PEDS is shown for three gene
frequencies in Table 4. Also shown in this table is the
percentage contribution of the genetic variance compo-
nents, the total genetic variance, and the percentage of
the total genetic variance that results from digenic
epistasis. At all three gene frequencies the genetical
e�ects are attributable mainly to additive and single-

locus dominance e�ects. However, in all cases digenic
epistasis accounts for a substantial proportion (between
20.9% and 39.4%) of the total genetic variance. This is
re¯ected in Fig. 3 which shows a substantial deviation
from additivity both because the greatest level of
additive genetic variance occurs at in intermediate
inbreeding coe�cient, and because there is a divergence
between the variance in local average e�ects and the
variance in mean local average e�ects. The genetic
variance shifts dramatically as gene frequencies change
(Table 4). For example, dominance-by-dominance epi-
stasis is a negligible component of variance at a gene
frequency of 0.25 for the teocinte alleles, but accounts
for 15.4% of the genetic variance when these alleles
are at a frequency of 0.75. Note, however, that this
increased percentage contribution of dominance-by-
dominance epistasis is caused by a decline in the total
genetic variance rather than by an increase in the
component of variance.

Discussion

The model presented by Goodnight (1995) and here
extended to QTL is a metapopulation extension of
quantitative genetics. This model shows that our stan-
dard methods of measuring dominance and epistasis
within populations do not fullly describe the role of gene
interaction in evolutionary processes. Even when there is
no apparent dominance or epistasis within populations,
gene interactions may be causing di�erentiation of
average e�ects among populations. Some of the most
important consequences of QTL interactions are among
populations and these are re¯ected in variance in the
residual local average e�ects of alleles.

The implications of the residual variance in local
average e�ects can be seen from Table 2. In additive

Table 4 Decomposition into genetic variance components for a pair of interacting loci (UMC107 and BV302) a�ecting the
percentage of cupules lacking the pedicellate (maize-like) spikelet. Numbers in parentheses are the percentage of the total
genetic variance due to the component. The total genetic variance, and the percentage due to digenic epistasis is also listed

Freq(UMC107teocinte) = 0.25 0.5 0.75
E�ect Freq(BV302teocinte) = 0.25 0.5 0.75

Additive (UMC107) 3.7209 (38.6%) 0.6328 (21.6%) 0.0258 (8.9%)
Additive (BV302) 2.7719 (28.7%) 0.5513 (18.8%) 0.0697 (24.1%)
Dominance (UMC107) 0.8016 (8.3%) 0.4556 (15.5%) 0.0665 (23.0%)
Dominance (BV302) 0.3433 (3.5%) 0.1406 (4.8%) 0.0137 (4.7%)
A ´ A 1.4400 (14.9%) 0.4556 (15.5%) 0.0089 (3.1%)
A ´ D 0.3165 (3.3%) 0.3613 (12.3%) 0.0476 (16.4%)
D ´ A 0.2109 (2.2%) 0.1953 (6.7%) 0.0130 (4.5%)
D ´ D 0.0445 (0.5%) 0.1406 (4.8%) 0.0445 (15.4%)
Total genetic variance
(% due to epistasis)

9.6501 (20.9%) 2.9331 (39.3%) 0.2897 (39.4%)
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systems with no dominance or epistasis this variance is
0. This means that the relative di�erence in the local
average e�ects is a constant. For example, if, in one
population, the di�erence in phenotype (say body
weight) between individuals containing the A1 vs. A2

alleles is one gram, this di�erence will be maintained in
all populations regardless of the frequency of alleles at
the same or other loci. The local average e�ect of the
individual alleles will change as a function of the mean
of the population they are measured in. However, the
di�erence between the two alleles will remain constant.
If there is dominance or epistasis the residual variance

in local average e�ects will be nonzero. This means that
the relative di�erence between local average e�ects of
two alleles will not be constant. In this case, the
di�erence in phenotype between individuals possessing
the alternate alleles will vary among populations. In one
population there may be a di�erence in phenotype of
one gram, whereas a di�erent population may have a
larger di�erence (say two grams), and yet a third a
smaller di�erence, or even a reversal of rank (say a
di�erence of minus one gram). In the example of QTL
alleles a�ecting the structure of the spikelets in the
teocinte maize cross, in populations ®xed for the B1

