Copyright © 1997 by the Genetics Society of America

Epistasis for Three Grain Yield Components in Rice (Oryza sativa L.)

Zhikang Li,*" Shannon R. M. Pinson,* William D. Park,’ Andrew H. Paterson* and James W. Stansel’

*Department of Soil and Crop Sciences and Department of Biochemistry and Biophysics, Texas A&M University, College Station,
Texas 77843, Y Texas A&’M University Agricultural System Research and Extension Center, Beaumont, Texas 77713 and

{United States Department of Agriculture, Agricultural Research Service, Beaumont, Texas 77713

Manuscript received June 10, 1996
Accepted for publication September 27, 1996

ABSTRACT

The genetic basis for three grain yield components of rice, 1000 kernel weight (KW), grain number
per panicle (GN), and grain weight per panicle (GWP), was investigated using restriction fragment
length polymorphism markers and F, progeny testing from a cross between rice subspecies japonica
(cultivar Lemont from USA) and indica (cv. Teqing from China). Following identification of 19 QTL
affecting these traits, we investigated the role of epistasis in genetic control of these phenotypes. Among
63 markers distributed throughout the genome that appeared to be involved in 79 highly significant (P
< 0.001) interactions, most (46 or 73%) did not appear to have “main”’ effects on the relevant traits,
but influenced the trait(s) predominantly through interactions. These results indicate that epistasis is
an important genetic basis for complex traits such as yield components, especially traits of low heritability
such as GN and GWP. The identification of epistatic loci is an important step toward resolution of
discrepancies between quantitative trait loci mapping and classical genetic dogma, contributes to better
understanding of the persistence of quantitative genetic variation in populations, and impels reconsidera-
tion of optimal mapping methodology and marker-assisted breeding strategies for improvement of

complex traits.

PISTASIS, or interactions between nonallelic
genes, is an important factor that affects pheno-
typic expression of genes and genetic variation in popu-
lations. Gene interaction is the core of WRIGHT’s theory
of the genetic basis for evolution (WRIGHT 1932, 1951)
and plays a key role in founder effect models of specia-
tion (TEMPLETON 1979, 1980). While molecular evi-
dence of interacting genes influencing development
has been accumulated at a rapid rate, our knowledge of
how epistatic genes influence quantitative phenotypes
remains incomplete because of the complexities of
studying quantitative traits. Nevertheless, a consider-
able body of classical evidence has strongly suggested
prevalence of epistasis affecting quantitative traits in
populations (SPICKETT and THODAY 1966; FALCONER
1981; MATHER and JINKS 1982; POONI et al. 1987; Ar-
LARD 1988).

Quantitative trait loci (QTL) mapping using DNA
markers has improved our understanding of the genetic
basis of quantitative traits. Many studies have identified
QTL in plants and animals (EDWARDSs ¢t al. 1987, 1992;
STUBER et al. 1987, 1992; PATERSON et al. 1988, 1990,
1991, 1995a.b; FATORUN et al. 1992; DEVICENTE and
TANKSLEY 1993; KOWALSKI ¢f al. 1994; ANTHONY ¢! al.
1995; GEORGES ¢t al. 1995; HORVAT and MEDRANO 1995;
L1 et al. 1995a,b). However, QTL mapping studies to
date have also raised several puzzling questions. First,
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only a very limited number of chromosomal regions or
QTL, each having relatively large phenotypic effects,
have been identified for most quantitative traits regard-
less of the complexity of traits and amount of genetic
variation in mapping populations. Second, identified
QTL often explained only a portion of the total varia-
tion despite nearly complete genome coverage by ge-
netic markers. These results deviate from what would
be expected from classical quantitative genetic theory
and numerous selection studies that suggest that a large
number of genes each having a small effect are involved
in quantitative genetic variation (¢f. MATHER and JINKS
1982). Third, while different QTL for the same trait
generally do not interact with each other, the total ge-
notypic variance explained by all QTL for the same trait
is generally much smaller than the sum of genotypic
variances explained by different QTL. This contradicts
the statistical prediction of additivity under indepen-
dence. Factors such as environmental influences, physi-
ological pleiotropy, QTL with effects too small to detect,
covariances between closely linked QTL, and epistasis
may partially explain the observed dilemmas (PATERSON
et al. 1991; ZENG 1993; COCKERHAM and ZENG 1996).
Although most QTL mapping studies reveal little evi-
dence for the presence of epistasis between QTL (Eb-
WARDS et al. 1987, 1992; PATERSON et al. 1988; 1991;
FATOKRUN et al. 1992; STUBER et al. 1992; DEVICENTE and
TANKSLEY 1993; L1 et al. 1995a,b), “‘genetic background
effects” on quantitative traits have been well docu-
mented in Drosophila (Spassky et al. 1965), tomato
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(TANKSLEY and HEwITT 1988), rice (KINOSHITA ¢ al.
1982; SATO and SAKAMOTO 1983), and most recently in
soybean (LARK et al. 1995) and maize (DOEBLEY et al.
1995; COCKERHAM and ZENG 1996). These observations
suggest that there exist epistatic loci that may affect
the expression of genes or QTL, causing background
effects.

