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Abstract A quantitative genetic model, that uses
known family structure with clonal replicates to separ-
ate genetic variance into its additive, dominance and
epistatic components, is available in the current litera-
ture. Making use of offspring testing, this model is based
on the theory that components of variance from the
linear model of an experimental design may be ex-
pressed in terms of expected covariances among rela-
tives. However, if interactions between a pair of quanti-
tative trait loci (QTLs) explain a large proportion of the
total epistasis, it will seriously overestimate the additive
and dominance variances but underestimate the epi-
static variance. In the present paper, a new model is
developed to manipulate this problem by combining
parental and offspring material into the same test. Un-
der the condition described above, the new model can
provide an accurate estimate for additive x additive
variances. Also, its accuracy in estimating dominance
and total epistatic variances is much greater than the
accuracy of the previous model. However, if there is
obvious evidence showing the major contribution of
high-order interactions, especially among > 4QTLs, to
the total epistasis, the previous model is more appropri-
ate to partition the genetic variance for a quantitative
trait. The re-analysis of an example from a factorial
mating design in poplar shows large differences in
estimating variance components between the new and
previous models when two different assumptions (low-
vs high-order epistatic interactions) are used. The new
model will be an alternative to estimating the mode of
quantitative inheritance for species, especially for long-
lived, predominantly outcrossing forest trees, that can
be clonally replicated.
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Introduction

Epistasis, or the genetic interaction among alleles at
different but functionally related loci, results from a
nonlinear relationship between genes and characters
(Falconer 1989). A considerable body of research on
biochemistry, physiology, and biometrical genetics
strongly suggests that interlocus interaction is ubiqui-
tous in quantitative traits (Hayman and Mather 1955;
Hayman 1958; Wright 1980; Mather and Jinks 1982).
One of the greatest contributions of Sewall Wright to
evolutionary theory was to show how epistasis plays a
central role in phenotypic evolution and speciation
(Wright 1932, 1980; Templeton 1979, 1980; Carson and
Templeton 1984; Provine 1986; Wade 1992). Theoretical
work shows that quantitative variation in wild popula-
tions may harbor potentially strong epistatic compo-
nents (Crow and Kimura 1970) because the small
phenotypic effect of these components often hide a
larger molecular effect. Thus, the cryptic epistatic varia-
tion may become important when genotypic frequencies
are substantially disturbed by selection or by a popula-
tion bottleneck (Carson and Templeton 1984; Bryant
et al. 1986; Goodnight 1987, 1988; Tachida and
Cockerham 1989; Bryant and Meffert 1992; Wade 1992).

Epistasis may also be animportant cause of heterosis.
By incorporating different components of epistasis into
their genetic models, Jinks and Jones (1958) observed
that there was a correlation between the presence or
absence of heterosis and the presence or absence of
nonallelicinteractions in an annual plant. In a two-locus
diallelic model, Minvielle (1987) showed that heterosis
might stem from multiplicative epistatic interactions
rather than dominance effects. The contribution of
multiplicative accumulation to heterosis in a complex
trait has been investigated both theoretically and empiri-
cally (Wright 1922; Dempster 1942; Ricky 1942; Will-
iams 1959; Griffing 1990; Schnell and Cockerham 1992).

Although epistasis plays a pronounced role in evol-
ution and breeding, empirical investigations on this



phenomenon are surprisingly few. One of the reasons for
this may be due to the fact that segregating generations
to detect epistasis cannot be obtained in many species
(Mather and Jinks 1982). A methodological limitation
to deal with this issue exists even in current molecular-
marker-based mapping (Tanksley 1993). The partition-
ing of genetic variance into its additive, dominance, and
epistatic components was initially introduced by Fisher
(1981). Cockerham (1954) further subdivided the
epistatic component into additive x additive, addi-
tive X dominant and dominant x dominant interac-
tions. All these interactions can be estimated on the basis
of generation means (Hayman and Mather 1955). Foster
and Shaw (1988) took advantage of cloning to isolate
epistasis from the total genetic variance by expressing
components of variance from the linear model of an
experimental design in terms of expected covariances
among relatives (Cockerham 1963). Owing to its robust
nature, Foster-Shaw’s method has been applied to many
forest tree species (e.g., Foster and Shaw 1988; Foster
1990; Mullin et al. 1992; Mullin and Part 1994; Ron-
nberg-Wastljung et al. 1994).

