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Abstract Determining the way in which different QTLs
interact (epistasis) in their effects on the phenotype is
crucial to many areas in population genetics and evolu-
tionary biology. For example, in the founder event, a
separated population readapts to a new environment
through the release of cryptic gene-gene interactions. In
hybrid zones, hybrid speciation must be subjected to nat-
ural selection for epistasis resulting from genomic re-
combinations between different species. However, there
is a severe shortage of relevant methodologies to esti-
mate epistatic genetic effects and variances. A statistical
model has recently been proposed to estimate the num-
ber of QTLs, their genetic effects and allelic frequencies
in segregating populations. This model is based on mul-
tiplicative gene action and derived from a two-level in-
tra- and interspecific mating design. In this paper, we
formulate a statistical procedure for partitioning the ge-
netic variance into additive, dominant and various kinds
of epistatic components in an intra- or mixed intra- and
interspecific hybrid population. The procedure can be
used to study the genetic architecture of fragmented pop-
ulations and hybrid zones, thus allowing for a better rec-
ognition of the role of epistasis in evolution and hybrid
speciation. A real example for two Populus species, P.
tremuloides and P. tremula, is provided to illustrate the
procedure. In this example, we found that considerable
new genetic variation is formed through genomic recom-
bination between two aspen species.
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Introduction

Epistasis has been suggested to play a critical rolein af-
fecting two major evolutinary processes of speciation,
founder effects (Giddings et a. 1989) and hybridization
(Harrison 1993). When a population of small size be-
comes separated from a larger parental population, the
founding event will be effective to produce a new genet-
ic environment that leads the separated population to
better adapt to the population bottleneck (Templeton
1979, 1980; Gavrilets and Hastings 1996). This phenom-
enon in which physiologically interacting genes readapt
to one another in new genetic alignments is called
the genetic “revolution” by Mayr (1954). In the wild,
much quantitative variation that appears as a small effect
may virtually hide large unexpressed molecular effects
(Kacser and Burns 1981; Keightley and Kacser 1987).
Once genotypic frequencies in the populations are dis-
turbed by selection, or population bottleneck, such cryp-
tic molecular variation can act as a potential source of
strong phenotypic effects via gene-gene interactions
(Carson and Templeton 1984; Goodnight 1987, 1988,
1995; Tachida and Cockerham 1989; Whitlock et al.
1995). In a number of evolutionary quantitative genetic
studies (mainly on Drosophila), for example, an increase
in additive genetic variance was noted in populations
passing through bottlenecks (Bryant et a. 1986; Lopez-
Fanjul and Villaverde 1989; Shearn 1989; Bryant and
Meffert 1990, 1993, 1995, 1996; Goodnight 1995). How-
ever, Cheverud and Routman (1996) recently showed
that some forms of epistasis could also result in atempo-
rary reduction in additive genetic variance during a pop-
ulation bottleneck.

As amost important source of genetic variation that is
required for major evolutionary advances, interspecific
hybridization is suggested to be another important evolu-
tionary force of species formation (Stebbins 1959).
There has been much experimental evidence to show that
natural hybrids can serve as founding populations for
new species (Arnold et al. 1991; Rieseberg et al. 1995).
Interactions between divergent species genomes are of-
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ten viewed as uniformly disharmonious (Mayr 1963), re-
sulting in hybrid inviability or sterility. However, the
successful origin of new diploid species by means of hy-
bridization raises the possibility that interactions be-
tween parental species genes are not universally unfa-
vorable (Rieseberg 1995; Rieseberg et al. 1995). For ex-
ample, Rieseberg et al. (1996) suggested, from molecular
data in crosses between two wild sunflower species, Hel-
ianthus annuus and H. petiolaris, that although the ma-
jority of interspecific gene interactions were indeed un-
favorable or neutral, a small percentage of alien genes
did appear to interact favorably in hybrids. A similar
conclusion was also reached for crosses between two
species of Louisiana iris, Iris fulva and |. Brevicaulis
(Burke et al. 1998). In these experiments, the authors
suggested that favorable gene interactions provide the
raw material for adaptive evolution in hybrid taxa.