Epistasis is generally thought to be responsible for
reduced fitness in hybrid progenies between related
species, since genes causing problems in hybrids are
apparently conferring normal functions in parental spe-
cies. In crop improvement, an important fact that is
observed by plant breeders is that the yield of most
progenies from a cross between any two elite parents of
the same species or subspecies is lower than the parents,
suggesting epistasis may also be an important genetic
basis for yield and its components in crop plants.

We here report detection of epistasis affecting three
grain yield components of rice using replicated progeny
testing and a complete restriction fragment length poly-
morphism (RFLP) linkage map. Our primary objectives
were to reassess the prevalence of digenic interactions,
identify specific genomic regions involved in digenic
interactions, and study patterns by which alleles at two
loci interact, to better reconcile classical evidence of
epistasis with measured gene actions of QTL. Our stud-
ies differed from prior studies in the level of replication
associated with calculation of breeding value of each F,
plant, and also introduce new approaches to separating
interactions from sampling variation.

MATERIALS AND METHODS

Plant materials: Oryza sativa L. cvs., “‘Lemont” and “Teq-
ing”” were used as parents in the study. The female parent,
Lemont, belongs to japonica varietal group. The male parent,
Teqing, is a typical semidwarf indica variety from China. From
each of 255 F, plants from the Lemont/Teqing cross, seven
to 11 (10 in most of the cases) F3 plants from each of the F,
plants were randomly selected and used to produce a total of
2418 Fy-derived F, lines for the phenotyping experiment, as
described previously (L1 et al. 1995a).

RFLP marker genotyping and the field experiment: Recon-
struction of genotypes of the original 255 F, plants for 113
RFLP and two morphological markers (Cand gl-I) using their
derived F; plants were described previously (LI et al. 1995a).
The resulting 115 loci were spaced at an average 19.1 <M
across the 12 rice chromosomes. Phenotyping of the 2418 F,
lines was conducted in 1990 at the Texas A&M University
System Agricultural Research and Extension Center in Beau-
mont, as described (L1 et al. 1995a). For assay of grain yield
components, 10~13 panicles (each from a single plant) were
collected in each of the 2418 F, lines and dried at 50° for 72
hr. Panicles from each of the F, lines were hand threshed
and measured for the number of grains per panicle (GN),
1000 kernel weight (KW, two samples of 200 grains were
weighed and converted to 1000 grain weight), and grain
weight per panicle (GWP). The “‘breeding values’ of each of
the 255 F, plants for these traits, each calculated as the mean
value of 70-130 observations from 10 F, lines derived from
each of the 255 F, plants, were used in the data analyses.

Statistical model for detecting digenic epistasis: For the

simplest case of digenic epistasis affecting a quantitative trait
in an unreplicated F, mapping population, the most com-
monly used linear model in a two-way ANOVA (EDWARDS
et al. 1987; STUBER et al. 1987, 1993; PATERSON ¢t al. 1988;
DEVICENTE and TANKSLEY 1993; X1AO et al. 1995) can be
shown as follows:

Ym=pt+o,+ao;+ T+ €5, form=12,...,n, (1)

where y,, is the phenotype of the mth F, plant with the digenic
genotype at loci 7 and j, a; and «a; are the main effects (if
any, which include the additive and the dominance effects)
associated with the loci i and j, respectively; 7, are the effects
arising from interactions between alleles at the loci ¢ and
j» and ¢, is the residual effect including the genetic effect
unexplained by the two loci in the model plus measurement
errors and other factors, which is assumed to be an indepen-
dent random variable having a normal distribution with zero
mean and a variance of o2 The expected mean squares from
different sources in the model are given in Table 1. In the
full model, three hypotheses are tested (the main effects asso-
ciated with two loci and the interactions between them) where
i and j are markers near QTL. To detect genomic regions
that have epistatic effects on quantitative traits, this model is
extended to cover random genomic loci. To assay the whole
genome for digenic epistatic effects on quantitative traits, one
has to evaluate n(n — 1) /2 possible interactions for a map of
n markers.

Data analyses: Three steps in data analyses were taken to
identify epistasis. First, we conducted conventional QTL map-
ping to identify QTL affecting the three traits using interval
mapping (LANDER and BOTSTEIN 1989). A LOD = 2.4 was
used as a threshold for claiming the presence of putative
QTL. Then, all putative QTL were further confirmed using
multi-QTL models of interval mapping (MapMaker/QTL)
and multiple regression (ZENG 1993, 1994) until all QTL in
the model were highly significant (P < 0.001 in a multiple
regression model, and each QTL contributed to the multi-
QTL model by an additional LOD = 2.0 in the interval map-
ping).