Unfortunately, Foster-Shaw’s method cannot pro-
vide accurate estimates of genetic variance components.
On the one hand, the additive and dominance variances
estimated from the covariances among half-sibs or full-
sibs are contaminated by a portion of the epistasis,
especially low-order interactions (Cockerham 1963).
The estimate of epistatic variance, on the other hand, is
only a fraction of the epistasis contained by within-
family variance rather than the total epistatic variance.
Although the biased estimates could be relaxed some-
what by assuming strong high-order interactions among
multiple loci (at least > 3) (Mullin and Park 1992), they
would be misleading in the case where two-locus inter-
actions exist. When lowest-order interactions form a
portion of the epistasis, the estimated additive and
dominance variances will be seriously contaminated
and the estimated epistatic variance will be only about
one-quarter of the total epistasis. So far, the question of
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how epistasis can be accurately ruled out based on
different interaction types has not been explored.

In this paper, I attempt to detect more accurate
estimators of epistasis under the assumption of digenic
epistasis by combining parental and offspring informa-
tion in a mating design. From accuracy analysis and an
example in Populus, the new procedure can be used as an
alternative to partition the genetic variance of a quanti-
tative trait into its causal componenets for species that
can be cloned.

Statistical model

A number of mating designs can be used to generate relatives and to
estimate genetic parameters, depending on the biological properties
of a species. Here, a factorial mating design (NCII; Cockerham 1963)
is considered. Assume funrelated females and m unrelated males to be
randomly sampled from a panmictic population. With regular Men-
delian diploid behavior at meiosis and no cytoplasmic or maternal
effects, the ffemales are factorially crossed to the m males to produce
Sfm full-sib families each with ¢ individuals. Each individual is then
cloned to produce rn identical ramets.

A randomized complete block design is used to partition
phenotypic variance into genetic and environmental components.
The design has a total of finc genotypes (clones) each with r replicates
and n-individual plots. A general linear statistical model for the
mating design can be expressed as

Vijpa =B+ Fi+ M+ (F x M), + [C(F x M)],;;, + R, +(F x R),
+ (M x R);, +(FxM x R),;,
+ [C(F x M) x Rligpp T Eijip
fori=1,2,...f;j=12,...mk=12,..,c;p=12,....¥,

ey

g=12..,n

where y;;.,, is the observed value of the gth individual of the kth clone
within the ijth full-sib family in the pth replicate; 1 is the overall mean;
F; and M; are the general combining ability (GCA) effects of the ith
female and jth male parents, respectively; (F x M),; is the specific
combing ability (SCA) effect of the ith female and jth male parent;
[C(F x M}],; is the kth clonal effect within the jjth full-sib family; R,
is the pth replllcate effect; (F x R),, and (M x R),  are the interaction
effects between the ith female or jth male GCA and the pth replicate,
respectively; (F x M x R), is the interaction effect between the SCA

ijp

Table 1 Analysis of variance and expected mean squares for a clonally replicated genetic trial based on a linear model of Eq. 1