allele the B1 allele is either neutral or increases the

percentage of maize-like spikelets, whereas in popula-
tions ®xed for the B2 allele the B1 allele decreases the
percentage of maize-like spikelets (Table 2).
These results ®t with the implications of Wright's

shifting balance theory (Wright, 1931, 1977), as well as
many of the models of founder event speciation (e.g.
Mayr, 1963; Carson, 1968; Templeton, 1980a,b). These
models all have in common the idea that there is
extensive gene interaction, and that genetic drift or a
population bottleneck leads to a change in the manner
in which selection operates. This model indicates that
when there is gene interaction, genetic drift or popula-
tion bottlenecks can result in changes in the residual
local average e�ects of alleles. These changes in the local
average e�ects of alleles provide a potential mechanism
for the e�ects postulated by these models.
Population di�erentiation is normally considered only

in terms of its e�ect on population means (e.g. Hartl &
Clark, 1997, pp. 498±501). Di�erentiation in the mean
of a trait, as well as di�erentiation with respect to gene
frequencies are both examples of di�erentiation of
population means. This model (see also Goodnight,
1995) makes it clear that populations can also di�eren-
tiate with respect to the local average e�ects of alleles.
This form of population di�erentiation, di�erentiation
for local average e�ects, need not be related to the
di�erentiation of the population mean. At one extreme,
systems with only additive e�ects can become di�eren-
tiated for the population mean, but not for local average
e�ects. At the other extreme, systems with pure dom-
inance may not show any di�erentiation with respect to
the population mean, but may become highly di�eren-
tiated with respect to local average e�ects.
The idea that populations can di�erentiate for aver-

age e�ects is implicit in several models. It is an essential
feature of Wright's shifting balance theory (1977), and it
is implicit in several models of the genetics of speciation
(Dobzhansky, 1936; Muller, 1939; Orr, 1995). Dempster
(1963) observed that gene interaction can lead to shifts
in the average e�ects of particular alleles, or even to
reversals in sign as the genetic background alters. This
model di�ers from these previous discussions in that it
provides a quantitative measure of the di�erentiation for
average e�ects that can be obtained experimentally.
For any pair of interacting QTL, regression can be

used to divide the genetic variance into the di�erent
genetic e�ects. These quantitative genetic parameters are
not constants. As gene frequencies change the genetic
variance components will also change. In the maize
example the amount of additive-by-additive epistatic
variance varies from 14.9% to 3.1% as the frequency of
teocinte genes changes from 0.25 to 0.75. Over this same
range of frequencies the dominance-by-dominance epi-
static variance increases from 0.5% to 15.4%. Similarly,

Fig. 3 The among-deme variance in population means

(var(Pop. Mean)), the variance in local average e�ect
(Var(UMC107) and Var(BV302)), the variance in the mean
local average e�ect (Var(mean UMC107) and Var(mean

BV302)), and the additive genetic variance (Va) as a function of
inbreeding coe�cient for the maize example. The initial gene
frequency is 0.5, and population sizes of 8, 16, 32 and 64

individuals. Populations sizes smaller than eight individuals
deviate slightly from this line.
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in the directional dominance example the partition of
the total genetic variance between additive and domi-
nance changes from being entirely dominance to entirely
additive as the gene frequency moves from 0 to 1. This
shifting between variance components is the basis for
the changes in additive genetic variance reported for all
of the pure forms of gene interaction. The pure forms of
dominance and epistasis (Table 1) are only `pure' at a
gene frequency of 0.5 for both alleles.