Second, we selected a subset of 95 representative codomi-
nant DNA markers from the original linkage map (Li et al
1995) and conducted all possible two-way ANOVA between
these markers using the model (1) and SAS PROC GLM (SAS
Institute 1987) (dominant markers and those with more than
35 missing data were not used). The threshold to claim a
statistically significant interaction was P = 0.001 (F tests with
a degree of freedom of 4), and R eracion = B%. For cases
when two or more significant interactions were found to be
due to linkage [by examining the Estatistic profiles along the
two genomic regions and the corresponding digenic effects
7, (see the following section)], the one with the highest F
and R values was retained.

Third, to remove false positive interactions due to the back-
ground genetic effects arising from segregating QTL, muld-
ple regression with all QTL (identified in the first step) fixed
in the model was utilized to reanalyze the highly significant
interactions detected in iwo-way ANOVA, based on the follow-
ing model:

Yim = bo + > biX + b + Bxy + bixi + €5
fork=1,2,...km=12,...,n;, (2

where y,, is the trait value of the individuals with the same
digenic genotype at marker loci and j (4, j = 1, 2, 3), & is
the mean of the model, & is the partial regression coefficient
of the phenotype on the kth QTL (or the main effects of the
kth QTL), b, b, and &; [equivalent t0 «; «; and 7; in the
model (1)] are partial coefficients (the main effects, if any,
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TABLE 1

Expected mean squares for digenic interactions between unlinked marker loci

Sources of variation df.” Expected mean square
Between marker i genotypes n—1 o + 27 % (af/(n — 1)]
i=1
%
Between marker j genotypes n — 1 o + 27 X {af/(n;— 1)}
=1
Interaction between markers ¢ and j (ni—1) (m;— 1) o?+9 % {r%/(n— 1) (n; — 1)}
i=1,j=1
Residual N-—n;—1 a® j

‘N= 2?:1 = z?:l = ?n=]
and the interaction effects) of phenotype y on the ith and jth
markers conditional on all £ QTL, and ¢, is the residual,
which is assumed to be an identically and independently dis-
tributed variable with zero mean and a variance of o°. Since
the interaction effects b; are tested conditional to those de-
tected QTL, not only the background genetic effects from
nonrandom sampling of the QTL will be effectively con-
trolled, but the power to detect epistasis can also be increased
(ZENG 1993, 1994), provided that the QTL are indenpendent
from one another. Interaction effects highly significant in
both two-way ANOVA and multiple regression analyses were
considered to be due to epistasis and used for further analyses.
The maximum likelihood estimates of interaction effects
T; involved in each interaction highly significant in above
analyses (with and without QTL included) were obtained us-
ing the mean of the nine digenic genotypes (GRAYBILL 1976)
in which #; = p; — @1, — fi; + f1. At test was performed
2

l3
— as standard errors, where
i

&%, the residual variance, was approximated by averaging the
4465 observed sf’] (the observed interaction variance compo-
nent), which is an empirical estimate of &2, of the experiment,
and n; was the observed sample size of individual digenic

genotypes.

to test the Ho: 7, = 0 using

RESULTS

Trait means, variation, heritability, and correla-
tion: The differences between the parents for the three
traits were small (significant at P = 0.05 for KW, but
not significant for GN and GWP based on ¢ tests). Le-
mont had KW of 23.3 = 0.20 g, GN of 137.5 * 23.1,
and GWP of 31.9 * 5.2 g. Teqing had KW of 24.0 *
0.16 g, GN of 148.0 = 23.6, and GWP of 35.5 = 5.6 g.
The mean of the F; breeding values showed only nor-
mally lower KW (22.9 g) but significantly (P < 0.01)
lower GN and GWP (112.2, and 25.4 g) than the par-
ents.

The F, lines showed tremendous variation for the
three traits. The phenotypic values of the 2418 F, lines
and the breeding values of the 255 F, plants were ap-
proximately normally distributed for KW, GN and GWP
(Figure 1), typical of polygenic inheritance. KW showed
transgressive segregation in both directions, ranging
from 14.0 to 35.7 g in the F, lines and from 17.2 to

n; is the number of F, plants in the experiment.

29.5 g in the Fy breeding values, respectively. GN and
GWP also showed transgressive segregation but primar-
ily toward reduced GN and GWP. Such a reduction in
yield traits is typical of progenies from crosses between
distantly related rice varieties such as indica/japonica
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FIGURE 1.—Frequency distribution of the phenotypic val-
ues of 2418 F, rice lines and the breeding values of 255 F,
plants (10 times) of the Lemont/ Teqing cross for 1000 KW,
GN, and GWP.
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FIGURE 2.—The RFLP map with 115 markers constructed from 255 F, plants of the Lemont/Teqing rice cross. The boxes
indicate the genomic locations (1 LOD confidence intervals) for 19 QTL identified for KW, GN, and GWP.

crosses. KW had a heritability of 0.877, while GN and
GWP had lower heritabilities of 0.535 and 0.413, respec-
tively. GN and GWP were positively correlated (r; =
0.865, P < 0.0001). KW was negatively correlated with
GN (1; = —0.461, P < 0.0001), but uncorrelated with
GWP (r; = 0.014).