Source Degree of MS EMS®
freedom
Replicate(R) r—1 MSg Vi + 1V T8¢ Vg + 16f Vg +uem Vg + nemf Vg
Female (F) f—1 MSg Vi +nVemr 16 Vg +1em Vg +17 Vg, +ner Vi + nerm Vg
Male (M) m—1 MSy VE+1Vemmr T 16 Vg + 16 Vg + 15V oy + 10F Vi + nerf Vyy
FxM (f—=D(m—1) MSpy Ve +1Veemr t106Vpyg + 17 Voey + ner Viy
Clone(C)/(F x M) Sfm(c—1) ScEm Ve + Ve 79 Ve
F xR (f=D(r—1 Sk Vi + Ve T 16Viyg + 1cmV g
M x R (m—Dr—1) MSyr Ve + 1V e + 06 Veyg + 16 Vi
FxMxR (f=Dm—-Dr—-1) MSpx Ve +1Vempr + 16 Veyg
C/(F xM)x R Jmle—1r—1) Scrnr Ve + 1V crur
Error Jmer(n—1) MSg Ve

* Vg, variance due to the error effect; Ve, variance due to the
interaction effect between clone-within-family and replicate; Vi,
variance due to the interaction effect between the SCA and replicate;
V. variance due to the interaction effect between the male GCA and
replicate; Vg, variance due to the interaction effect between the

female GCA and replicate; Vi gy, variance due to the clone-within-
family effect; Vi, variance due to the SCA effect; V,,, variance due to
the male GCA effect; Vi, variance due to the female GCA effect; Vi,
variance due to the replicate effect
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of the ith female and jth male parents and the pth replicate;
[C(F x M) x R],(;;, is the interaction effect between the kth clone
with the ijth family and the pth replicate; E,,,, is the residual effect.

If the data are balanced and all of the model effects are assumed to
be random, the analysis of variance is carried out with the degrees of
freedom and expected mean squares as given in Table 1. The compo-
nents of variance due to the female (V) and male GCA (V,;), SCA
(Vi) and clone-within-family [V gy, ] effects are estimated using
mean squares and the expected mean squares. The sampling vari-
ances of these components are, respectively, given as follows
(Hallauer and Miranda 1988):

Var(Vo =2 MSE MS;y,
ar(Ve) = (ncrm)? [f—l——l * (f—Dm-1)+2
N MSz, MSzur }
f=Dr—1D+2 (f=Dm—-1)r—-1)+2[
Var(V.) = 2 [ MSZ MSZ,
ar(Vy) = (nc;y’)Z]:m 1 T hm=1+2
+ MSIZ-'R + MSIZTMR :l
m=D)r—1)+2 (f=Dm-Dr-—D+2]
2 MSZ, MSZn
Var(Vew) = (ncr)zl:(f— Dm—1+2  fme—1)+2
+ MSI%'MR + MS(Z',‘(FM)R
(fF=Dm—Dr—1+2 finlc—D(r—1)+ 2}

Var| V. 2 MSeen MSciee
CFM) (] fmle~D+2 fmle—DEr—D+27

The variance of full-sib family means (V) is the summation of the
female and male GCA variances and the SCA variance. The
covariance between the means of the offspring family and the means
of both parents [Cov(OP)] may be estimated from the analysis of
covariance model (Table 2). Supposing that the offspring is a trait (X)
and the corresponding mid-parent value is another trait (Y), the
sources of covariance between these two traits include offspring
family, replicate, offspring family x replicate, and error effects. The
mean cross-product, based on the fm offspring families, is equated to
its expected mean-product to obtain an unbiased estimate
[Covo(X, Y)] of the covariance of the offspring means and nud-
parent values. The sampling variance of Cov,(X, Y) is given as

2 [MCPg . MCPZ,
(nr)z[fm+2 (fm—1D0r— 1)-|—21|’

Var[Cove(X,Y)] =

Estimation of genetic variance components

In genetic experiments, groups of relatives provide sources of experi-
mental variances that can be controlled and analyzed. Genetic effects

may be studied by measuring the similarity or covariance (Cov) of
group members (Cockerman 1963). Because family groups are as-
sumed to be produced by crossing unrelated diploid parents from a
random mating population, the among-group variation is 2 measure
of the family covariance. Thus, the variance components of full-sib
family, female and male GCAs, SCA, and clone-within-family, de-
rived from the model of Eq. 1, are expressed in terms of expected
covariances among relatives (Becker 1984; Foster and Shaw 1988):