Although epistasis may influence the formation of
species, it is very difficult to quantify its contribution
to the genetic variance in a population. Cheverud and
Routman (1995) proposed a method based on molecular
markers to specify the contribution of epistasis to addi-
tive, dominant and interaction genetic variances. Several
techniques were developed to test for epistasis between
deleterious mutations (de Visser et al. 1996, 1997a; West
et a. 1998). However, these methods cannot be used to
study the role of gene interactions between individual
guantitative trait loci (QTLS) in the evolutionary process
of hybridization because the genetic composition and
structure of a hybrid population are not considered. By
using a two-level intra- and interspecific mating design,
Wu and Li (1999) developed a novel analytical method
for estimating epistatic parameters, such as the number
of QTLs and their gene effects and allelic frequencies in
a population, that could be important for species differ-
ences and hybridization. This method is based on a ge-
netic inference that a complex trait is affected by multi-
plicative action in pairs from a suite of QTLs, as has
been demonstrated both theoretically and experimentally
(Arunachalam 1977; Minvielle 1987; Griffing 1990;
Schnell and Cockerham 1992; Zhang et al. 1994; Li and
Wu 1996).

The primary objective of this paper is to formulate a
procedure for estimating the contribution of multiplica-
tive epistasis to genetic variance components in an intra-
or mixed intra- and interspecific hybrid population, fol-
lowed by an example derived from crosses between two
aspen species, Populus tremuloides and P. tremula. Pop-
ulus tremuloides, native to North America, has the name
of quaking aspen for the distinctive fluttering of its
leaves, even in the most gentle breezes. Early French-
Canadian trappers called the tree an aspen because of its
similarity to P. tremula, a closely related species in Eu-
rope and Asia. Interspecific hybridization between these
two aspen species has been attractive to tree breeders for
almost a century because of strong heterosis for growth
and productivity in their hybrid progeny (Heimburger
1936; Einspahr 1984; Li and Wu 1996). By means of Wu
and Li’s (1999) statistical method based on a two-locus

multiplicative epistasis model, a number of genetic pa-
rameters, including gene effects at individual QTLs and
their alelic frequencies in the populations, were estimat-
ed from an intra- and interspecific mating design of P.
tremuloides and P. tremula. These parameters are further
employed to demonstrate the statistical procedures for
partitioning genetic variances into additive, dominant,
and additivexadditive, additivexdominant, dominantxad-
ditive and dominantxdominant epistatic componentsin a
pure intraspecific or a mixed intra- and interspecific hy-
brid population, respectively.

Multiplicative epistasis and its estimation

Consider two outcrossing species, E and E', with differ-
ent alelic systems. In each species, dialeles are as-
sumed, with A (dominant) and a (recessive) for E and A’
(dominant) and &' (recessive) for E' at a QTL. Dialleles
at another epistatically related QTL are denoted by B, b,
B' and b', respectively. Allelic frequencies at these two
QTLsin each population are defined as

Population E E
Allele A a B b A a B U

Frquency p; o P, 9 P71 9% P2 Q%

In species E’s population, the values of three genotypes,
dominant homozygote, heterozygote and recessive ho-
mozygote, are defined as a;3, a;5, and a,, at QTL Ala,
and by, by, and b,, a QTL B/b. The corresponding ge-
notypic values in the population of species E' are denot-
ed &, &4, and &@,,, and b'y;, b'y, and b',,. When the
two species are crossed, new heterozygotes, each with
one alele from E and the other from E', are formed
whose genotypic values are defined as Ay; for AA', A,
for Aa', A'j, for A'a and A,, for aa’ at QTL A/A'. The
corresponding genotypic values at QTL B/B' are Byy, By,
B'j,, and B,,, respectively. A multiplicative epistasis
model assumes that genotypes at a pair of QTLs have ge-
notypic values equal to the product of genotypic values
at the two different QTLs (Minvielle 1987; Charlesworth
1990; Schnell and Cockerham 1992; Otto and Feldman
1997). For example, if genotypic values are a;; for AA
and by, for BB, the genotypic value of AABB is a;;by;.
The rest may be inferred by analogy.

Wu and Li (1999) proposed a new statistical genetic
method to simultaneously estimate the number of QTLs
and their genetic values and alelic frequencies in the
populations of the two outcrossing species. This method
is based on four genetic assumptions, which are (1) all
underlying QTLs are independent of each other, i.e. ev-
ery gene of interest is on a separate chromosome; (2) the
distribution of genotypic values among loci is of an ex-
ponential kind and may be approximated by a geometric
series (see Mackay 1996); (3) variation in gene frequen-
cy across loci may follow a Poisson distribution; and (4)
the recessive allele at the gene locus of the smallest ef-
fect has the largest frequency, gradually decreasing until



the last locus with the largest effect. Following the de-
scription of each assumption, Wu and Li (1999)
described strong evidence for the assumptions from cur-
rent quantitative and molecular experiments.