Identification of QTL affecting KW, GN and
GWP: Table 2 and Figure 2 show 19 QTL (LOD >
2.4) influencing the three traits, identified by interval
mapping and confirmed by multiple regression analyses.

QTL affecting KW: Eight QTL affecting KW were
identified in this population using interval mapping
based on LOD > 2.4, all confirmed by multiple regres-
sion analyses. In addition, four genomic regions showed
effects on these traits that fell slightly below the thresh-
old (2.4 > LOD = 2.0). Of these, three became insig-
nificant by multiple regression analyses, one on chro-
mosome 2 (QKw2b) became highly significant in the
multiple regression models. The nine QTL, located on
chromosomes 1, 2, 3, 5, 6, and 10, collectively ac-
counted for ~84.6% of genotypic variation (the vari-
ance among the breeding values of the F, plants). These
QTL had additive effects ranging from 0.56 to 1.51 g,
and explained 4.1-16.3% of the genotypic variation in
the F, plants (Table 2). The alleles at five QTL (QKwla,
QKw2a, QKw3b, QKw3c, and QKwo6) for increased KW
were from Lemont, and the remaining four (QKw2b,
QKw3a, QKw5, and QKwl0) from Teqing. Large domi-
nance effects at QKwla, QKw2a and QKw5 were associ-
ated with reduced KW, but with increased KW at QKw2b
and QKwl0.

GN: Six QTL were mapped to chromosomes I, 3,

4, 8, and 10, collectively accounted for 37.8% of the
genotypic variance. These QTL had additive effects
ranging from 0.8 to 11.9 grains per panicle and ex-
plained 4.8-11.8% of the genotypic variance. Four al-
leles (QGn3a, QGn4, and QGnl10) for increased GN were
from Lemont, and two (QGnl and QGn3b) from Teq-
ing. QGn& did not have an appreciated additive effect,
but showed overdominance for increased GN. Large
dominance for increased GN was also observed at
QGn4, but for reduced GN at QGn3a and QGnl0.

GWP: Two definite QTL (QGuwp3 and QGwp4) influ-
encing GWP were mapped to chromosomes 3 and 4.
When these QTL were fixed, we were able to detect two
additional QTL (QGwp5 and QGwp8) on chromosomes
5 and &8 using both interval mapping and multiple re-
gression. Collectively, the four QTL accounted for
22.7% of the genotypic variance. The alleles for in-
creased GWP at QGuwp3, QGwp5 and QGuwp8 were from
Teqing, and that at QGwp4 was from Lemont, with addi-
tive effects ranging from 0.58 to 1.79 g per panicle.
Dominance effects at all QTL were associated with in-
creased GWP, with overdominance detected at QGwp4
and QGuwp8.

Pleiotropic effects of QTL: The three GWP QTL
(QGuwp3, QGwp4, and QGuwp8) were related to the GN
QTL, QGn3b, QGn4 and QGuwpS. In all cases, alleles for
increased GN were associated with increased GWP, in
agreement with the high positive correlation between
GN and GWP. Four GN QTL QGnl, QGn3a, QGn3b,
and QGnl0 were mapped to approximately the same
positions as KW QTL QKwla, QKw3a, QKw3c, and
QKwl0. In all these cases, the additive effects of GN
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QTL* Flanking markers” a d Re% LOD

QKwli RG236-RG381 —0.86 —2.32 8.1 3.46
QKwZa RG598b-RG139 —0.84 -1.94 6.6 3.33
QKw3a RG104-RG348 0.80 0.16 5.1 2.88
QKuw3b RG445a-CDO109a -1.07 —0.68 11.7 6.82
QKw3c RG910a-RG418 -0.95 0.10 7.2 3.57
QKw5 RG182-RG13 1.51 —1.80 16.3 5.10
QKw6 RG424-RG179 -0.87 —0.10 6.0 3.09
QKwl0 CDO98~-RG752 1.07 1.44 10.3 3.77
QKw2b RG83-RG634 0.56 2.48 4.1 2.59
E. % from multi-QTL model® 84.6

QGnl RG236-RG381 7.2 6.4 4.8 2.64
QGn3a RG104-RG348 -7.3 -15.0 5.7 3.20
QGn3b RGY910a-RG418 11.9 1.2 11.8 6.70
QGn4 RG143-RG214 -10.2 20.5 8.8 4.93
QGn8 RG1034-RGY78 -0.8 40.8 6.0 293
QGnli0 CDO98-RG752 -9.9 —184 9.7 2.46
R % from multi-QTL model” 87.8

QGup3 RG910a-RG418 1.71 0.66 5.9 3.25
QGup4 RG143-RG214 ~1.79 4.59 6.8 3.89
QGup> RG13-RG470 1.60 1.08 5.7 2.46
QGup8 RG1034-RGY78 0.58 7.65 4.3 2.64
. % from mult-QTL model” 22.7

“Individual QTL are designated with Q indicating a QTL, abbreviation of the trait name and the chromo-
some number. When more than one QTL affecting a trait was identified on the same chromosome, they are

distinguished by different letters.