V.o = Cov(full-sibs) (2a)
Vi = Vy = Cov (half-sibs) {(2b}
Ve = Cov(full-sibs) — 2Cov (half-sibs) (2¢)
Ve = Vo — Cov(full-sibs) (2d)

where V; is the total genetic variance of a quantitative trait, including
additive (V,), dominance (V ), and epistatic variances (V;). Assuming
Mendelian behavior and linkage equilibrium at loci, and given the
trait to be affected by a total of n QTLs, the covariance among
relatives can be expressed as a function of genetic variance compo-
nent (Fisher 1918):

Cov(relatives)=aV, + fVp +0?V, , +afV, + 2V, + ..

where « is the genetic correlation among relatives (Wright’s coeffi-
cient of relationship), f is the coefficient of double coancestry (the
probability that both alleles in two individuals are identical by
descent),and V, » Vo and Vo are the epistatic variances due to the
first-order additive x additive effect, the first-order additive x
dominance effect, and the first-order dominance x dominance effect.
Based on the above assumptions and relationships, the covariances
among full-sibs, half-sibs, and between offspring and the correspond-
ing mid-parent may be, respectively, written (Cockerham 1954,
Hallauer and Miranda 1988) as:

111 1 1
Covlfullsibs) =~V Vo + 2V, 42V, bV

4 8 AD 16 DD
n 1 " 1
+ Z E;VAA at Z EVDD D
i=3 i=3
n o i—1 1
+ Z Z 92i—k ' AA...ADD...D (3a)
i=3k=1
Cov(half-sibs) 1V 1V ilv (3b)
ov(half-sibs) =-V, + — + -
4 16 AA i=34 AA A
_ 1 1 "1
Cov(OP)z;VA+ZVAA+ 3 EVAA...A (3c)
- i=3

where 7is the number of QTLs displaying inter-locus interactions, k of
which are purely additive in effect; V. ., Vpp psand Vau app b
are the epistatic variances due to high-order additive by additive,
dominance by dominance, and additve by dominance interactions
among QTLs ( > 3), respectively. According to Egs. 2a-2d and 3a-3c,
observed experimental variance or covariance components can be

Table 2 Analysis of covariance of the mean of offspring family (X) and the mean of parents (Y)

Source Degree of MCP EMCP*

freedom
Replicate (R) r—1 MCPg Cove(X, Y) +nCovqp (X, Y) + nfmCovy (X, Y)
Offspring (O) fm—1 MCP, Covg(X,Y) + nCovagr (X, Y) + nrCovy(X, Y)
OxR (fm—1D@r—-1) MCP, Covg(X,Y) +nCovqe(X,Y
Error fmr(n—1) MCP, Covg(X, Y)

*Covg(X,Y), covariance of X and Y due to the error effect;
Covor(X, Y), covariance of X and Y due to the interaction effect
between offspring family and replicate; Cov (X, Y), covariance of X

and Ydue to the offspring family effect; Covg(X, Y), covariance of X
and Y due to the replicate effect



written in terms of causal components of genetic variance as:

1 1
Ve=Vy= 4V +16VAA+ 241 AALA (4a)
1 1
Veu=7Vp + gVAA + SVAD + EVDD
}";[‘ : }v 3 ly
+ -
2o 1] VAALA S pD..D
n i—1 1
+ 2 2 5ai Vasavvon (4b)
i=3k=1
1 3
Vc<Fw):EVA+ VD+ZVAA+ Vit 6VDD
" 1 " 1
+ Z 1“5; Vaaoa™ Z 1~E Voo..n
i=3 i=3
n i—1
+13]i-5 ]vAA v o)
i=3k=1
1 1
Covp(X,Y) = VA+ vV, +Z VAA A (4d)