The partitioning of genetic variance

Estimates of genotypic values and allelic frequencies at
individual QTLs can be used to estimate the components
of genetic variance in both intra- and interspecific hybrid
populations. Based on the model for multiplicative inter-
action between a pair of QTLS, the value of a genotype
can be partitioned into the overall mean and genetic ef-
fects of various kinds. We will present the genetic vari-
ance components for two kinds of populations: pure in-
traspecific and mixed intra- and interspecific.

Intraspecific hybrid population

In the intraspecific cross EXE, the value of a genotype
under the multiplicative epistatic model can be written,
for a pair of epistatically related QTLs A/a and B/b, as
(Schnell and Cockerham 1992):

ek (FHr)AGH,; NAH(SFS)ALHS SA,
+(r +f) (SHS)AA, +H(T+))S ALy,
(5k+$)AAab+r AA

where the subscripts i and j denote the ith allele at QTL
Aa (i, j=1, 2), subscripts k and | denote the kth and Ith
alele at QTL B/b (k, 1=1, 2) and subscripts a and b de-
note QTL A/a and B/b, respectively; r,=q;, r,=—p,,
S1=0y, S,=—P,; M isthe overall mean, A is the additive ef-
fect, A is the dominance effect and AA, AA, AA and AA
are the additivexadditive, additivexdominant, domi-
nantxadditive and dominantxdominant effects, respec-
tively, whose values are expressed as:

a; by =

H=Ha My

Ha=P?; @31+2P; Oy 8357073 8y Hy=P?; D11 +2p, Py 1o+ 0% by,
A=0, Py=Py(a11~815) T8 (815 85) A3=0, Uy,
O;=ay1~2895+ 8 Ap=0lp My

p=P2(b11 D12) + Ox(D1,02) 8= Uy

Oy=byy =20y, by,

AA =0, ay

Aby=a, &,

DA =0, ay

AAab=6a 50

By letting i, j=1, 2 with al possible combinations for

genotype &;, it is not difficult to derive the additive and
dominant genetlc variances at QTL Ala:
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Va_na=2P; 01 A%,
VD - A/a:p21 q21 AZa

Similar equations can be easily derived for QTL B/b.
The epistatic variance of various kinds (i.e., additivexad-
ditive, additivexdominant, dominantxadditive and domi-
nantxdominant) due to interactions between the two
QTLsare:

Vaa . (wa)@/b)=4P1 01 P2 G2 [AA ]2
Vap . Aia) e =2P1 th P?2 0% [ADg]2
Vba. (aa)Bib)=2P?1 021 P2 Gp [AA ]2
Vb . (wa)@b)=P?1 021 P% 02, [AA)2

The same procedures are applicable to the intraspecific
cross, E'xXE'.

Mixed intra- and interspecific hybrid populations

If species E and E' are mixed with the same number of
individuals, their progenies will include those from intra-
(ExE and E'XE') and interspecific crosses (ExE' and
E'xXE). Obviously, in such a mixed progeny population,
there are ten different genotypes at a QTL, i.e. AA, Aa,
aa, AA, A'la, aa, AA, Aa', Ala and aa’ at locus A/A,
whose allelic frequencies are p,=p,/2 for A, py=p',/2 for
A, p;=q,/2 for a, and p,=q',/2 for &'. The corresponding
allelic frequencies for QTL B/B' are pg=p.,/2, pg=p',/2,
pPp=0/2, and p,=q',/2. For simplicity, it is assumed that
recessive alleles have very small effects in both species
and, thus, we can set a,,=a',,. Using the same principle
asthat for adiallelic case (see above), the genotypic val-
ue at a pair of multiplicative QTLs can be decomposed
into the overall mean and genetic effects for the mixed
progenies (Wu 1999). Based on such decomposition, for-
mulas for estimating additive, dominant and additivex
additivexadditivexdominant, dominantxadditive and dom-
inantxdominant epistatic variances have been derived for
amixed hybrid population of two species (Wu 1999).

If no linkage is assumed among al QTLs of interest, the
total additive variance, the tota dominance variance
and the total epistatic variance of various kinds accounted
for by these QTLs are derived based on the expressions
of Va_uay Vo (uay VAA<-(A/V\}B/B)’ Vap. (aayee):

A wayee) ad Voo (aayee) (WU 1999). To facilitate
such mathematical manipulations, however, two assump-
tions were made; that is, the distribution of genotypic val-
ues across QTLs can be fitted by the geometric series and
alelic frequencies follow a Poisson distribution.