* The underlined markers are those closer to the QTL.

“ais the additive effect due to substitution of a Lemont allele by the corresponding Teqing allele. The d is
the dominance effect associated with the heterozygote. Units for KW and GWP are grams.
¢ B was obtained by running the model with all QTL (LOD > 2.4) included.

QTL were negatively associated with those of the corre-
sponding KW QTL, which also agreed well with the
negative correlation between GN and KW.

Detection of digenic epistasis: Of 4465 possible two-
way ANOVAs between the 95 selected markers, we de-
tected 81, 79, and 79 highly significant (P < 0.001,
R eracion > 5%) interactions for KW, GN and GWP,
respectively. A portion (34.5, 26.6, and 35.4% for KW,
GN and GWP, respectively) of the interactions signifi-
cant at P = 0.001 involved groups of linked markers.
After removing interactions that were due to linkage
effects, the remaining number of interactions signifi-
cant at P = 0.001 was 57 for KW, 58 for GN, and 55
for GWP, respectively.

Interactions due to main effects of the segregating
QTL: In the present study, because the sample size for
each of the digenic genotypes was relatively small and
there were a number of QTL segregating for each of the
traits in the mapping population, statistically significant
interactions may have arisen from the nonrandom sam-
pling of segregating QTL. When these highly significant
interactions were reanalyzed by the multiple regression
analyses in which the QTL (each represented by its
most closely linked marker) were fixed in models, 41
of the 57 interactions affecting KW, 30 of the 58 interac-
tions affecting GN, and 20 of the 55 interactions influ-

encing GWP became insignificant, while all QTL re-
mained highly significant in the model. This indicated
that a high probability of false positive interactions de-
tected by two-way ANOVA arose from the main effects
of the segregating QTL. The significance level of 16
interactions affecting KW, 28 interactions affecting GN,
and 35 interactions influencing GWP remained largely
unchanged or even became more significant, and all
occurred between unlinked markers.

Decomposition of digenic interactions: In our exper-
imental design, the variance component resulting from
interaction effects #; = (f; — 1, — f1; + [1) between
alleles at two loci can be partitioned into three subcom-
ponents: one degree of freedom due to interaction ef-
fects between homozygotes (FH + 73 + 79 + 73), a
second and third degrees of freedom between a homo-
zygote at one locus and the heterozygote at the other
(71 + #33 + 741 + 52), and a fourth degree of freedom
between heterozygotes (#2;). Based on the quantitative
genetic model (MATHER and JINKS 1982), each of the
interaction effects (7,3, 719, 721, and 75,) between the
homozygotes in our experiment design, consisted pri-
marily of the additive component of epistasis [for in-
stance, the genetic expectation for #,, and 45 is i, —
(/s jur + Joa) + ealw], while the interaction effects (4,3,
T3, T31, and T39) between heterozygotes and homozy-
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TABLE 3

Decomposition of interaction variances affecting 1000 KW,
GN, and GWP into between homozygotes (aa), homozygote
X heterozygote (ad), and heterozygote X heterozygote
(dd) variance components

Trait R Vi Ne Vaa N Vi N

Kw
Mean 650 662 188 309 478 30 334
SD 089 13.2 24 119 40 34 4.1
GN
Mean 7.02 644 194 318 470 38 336

SD 1.63 128 4.0 115 45 30 6.1
GWP

Mean 646 65.0 186 316 479 34 338

SD 1.21 129 41 122 38 29 5.7

“V and N are percentages of variance components and
frequencies of their contributions to F, plants. R is also in
percentage.

gotes estimated only one-eighth of the nonadditive
components of epistasis ( j,, or j,.). The genetic expecta-
tion for #35 was only “/saly.

In agreement with the genetic expectations, decom-
position of the interaction variances of the significant
interactions affecting KW, GN and GWP showed that
these interactions were largely due to the additive com-
ponent of epistasis (Table 3). For example, the double
homozygous genotypes (F,) accounted for ~19% of the
population, but explained ~65% of the total interac-
tion variances for the three traits. The heterozygotes at
one or both loci had frequencies of ~47 and 34%,
but explained ~31.5 and 3.5% of the total interaction
variances, respectively. Consistent results were obtained
from ¢ tests in which there was at least one significant
interaction effect (different from zero) between homo-
zygotes in each of these interactions, but none of inter-
action effects associated with heterozygotes were sig-
nificantly different from zero. These results suggested
that the observed digenic interactions were due primar-
ily to the additive epistatic gene action, as would be
expected from the F, progeny testing in our experimen-
tal design.