Unknown genetic components, ie, additive variance (V,), domi-
nance variance (Vp), the lowest-order epistatic variances (Vaa, Vap,
and Vpp), and higher-order epistatic variances {Vaa 4, Vpp..p, and
V aa..pp...p)s cannot be determined because they are expressed in only
the four equations above. However, an approximate estimate (V) of
additive genetic variance can be obtained from Egs. 4a and 4d:

VE 2 4(Ve + V) — 2Cove (X, Y)
1
1

=V, -+ =75 51 | Vaa...
A i:zslizzl 3 2 1:] AA.LA

where * denotes an approximate estimator. Two properties of the
estimator, V5, are established from the above equations: (1) V} can
provide unbiased estimate for V, when the total epistasis is due only
to digenic interactions; and (2) if high-order interactions involving
groups of QTLs > 3 exist, Vi will underestimate V,, since the second
term in Eq. 5b has negative coefficients. However, the underestimated
bias is only a minute portion (1/2%73 — 1/271) of the high-order
interaction variance. Similarly, V4, can also be estimated from Eqgs.
4a and 4d:

Via~x8[Covo(X,Y)— (Ve + V]

1 1
=V +8 Z [ ; ?ﬁ}VAA...A'

The estimator, Vi, will be unbiased for V,, when the lowest-order
interactions account for the epistasis. However, if there exist high-
order interactions among additive QTLs, Vi, is contaminated by
8(1/2' — 1/2%~ Y of the high-order interaction variances. This portion
is as large as 3/4 for the second-order interaction. As a result, V3, is
generally suggested to include the first- plus second-order additive x
additive interaction variances.

After V, , is estimated, the remaining question is how to estimate
the rest of the epistasis, i.e, V,p, + Vpp, No procedure is available to
provide an exact estimate for the summation. However, its two
approximate expressions, V4 3/2Vy and 2/3V 4+ V, can be
derived by substracting Eq. 4b, multiplied by 3, from Eq. 4c. These
two expressions are an overestimate and underestimate of
Vap + Vpp, respectively. Since the relative magnitude of V,,and Vi,
1s unknown, a more accurate estimate for V, , + V,, may be obtained
from the average of the two expressions, i.e.,

(a)

(5b)

(62)

(6b)

5
Vio+ V5 D~6VAD+ VDD

5 5
%—VF +§VM

10
3 ?COVO(X, Y) (7a)

5
- 5VI-‘M +§VC(FM) -
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5 S 5 5
_6VAD+ VDD Z3{i +— 3523 ZI_I:IVAA A

+ z[ 326- 1)] DD...D

n i—1 3
Z Z |: 22i—k—2:[VAA...ADD.“DD-

i=3k=1

(7b)

The estimate of the total first-order interaction epistatic variance is
approximately obtained by summing Eqs. 6a and 7a:

. . 19 19
Vi=Vi, +Vip+ Vip~ A?VF —?VM
5 14
—5Veu + EVC(FM’ + —3-C0v0(X, Y). (8)

Combining Eqs. 6b and 7b, the properties of V' can be established: (1)
in the case with only digenic interactions, Vy is a satisfactory estimate
for the total epistasis. Eq. 8 can provide a good estimate typically
when V,, =3/2 Vpp = V. However, if V> Vi, then V) can be
well estimated via multiplying Eq. 7a by 6/5 to obtain a more
approximate estimate for V,p + Vpp. If V<V, then a good
estimate of V| is obtained via multiplying Eq. 7a by 4/5; and (2) the
estimator, described by Eq. 8, also includes high-order interaction
epistatic terms if the latter exist. These high-order terms are overes-
timated since their coefficients are greater than 1.