An example: population genetic structure in aspens

Li and Wu (1996) used two different aspen species, Pop-
ulus tremuloides and P. tremula, to make a two-level fac-
torial mating design including both intra- and interspe-
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Table 1 The estimates for the genotypic values? and alelic fre-
quencies at the two QTLs of the largest effects on the phenotype
for second-year volume growth in the intra- and interspecific
crosses of P. tremuloides and P. tremula (adapted from Wu and Li
1999)

Genotype Genotypic value Genotypic value
at locus A/A'/a at locus B/B'/b

AA a8,,=8.31 b,,=5.98

Aa 8,,=8.93 b,,=5.80

Aa a,,=0* b,,=0*

AA a’y=9.20 b'};=8.19

Aa a'1,=7.20 b';,=4.03

aa a',=0" b',,=0*

AA' A11-21 23 B,,=7.64

Ad' A,=15.20 B,,=5.17

A'a A',=13.47 B',=7.81

A A,,=0* B,,=0*

Recessive (spp.)  Recessive frequency Recessive frequency
at locus A/A'/a at locus B/B'/b

A(E) 0,=0.48 0,=0.35

A (E) g,'=0.32 g,'=0.36

a An asterisk indicates that the parameter was fixed at this value

cific hybridization. Interspecific crosses between these
two species are very easy and often produce remarkable
F, heterosis (Heimburger 1936; Einspahr 1984). Genetic
parameters that underlie species differences in stem vol-
ume growth at ages 2 years were estimated using a mul-
tiplicative epistatic model developed by Wu and Li
(1999). These parameters include the values of three ge-
notypes and allelic frequencies at the reference QTL in
either intraspecific hybrid population of P. tremuloides
and P. tremula and the values of the four genotypes
formed through interspecific hybrid hybridization. Varia-
tion in these parameters across different QTLs was esti-
mated under an assumed geometric series distribution for
genotypic values and a Poisson distribution for allelic
frequencies. When recessive alleles were restricted to
have null effects in both intra- and interspecific hybrid
populations, i.e. a,=a',,=A,=0, the data seemed to be
well fit by the multiplicative-epistatic model (x2=0.428
with df, P=0.80). Parameter estimations under this re-
striction were obtained for the two QTLs of the largest
effects on the phenotypes (Table 1).

Using the procedure developed in this paper, we esti-
mate the additive, dominant and epistatic variance com-
ponents of various kinds contributed by the two largest
QTLs in each intraspecific hybrid population and a
mixed intra- and interspecific hybrid population. For
clarity, we present the steps for calculating variance
components due to these two QTLs in the ExE intraspe-
cific hybrid population. The corresponding variance
components for the mixed population were calculated
using the formulas given in Wu (1999).

Mean values at the two QTLs, A/a and B/b, in the in-
traspecific hybrid population of EXE:

Ma=P?1 831+2p; 05 81,402 8y
=(1-0.48)x8.31+2x(1-0.48)x0.48x8.93+0.48x0=6.71

Hy=P?, by1+2p, G, b1, +0%, by,
=(1-0.35)x5.98+2x(1-0.35)x0.35x5.90+0.35x0=5.16

Additive deviations at the two QTLSs:

0= Py(@y—ay) 0 (Ar,~8,,)=(1-0.48)%(8.31-8.93)
+0.48%(8.93-0)=3.96

0= Py (b11~045)+0, (04,~b,,)=(1-0.35)%(5.98-5.80)
+0.35%(58.0-0)=2.16

Dominant deviations at the two QTLS:

6b= bll_2b12+b22=5.98_2x5.80+0=_5. 63

Additive effects at the two QTLs:

A=a, 1,;=3.96x5.16=20.43
A=a, 1,=6.71x2.17=14.58

Dominant effects at the two QTLSs:

A,=0, 4=—9.55x5,16=-49.28
Ay=0, 1=—5.63%6.70=—37.72

Epistatic effects between the two QTLS:

AA =0, 0,=3.96x2.16=8.55
AD=a, 8,=3.96x(~5.63)=-22.29
AA,=8, a,=—9.55%2.16=-20.63

A= 5, 8,7—9.55%(~5.63)=53.77

Additive genetic variances at the two QTLS:

V. na=2p; 0; A2,=2%(1-0.48)x0.48%x20.432=208.36
VA _gin=2P, 0, A2,=2%(1-0.35)%0.35%14.582=96.98

Dominant genetic variances at the two QTLS:
Vo _ aa=P?1 0% A2,=(1-0.48)2x0.482%(—49.28)2=151.30
VD - B/b=p22 q22 A2b=(l—035)2X0352X(—3772)2=7403

Epistatic variance of various kinds between the two
QTLs:

Vaa. (wa)@b)=24P1 th P2 0y [AA 5] ?=4%(1-0.48)x0.48
x1-0.35)x0.35%8.552=16.60

Vb . (ara)@/b)=2P1 O P2 02 [AL,]?=2%(1-0.48)x0.48
x1-0.35)2x0.352x(~22.29)?=12.92

VoA (wa) /by =2P% 1021 P, 0o [AA 4,]>=2%(1-0.48)2x0.482
x(1-0.35)x0.35%(~20.63)2=12.08

Vob . (way@ib=P%1 q21 P2, 02, [AA,]?=(1-0.48)2x0.482
x(1-0.35)2x0,352x53,772=9.36
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Table 2 The estimates for the
genetic variance components
at the two QTLs of the largest

Genetic variance components

Intra- and interspecific hybrid population

effects for second-year volume Intraspecific Intraspecific Interspecific

growth in the intra- and inter- E E EXE
ecific crosses of P. tremulo-

portions are given in the par- Locus B/B'/b 96.98 (0.17) 478.65 (0.54) 138.65 (0.08)

entage Total 305.34 (0.52) 771.26 (0.87) 348.32 (0.21)

Dominant Locus A/A'/a 151.30 (0.26) 64.12 (0.07) 314.49 (0.19)

Locus B/B'/b 74.03 (0.13) 0.05 (0.00) 269.34 (0.16)

Total 225.33 (0.39) 64.17 (0.07) 583.83 (0.35)

Epistatic Add.xAdd. 16.67 (0.03) 45.72 (0.05) 240.17 (0.14)

Add.xDom. 12.92 (0.02) 0.02 (0.00) 198.20 (0.12)

Dom.xAdd. 12.08 (0.02) 10.02 (0.01) 154.43 (0.09)

Dom.xDom. 9.36 (0.02) 0.00 (0.00) 146.71 (0.09)

Total 51.03 (0.09) 55.76 (0.06) 739.51 (0.44)

The genetic variance components for the intraspecific
hybrids of E' and mixed intra- and interspecific hybrids
were also calculated (Table 2). Epistatic variance compo-
nents are not prevalent in either intraspecific hybrid pop-
ulation, with the proportions of epistatic components to
the total genetic variance being 0.06-0.09. Substantial
contributions of epistasis to the genetic variance (0.44)
were documented in the mixed hybrid populations of the
two species. Although P. tremuloides and P. tremula nat-
uraly have no overlapping distributions as a result of
geographic isolation, they are two evolutionarily related
species and easily infertile (Mitton and Grant 1996).
Strong epistatic components maintained by their hybrid
populations may be the genetic cause of growth heterosis
and also provide some “fuel” to form new species in na-
ture.

Discussion

The theory that epistasis may play a creative role in evo-
lution and speciation is one of the major contributions to
evolutionary biology by Sewall Wright (Wright 1980;
Carson and Templeton 1984; Provine 1986; Barton and
Turelli 1989; Wade 1992). According to this theory, nat-
ural selection acts to retain favorably interacting gene
combinations. As aresult of the highly integrated nature
of the genome, evolution may lead to the production of
what Dobzhansky (1970) has termed “coadapted” gene
complexes. By contrast, Fisher (1930) argued that natu-
ral selection acts primarily on single genes rather than on
gene complexes. In this case, natural selection favors al-
leles that elevate fitness, on average, across al possible
genetic backgrounds within a lineage. The test for these
two theories has been found to be difficult because no
powerful means has been developed to estimate epista-
sis. Much of the work on epistasis has been only restrict-
ed to theoretical inferences with little convincing empiri-
cal support. Also, the estimation of epistatic genetic vari-
ance components in previous studies may be problematic
due to inappropriate design and analysis in experiments

on random genetic drift (Lynch 1988). The validation
and test of Wright's evolutionary theory critically rely on
the development of a robust statistical approach to esti-
mating epistasis.