The magnitudes of the additive digenic epistatic ef-
fects: The mean R of the 16, 28, and 35 interactions
affecting KW, GN and GWP were slightly larger than
those of the identified QTL described previously. Of the
possible 64, 120, and 140 interaction effects between
homozygotes (there are four possible interaction effects
in each of the interactions), 31, 70, and 85 were signifi-
cantly different from zero based on ¢ tests. There were
three, five, and 20 interaction effects for KW, GN, and
GWP, that were larger than the largest doubled additive
effect of the QTL.

For KW, the mean R explained by 16 interactions was
6.50%, ranging from 5.28 to 8.09%, which was slightly
higher than the mean K (5.73%, obtained by one-way
ANOVA) explained by the nine KW QTL. The average

magnitudes of the 33 interaction effects were 1.66 =
0.54 g, similar to the doubled mean additive effect (1.56
*+ 0.12 g) of the QTL. For GN, the mean R explained
by 28 interactions was 7.02%, ranging from 4.94 to
12.46%, which was slightly larger than the mean R
(6.77%) explained by the six GN QTL. The mean mag-
nitude of the 70 interaction effects was 15.0 * 6.5, simi-
lar to the doubled mean additive effects of the QTL
(15.1 + 5.1). For GWP, the mean K explained by 35
interactions was 6.46%, ranging from 5.07 to 8.99%,
which was larger than the mean R (5.13%) explained
by the four GWP QTLs. The mean magnitude of the
86 interaction effects was 3.02 = 1.3 g, slightly larger
than the doubled mean additive effects of the four QTL
(2.53 = 1.40 g).

Evidence for coadapted epistatic gene complexes:
When the four interaction effects in an interaction were
classified into two parental types (1L/2L or 75 and 1T/
2T or 7;) and two recombinant types (1L/2T or 7
and 1T/2L or 1), all three traits showed interesting
characteristics in terms of the additive digenic epistatic
effects (Table 4). Interactions between alleles from the
same parents (the parental type) tended to result in
increased productivity, while interactions between al-
leles from the different parents (the recombinants)
tended to result in decreased productivity (Table 4).
For instance, for GN, only 24.4% of the parental epi-
static effects (7, or 7;) were associated with reduced
GN, but 69.0% of the recombinants were associated
with reduced GN. As a result, the sum of the parental
type interaction effects resulted in 217.8 more grains
per panicle, but the cumulative effects of the recombi-
nant interaction effects resulted in 120.9 fewer grains
per panicle.

Evidence of possible high order interactions: Tables
5 and 6 list markers involved in the significant interac-
tions affecting the three traits. Although it is expected
that there should be a maximum of 2z loci for n digenic
interactions, the actual number of the loci (markers)
involved was much smaller. In fact, some loci appeared
to be involved in interactions with more than one other
locus. Here, we initially define a term, multiepistativity
(ME), to describe a locus that interacts simultaneously
with more than one other locus. When each marker
involved in the significant interactions was counted as
an independent locus, the number of loci involved in
the digenic interactions was 24, 39 and 44 for KW, GN
and GWP, respectively. The mean ME of the loci in-
volved in digenic interactions for KW, GN, and GWP
was 1.19, 1.44, and 1.59, respectively. In particular, a
larger number of loci with ME = 2 were influencing
the complex traits GN and GWP (14 and 18) than the
simpler trait KW (seven), and there were six loci affect-
ing GWP that had a ME = 3 (but only one for KW and
two for GN). These results suggested possible presence
of high order interactions affecting the traits, and that
the more complicated traits, GN and GWP, appeared
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TABLE 4

Summary of interactions (7;) between homozygous genotypes for KW, GN and GWP

Parental types

Recombinants
Lemont Teqing (1L/2T or
(1L/2L) (1T/2T) Total 1T/2L)
Trait +7 — + — + - + -
Kw
No. b 2 4 4 9 6 7 9
X7 (8 5.35 0.89 6.24 —0.21
GN
No. 14 5 17 5 31 10 9 20
2 Fy 137.2 80.6 217.8 —120.9
GWP
No. 16 9 17 7 33 16 15 21
S (g) 19.0 21.15 40.15 —12.50
“+ and — represent the interaction effects of positive and negative trait values, respectively.

to be determined by more complex higher order inter-
actions than the highly heritable trait KW.