Dominance variance, Vy, is estimated by summing Eqs. 4b and 4¢
and then replacing V,p + Vp, with Eq. 7a:

10
Vo~ ?(VF + Vi + 6V, — §VC(FM)
8
— ECOVO(X ,Y) (9a)
1 1
=Vp+ EVDD - ZVAD
2 1
-3 5 e
"2 5
- Z [5 —W:IVDDMD
r o i—1 5
- Z Z [ W}VAAMADD...D‘ (9b)
i=3k=1

Analogous to the total first-order epistasis, the accuracy for estima-
ting V, relies on the accuracy with which the summation V,p, + Vpp
is estimated and on the magnitude of higher-order interaction
variances.

Assuming that Vg, Vy, Vi, Vegyy and Cove(X, ¥) are indepen-
dent from each other, the sampling variances of additive, dominance,
and epistatic variances are expressed as:

Var(V,) ~ 16[ Var(Vp) + Var(V,)] + 4Var[Cov,{X, V)]

100
Var(Vp) = —9—[Var(VF) + Var(Vy)] +36Var(Vgy)
4 64
+ §Var [Veemd + ?Var [Cove(X, Y]
36
Var(V) ~ E[Var(VF) + Var(Vy)] + 25Var(Vgy)

25 196
+ EVar [Vernd + TVar [Cove(X, Y]
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where the sampling variances of all high-order interaction variances
are ignored.

Application

Accuracy analysis

If the total epistasis for a quantitative trait is only
derived from digenic interactions, the present method is
more accurate for partitioning genetic variance into the
causal components than previous methods (Cockerham
1963; Foster and Shaw 1988). Additive (V,) and additive
x additive variances (V,,) can be exactly estimated in
this case based on Eqs. 5a,b and 6a.,b. The estimator for
V,, suggested in Foster and Shaw (1988), is con-
taminated by 1/4 of the additive x additive variance,
and it is impossible to obtain the estimator for V, , from
Foster-Shaw’s method (Table 3). The estimators of
dominance and epistatic variances, described by Egs.
11a and 8, are also closer to their actual values than
the corresponding estimators by Cockerham (1963)
and Foster and Shaw (1988). Cockerham’s method
overestimates  the  dominance  variance by
1/2V a0 + 1/2V ,p + 1/4Vy,, while the present method
only has the deviation of 1/6V ,, + 1/4V, (Table 3). It
can be seen that this deviation is inversely included in
the estimation of the total epistatic variance. The epi-
static estimate from Foster-Shaw’s method is down-
wardly biased by 3/4V ,, + 1/2V,p + 1/4Vp (Table 3).

The estimators for the components of additive and
dominance variance, suggested in this paper, will be
contaminated by a portion of the epistatic components
when higher-order interactions are included in the epi-
stasis (Table 3). If the higher-order interactions, involv-
ing groups of QTLs > 4, contribute to the major portion
of the epistasis, the present method will lose its advan-
tages in accuracy, as compared to Foster-Shaw’s
method.

Numerical example

Foster and Shaw (1988) reported a study of estimating
the types of gene action based on a 3 x 4 factorial mating
design with clonal replicates for a poplar (Poplus delto-
ides Bartr.). Table 4 lists the variances due to female and
male GCAs, SCA, and clone-within-family and the cor-
rsponding standard errors in 3-year stem diameter at
1.4m height. In their study, Foster and Shaw assumed
that the epistasis in radial growth mainly results from
high-order interactions among multiple QTLs. Here,
the alternative assumption that the epistasis for this trait
is due to the lowest-order interactions will be consider-
ed. As will be clear, the analytical results are quite
different when based on different assumptions. Since the
covariance of the means of offspring family and the
means of both parents was not estaimated in Foster and
Shaw’s paper, a simulation will be performed based on
its relationship to Cov(half-sibs) in terms of genetic
variance components. It can be seen from Egs. 3b and 3¢
that the value of Cov(OP) should range from 2Cov(half-
sibs) to 4Cov{half-sibs). Based on this relationship, let
y = 2Cov(half-sibs)/Cov(OP) (1/2 <y < 1). The ratio re-
flects the magnitude of additive x additive epistatic
variance of all orders. (However, only the lowest-order
epistasis is assumed here.) If y approaches 1, this indi-
cates that the additive x additive variance is close to 0
as compared to the additive variance (V,). If y ap-
proaches 1/2, the additive x additive variance will tend
to be infinite relative to V,,.