It is instructive to consider some of the evolutionary
implications of the di�erent forms of epistasis. Two will
be considered here. The ®rst is the potential role of
epistasis in speciation (Fig. 4). Consider a pair of QTL
with the interaction speci®ed for dominance-by-additive
epistasis in Table 1. In a metapopulation ®xed for the B2

allele but segregating for the A locus, the A locus would
be overdominant. Each subpopulation would stabilize at
a gene frequency of 0.5 for the A1 allele. If the
subpopulations are ®nite, drift will cause some variation
in this gene frequency; thus in any given subpopulation
the actual gene frequency will be slightly di�erent from
0.5. If a B1 allele was introduced into a subpopulation,
either through mutation or migration, the allele would
be neutral only if the gene frequency of the A1 allele was
exactly 0.5. If it deviates from this in either direction the
B1 allele will be favoured by directional selection. Over
time the B1 allele is expected to go to ®xation owing to
a combination of genetic drift at the A locus and
directional selection at the B locus. The result of this will
be to shift the A locus from an overdominant locus to an
underdominant locus. If the underdominance is large, or
there are several pairs of dominance-by-additive loci,
this could lead to reproductive isolation apparently
attributable to the within-locus dominance interaction,
when in fact it is the result of an epistatic interaction
with a directionally selected locus. In many respects this
is similar to the mechanism that Dobzhansky suggested
was responsible for sterility in Drosophila pseudoobscura
hybrids (Dobzhansky, 1936).

The second is the potential role of dominance-by-
dominance epistasis in inbreeding depression (Fig. 5; see
Crow & Kimura, 1970, pp. 77±81 and Schnell &
Cockerham, 1992, for general discussions of the role
of epistasis in inbreeding and heterosis). Note that in a
population the interacting loci are neutral at a gene
frequency of 0.5 for both loci, and this intermediate gene
frequency will tend to be maintained by stabilizing
selection. However, inbreeding will tend to cause the
double homozygous genotypes to predominate. Because
these genotypes all have relatively low ®tnesses this will
cause the general decline in ®tness associated with
inbreeding depression. This possibility is similar to
models of inbreeding depression involving only domi-
nance interactions such as overdominance or exposure

of deleterious alleles (Falconer &Mackay, 1996; Hartl &
Clark, 1997), except that when viewed on a single-locus
basis in the original outbred population the responsible
loci appear to be neutral.

Fisher (1958) asserted that epistasis was e�ectively
equivalent to environmental variance that could be
ignored in the study of quantitative genetics. Fisher's
assertion is a reasonable approximation for a single
large randomly mating population. This model suggests
that Fisher's assertion is not reasonable when popula-
tions are subdivided. The same forces that reduce the
apparent contribution of genetic interactions to the

Fig. 4 The potential role of dominance-by-additive epistasis in

speciation described in the text. (a) The genotypic values for
dominance-by-additive epistasis. Grey arrows indicate the
change from stabilizing selection to disruptive selection at the

A locus that occurs as the frequency of the B1 allele changes
from zero to one. (b) Genotypic values for the three A locus
genotypes when the frequency of the B1 allele is 0, 0.5 and 1.

When the B1 allele is rare there is stabilizing selection at the A
locus, whereas when the B1 allele is common there is disruptive
selection at the A locus. (c) Genotypic values for the three B

locus genotypes when frequency of the A1 allele is 0, 0.5 and 1.
At a frequency at the A locus of 0.5 the B locus is neutral.
However, if frequencies at the A locus drift from 0.5 then the B
locus will be under directional selection favouring the B1 allele.

When the B1 allele is rare, genetic drift at the A locus will
interact with directional selection at the B locus eventually
leading to the ®xation of the B1 allele, and either the A1 or A2

allele.

596 C. J. GOODNIGHT

Ó The Genetical Society of Great Britain, Heredity, 84, 587±598.



variance within populations lead to populations di�er-
entiating for the local average e�ects of alleles. Among
demes the e�ect of gene interactions is not to decrease
the e�ectiveness of selection, as it does within demes;
rather, it is to change the course of evolution. The
metapopulation quantitative genetics outlined in this
model are a straightforward extension of the basic
quantitative genetic methods developed by Fisher. It is
an extension that includes both standard quantitative
genetic measures within populations and interdemic
measures of population di�erentiation arising from gene
interaction.
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