Relationships between epistatic loci and QTL: When
the loci (markers) involved in the digenic interactions
(Tables 5 and 6) were classified into three categories
[(1) markers flanking the detected QTL affecting the
same trait, (2) markers flanking the detected QTL af-
fecting related trait(s), and (3) random genomic mark-
ers], we found that the majority of the interactions
(85.5%) occurred between markers not linked to QTL
affecting the same traits, and 47.4% of the identified
QTLs (four of nine for KW, three of six for GN, and
two of four for GWP) were not independent from the
background loci.

Of the 24 loci affecting KW, 19 (79.2%) loci were
random genomic markers (type 3) that were involved
in 12 (75%) of the 17 interactions. Five were type 1
markers flanking QKwl, QKw2b, QKw3a, and QKw3c,
and were involved in four of the 17 interactions. No
interactions were detected between the KW QTL them-
selves. Of the 39 loci influencing GN, 32 (82.1%) were
random markers (type 1) involved in 20 (71.4%) of the
28 interactions. Four were type 1 markers flanking three
of the six GN QTL (QGnl, QGn4b, and QGnl10), which
were involved in five interactions. Three were type 2
markers, flanking QKw2b, QKw3b and QGwp5, which
were involved in three interactions. Of the 44 loci affect-
ing GWP, 36 (81.8%) were random markers that were
involved in 24 (68.6%) of the interactions. Three were
type 1 flanking QGuwp4a and QGuwp5. Five were type 2
markers flanking QTL for KW and/or GN that were
involved in eight additional interactions.

Overall, a total of 63 different loci (markers) were
involved in the digenic interactions affecting the three
traits. Of these, 46 (73%) were random markers not
associated with any detected QTL. Eight loci were in-
volved in interactions affecting all three traits, 28 in-
volved in interactions affecting two traits, and the re-
maining 27 affecting only one trait.

Pleiotropic effects of the additive digenic interac-
tions on KW, GN, and GWP: Table 6 shows three inter-
actions affecting both KW and GN, 16 interactions af-
fecting both GN and GWP, and one interaction
affecting both KW and GWP, respectively, in which epi-
static effects for the correlated traits matched almost
perfectly in both directions and magnitudes.

In the three interactions affecting both KW and GN,
six of the seven significant aa effects for KW were nega-
tively associated with the significant effects for GN. The
coefficient of determination (K) of the six paired ef-
fects for KW and GN was 0.93 (P < 0.0001). In the 16
interactions affecting both GN and GWP, 35 of the 36
significant aa effects for GWP were positively associated
with the corresponding significant effects for GN. The
R of the 35 paired aa effects were 0.86 (P < 0.0001).
There was only one interaction influencing both KW
and GWP, in which one (positive) of three significant
aa effects for GWP were matched by a negative aa effect
for KW.

DISCUSSION

These results indicate that a substantial portion of the
genetic variances for complex traits that are inexplicable
solely by QTL with relatively large phenotypic effects
may be due to epistasis. Moreover, ‘‘main effects” of
individual QTL may be somewhat modified as a result
of epistatic relationships. The present study had two
advantages in detecting epistasis. First, we selected three
related grain yield component traits in the progeny of
an intersubspecific rice cross, since the productivity and
its components of progeny from such a cross are ex-
pected to be affected by epistasis. Second, the use of
the breeding values of individual F; plants each ~100
observations of the F, progeny testing reduced the ex-
perimental errors in the measurements of the quantita-
tive traits. It is also realized that our experimental de-
sign was unable to detect the nonadditive component
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TABLE 5
Interaction effects between homozygotes at unlinked markers which affect KW, GN, and GWP

Digenic genotypes

R2

Trait Chromosome Marker 1 Marker 2 Chromosome (%) 1L/2L° 1L./2T 1T/2L 1T/2T
KW 1 RG236° RZ782b 2 5.57 —-0.10 —0.42 1.67 % 1.32%*