Under different y values, the components of additive,
dominance, and epistatic variances were simulated by
the present method (Fig. 1). When y = 1.0, the estimate
of additive variance components from the present
method were identical to that from Foster-Shaw’s
method (Fig. 1 A; Table 4). However, so long as y < 1.0,
i.e., there is additive x additive epistatic variance in
3-year stem diameter of P. deltoides, Foster-Shaw’s es-

Table 3 Coefficients of components of two-, three-, and four-locus interaction variances included in the estimates of additive (V), dominance
(V#), and epistatic variances (V;'), from the present (1) and Foster-Shaw’s (2) methods. Positive (or negative) denotes the three estimators above
to be contaminated (or discounted) by the corresponding epistasis terms

Epistatic term Vi V3 \A
1 2 1 2 1 2
Two-locus interaction Vaa 0 1/ 0 1/2 0 ~1/4
V.o 0 0 1/6 1/2 —1/6 —1/2
Voo 0 0 —1/4 1/4 1/4 —1/4
Three-locus interaction Vasa —-1/8 1/16 —1/4 3/8 3/8 —7/16
Vo 0 0 ~3/8 1/4 3/8 —1/4
Voo 0 0 —1/4 1/8 1/4 —1/8
Voop 0 0 —1/4 1/16 1/4 —-1/16
Four-locus interaction Viaaana —3/32 1/64 —7/16 7/32 17/32 —15/64
AAAD 0 0 —59/96 1/8 59/96 —1/8
ADD 0 0 —27/48  1/16 27/48 —1/16
Vbbb 0 0 —11/24  1/32 11/24 —1/32
Voo 0 0 —41/64  1/64 41/64 —1/64




Table 4 Variance components due to female and male GCAs, SCA,
and clone-within-family and Foster-Shaw’s estimators of additive
(V,), dominance (Vp), and epistatic variance components (V) for
3-year stem diameter at 1.4 m height in P. deltoides (Foster and Shaw
1988)

Source Symbol Value + SE
Experimental variance
Female (F) Ve 0.0525+0.0930
Male (M) Vu 0.3684 £ 0.3057
FxM ™ 0.0887 + 0.1064
Clone (C)/(FM) Ve 0.5431 4 0.1081
Causal component
Additive Va 0.8418
Dominant Vp 0.3548
Epistatic Vi 0.0000

timator will be upwardly biased. Their estimator
also overestimated dominance variances (Fig.1B,
Table 4) when only digenic interactions exist. According
to Foster-Shaw’s assumption, the total epistasis is
absent (since its calculated value is negative, which
may result from large sampling variances) (Table 4).
However, considerable additive x additive variance is
found under the two-locus interaction assumption (Fig.
1 C), despite the rest of the epistasis failing to be detected
(Fig. 1 D).
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Discussion

Estimation of epistatic variance components is a long
standing problem. Despite its obvious importance in
breeding and evolution, we are still painfully short of a
reliable method to obtain such an estimate. Although
use of clones has provided possibilities to isolate epi-
stasis from the total genetic variance (Foster and Shaw
1988), the estimates of the epistatic component are
largely frustrated by the assumption that the total epi-
stasis is primarily due to high-order inter-allelic interac-
tions. At present, even QTL mapping cannot provide a
reasonable solution to this problem since too many
parameters are required to determine the types of epi-
stasis (Tanksley 1993). The present paper attempts to
propose a new procedure that is totally independent of
Foster-Shaw’s (1988) assumption. If the epistasis for a
quantitative trait is limited to interactions between a
pair of QTLs, the new procedure will have two signifi-
cant advantages over Foster-Shaw’s method. They are
(1) the partitioning of the genetic variance is more
accurate, and (2) the additive x additive component can
be isolated from the total epistasis.