Both Wright's and Fisher’s theories assume that adap-
tive evolution proceeds independently within distinct
evolutionary lineages. However, natura hybridization
between divergent lineages may aso be an important
evolutionary force, a phenomenon that has been well-
documented in many wind-pollinated, allogamous spe-
cies (Stebbins 1959; Whitham 1989; Rieseberg 1985). In
many cases, natural hybrids display different morphol og-
ical, physiological and developmental features from their
parents as a result of new combinations of coadapted
gene complexes. Studies of hybrid zones can identify ge-
netic factors causing the changes and biodiversity of
populations. However, it is impossible to carry out such
studies without the estimation of epistatic interactions
derived from the new combination of genes. Many re-
searchers have attempted to document the epistatic evi-
dence for hybrid speciation by means of molecular mark-
ers in many species, such as Helianthus anomalus, H.
deserticola, and H. paradoxus (Rieseberg et al. 1990,
1995, 1996; Rieseberg 1991), Iris nelsonii, I. fulva and
I. brevicaulis (Arnold et al. 1990, 1993; Burke et al.
1998) and Pinus densata (Wang and Szmidt 1994). How-
ever, these studies have not associated molecular mark-
ers with phenotypic traits in hybrid zones and have an
inability to estimate the contributions of different kinds
of epistatic variances to the total genetic variance. As a
result, despite the rapid accumulation of molecular data,
evidence for the role of epistasisin forming hybrid zones
is still not convincing.

Statistical methods for estimating epistasis were based
on traditional intraspecific mating designs (Cockerham
1954). Their application to interspecific hybrids is frus-
trated by the underlying assumptions. By modifying a fac-
torial mating design, Wu and Li (1998) provided a general
method for extending estimates of the overall genetic
structure of a population to the individual QTL level. Us-
ing this method, one can estimate the number of QTLS,
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the magnitudes of their effects and alelic frequencies at
different QTLs in segregating populations. In this paper,
we expand the method to estimate the contribution of vari-
ous genetic components to quantitative genetic variation
in an intraspecific hybrid population and a mixed intra-
and interspecific hybrid population. The formulas derived
for calculating epistatic variance components in the mixed
hybrid population can be directly used to study the genetic
architecture of hybrid zones. The procedures described in
this paper have been illustrated using an example derived
from crosses between Populus tremuloides and P. tremula.
Although these two aspen species are very similar in
many morphological characteristics, their interspecific hy-
brids display pronounced heterosis in stem growth (Heim-
burger 1936; Einspahr 1984; Li and Wu 1996). Wu and
Li's (1999) joint analyses of intra- and interspecific hy-
brids indicate that athough a polygenic model could af-
fect variation in growth traits between these two species, a
few key QTLs likely play a more important role in affect-
ing such variation than many others. In this paper, the two
QTLs of the largest effects were used to estimate the con-
tribution of epistasis to the total genetic variance in
growth traits. It was found that epistasis only explains a
small proportion of the genetic variance (<0.10) in the
pure intraspecific hybrid progeny of P. tremuloides or P.
tremula but contributes substantialy (0.44) to the genetic
variance in the mixed progeny population of these two pa-
rental species. Thus, strong epistatic components in the
hybrid populations may form the genetic basis of heterosis
that is commonly observed between these two species.
Meanwhile, it is likely that epistasis can provides some
fundamental “fuel” to generate new species between these
two species. Only when the contribution of epistasis to
population genetic variance is specified, like here in as-
pens, can disputes about the potential role of interlocus
genetic interaction in evolution and speciation be resolved
[e.g. the Fisher School (Barton and Charlesworth 1984)
vs. the Wright school (Carson and Templeton) 1984].

Our method is not dependent on molecular informa-
tion, which is advantageous on one hand but also disad-
vantageous on the other hand. One of the advantages is
its cheapness and rapidness relative to a molecular ex-
periment in which genotyping a large progeny popula-
tion required for our method by means of molecular
technologies is very costly and time-consuming. More
importantly, results obtained from this method can pro-
vide insights into the design of a molecular experiment
aimed at a more precise estimate of epistasis. A major
disadvantage of this method is its dependence on four
genetic assumptions, athough the assumptions used
have been well-justified in current molecular experi-
ments (see Wu and Li 1999). In addition, this method
does not enable one to estimate the chromosomal posi-
tions of those QTLs that display strong epistatic interac-
tions. The incorporation of molecular markers into this
method can overcome these advantages, and their uses to
estimate the role of epistasis have been considered by a
number of researchers (Shearn 1989; Cheverud and
Routman 1995, 1996; Doubley et a. 1995; Lark et al.

1995; de Visser et al. 1997b). The connection between
mathematical analyses like this and molecular informa-
tion is under way in our Program.
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