Under the condition of only digenic interactions, the
new procedure provides an exact estimate for additive
and additive x additive variances. When this condition

Fig1 The estimates of additive 09 [ 05 [
(A), dominance (B), additive A B
x additive (C), and additive 0.8 €
x dominance plus dominance  § 07 - % 0.3
x dominance epistatic variances § ’ g
(D) in 3-year stem diameter g o6l 8
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is not met, the estimates of these two variances will be
biased. However, if digenic interactions contribute to a
major portion of the total epistasis, the estimated addi-
tive and adddive x additive variances by the covarian-
ces among half-sibs and between the offspring and the
mid-parent will be quite reasonable.

The exact estimates for dominance, additive x domi-
nance and dominance x dominance variances cannot be
obtained without additional information about gene
action, allele frequencies, and the number of QTLs
involved, even if only two-locus interactions are as-
sumed. However, the present estimators for dominance
and epistatic variance components are much better than
Foster-Shaw’s estimators under the two-locus interac-
tion model. Once a major portion of the total epistasis is
due to higher-order interactions involving groups of
QTLs > 4, the present procedure will not be comparable
to Foster-Shaw’s method.

In practice, the applicability of Foster-Shaw’s
method may be limited, since there is little evidence for
high-order epistatic variances despite the fact that the
matter has not been pursued extensively. Traditional
statistical genetics generally assumes the existence of
only two-locus interactions. Although this assumption
is made due to an increasing algebraic difficulty in
manipulating high-order interactions (Mather and
Jinks 1982), it scems to have also shown some biological
basis, as revealed by current molecular marker-aided
QTL analyses. Based on these molecular analyses, a
significant proportion of the genetic variance in a num-
ber of quantitative traits can be explained by only a few
QTLs with large effects (e.g., Doebley and Stec 1991,
1993; Paterson et al. 1991; Stuber et al. 1992; deVicente
and Tanksley 1993; Damerval et al. 1994; Bradshaw and
Steller 1995). Thus, for these traits, it is less possible that
interactions involving groups of numerous QTLs form a
major portion of the epistasis. However, if there is a
difficulty in determining the relative importance of low-
vs high-order interactions for the total epistasis, both
the new method and Foster-Shaw’s method are gen-
erally recommended for use. Researchers are encour-
aged to choose a better result based on other knowledge.
As shown by the Populus example, the two methods
would lead to very different conclusions.

Except for the assumption of two-locus interactions,
the present estimates for the types of gene action of a
quantitative trait from a mating and experimental de-
sign require the same other assumptions as Foster-
Shaw’s method (see Comstock et al. 1958; Foster and
Shaw 1988). These assumptions have been described
above and are summarized as follows: (1) the parents are
randomly sampled from a random mating population;
(2) there is a regular Mendelian diploid behavior at
meisos; (3) cytoplasmic or maternal effects are absent;
and (4) linkage equilibrium exists such that QTLs affect-
ing an observed trait segregate independently or, where
linkage does exist, the distribution of genotypes is as
expected in the absence of linkage (Cockerham 1956).
Violations of the above assumptions will result in biased

estimates for genetic variance components. Wu {1995)
suggested a genetic model for the resolution of quanti-
tative variance in triploid progeny and further discussed
the possible accuracy of his estimators. The effects of
relaxing each of the other assumptions on the estimates
requires further study.

In order to make it possible to estimate genctic
variance components {rom the present method, both
parents and their offspring should be planted side by
side in a clonally replicated plantation. Although there
are many biological techniques available to clone tree
species (see Ahuja and Libby 1993), C effects by cloning
have been documented in several species (Libby and
Jund 1962; Cannell et al. 1988; Farmer et al. 1989). Since
C effects may bias estimates of variance components
(Libby and Jund 1962), appropriate measures should be
taken to minimize these non-genetic effects before the
replicated trial is established (Frampton and Foster
1993).
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