1 RG173 RG171 2 7.14 —1.39%* 1.77%%%% 2. 4hdck —0.64

2 RG634 RZ761 3 5.28 —0.64 —1.71 %% -0.77 0.58

2 CDO718 CDO348b 6 8.09 —-0.03 o —0.94* 1.52%**

3 RG450 RG418°F 3 5.68 0.99% —-0.69 —2.3(A% 0.71

3 RG348¢ RG470 5 5.44 0.13 0.54 — 2.0k —-0.34

3 RG944 RZ2 6 6.18 2.21*%x% (.13 -0.71 —-0.35

3 CDO1069 RG4 7 7.06 —1.63%** 0.07 1.30%* 1.90% %

3 CDO1069 RG1022 11 7.75 0.42 -0.01 — 2. 15kk% —-0.19

5 RG556 RGH61 10 5.29 1.88**xx  —(,17 0.81 —1.19%

6 CDO3%48b RG716 6 6.02 2.06%% k% —() 8] —1.16%* 0.75

6 RZ2 RG910b 9 6.47 1.52%%:% —0.98% — 2.1 7H*H% 1.11%

8 RGbH98a RZ397 12 7.52 —0.88 0.45 1.44%* —0.93*

11 RG1022 RG901 12 6.44 2.15%%#k  —().84 -0.19 —1.05%

GN 1 RZ776 RG437 2 4.96 5.5 —7.1% -0.8 15, 4%k

1 RG811 RG256 2 6.02 0.5 —'7.5% —19.8kk:% 8.4%*

1 RZ776 RG214° 4 5.97 -34 —-3.4 15, 2%k 7.1

1 RG447 RG190 4 8.18 —2.2 -3.1 —9.3* 20, 1 *kkk

2 RG83 RG20 8 6.62 9.3% —-2.0 —15.9%** 9,7*

2 RG83 RG752K 10 6.10 —14.4%*x= —-4.1 6.1 —7.6%

2 RG171 CDQ98* 10 7.71 13.9%* -1.4 — 27 4wk 8.9*

3 RZ778a RG103 11 6.35 4.2 3.3 27 4k —7.8%

6 C RG20 8 6.90 17.0%%%% —-1.8 13.4%* —11.7%*

6 RG716 RG752% 10 6.57 —18.2%%%x 9.6% 6.5 3.8
GWP 1 RZ390a RGI57 1 5.22 —3.69%*x%  —1,29 -0.71 1.18

1 RG381 CDO718 2 6.00 4. 11%%x6x 0,27 —1.66% 3,48 Hekk

1 RZ776 RG634 2 5.31 3.2k 0.02 —2.26% 2.16%

1 RZ19 RZ761 3 6.52 2.62%* —0.98 -0.94 5.1 2%*k%:%

1 RGI957 RG13 5 5.79 0.26 1.78% 2.28% —3.37%**

1 RG236%¢  CDOYgEs 10 6.86 3.32%%* 0.23 1.09 —1.55%

2 RG256 RG634 2 6.08 —1.44 2.3 %* —2.47%* 1.92%

2 RG520 RG182 5 8.10 0.12 —1.09 —1.65% 4.60% %%

2 RZ782b RG4 7 5.51 1.04 — 3. 4Rk 1.15 -1.31

2 RG634 RGbH98a 8 5.07 —-0.12 —2.03* —0.30 1.82%

2 RG83 CDO9gK¢ 10 6.83 4.49%*k*k (.12 —4,06% k%% 1.50

2 RG256 RG118 11 5.30 —2.76%* 1.21 0.95 —2.69%%

3 R761 RG214°¢ 4 6.45 -0.45 —2.18% 4.60%**% 3.1 5%

3 RZ676 RG4 7 8.79 —3.04 %% 2.69%* 3,5 Gkekeskck —4,6] #kxx

6 RG716 RG463 9 6.73 —3.36%** —-1.31 —1.00 1.58*

6 RG716 RG561 10 5.51 —b5.46%**% 2.00%* 0.52 0.53

6 C RG241a 12 5.20 —1.75% 2.38%* —2.20* 1.23

7 RG678b RG118 11 591 3. 70%** -0.20 0.97 2.75%*

10 RG752%¢  RG1109 11 5.28 —-0.92 2.63%* 0.62 —3.03%**

* Underlined are markers flanking the identified QTL. The superscripts K, G, and P represent markers flanking QTL for KW,

GN and GWP, respectively.

b#, #x %% and *#** represent the significance levels of P = 0.05, 0.01, 0.001, and 0.0001, respectively.

of epistasis. Since our results were obtained strictly on
the analyses of digenic interactions affecting yield com-
ponents and based on a relatively small population size,
extrapolation of our results on epistasis to highly herita-
ble quantitative traits or to quantitative traits in crosses
involving closely related parents (¢f. the same subspe-
cies) should be made cautiously. Nevertheless, several

points concerning the importance of epistasis affecting
quantitative trait variation in populations and the detec-
tion of epistatic loci in QTL mapping studies merit
discussion.

Detection of epistasis: In the present study, we were
able to detect large numbers of statistically significant
(P < 0.001) interactions between random markers. We
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TABLE 6

Homozygous interlocus interactions affecting multiple traits

Digenic genotypes’

R2
Trait Chromosome Marker 1  Marker 2 Chromosome (%) 1L/2L 1L/2T 1T/2L 1T/2T
GWP 2 RZ782b CDO98 10 7.39 2.84%* 1.03 —3.9gxkkok 1.77*
KW 6.80 0.16 1.32%* 0.28 —2,33%*x
GN 6.72 11.5% -1.0 —17. 7%k 19.8xksk*
KW 3 RZ761 RG463 9 716  —1.23%* 1.13* 1.41* —0.86
GN 8.69 21.pxkdk 19 1% —2] Fekrk 6.5
KwW 5 RG556 RG20 8 5,92 —0.30 —0.61 1.63%%* —1.21%*
GN 859 —28 5.2 —17.8%4%% 16,8k
GWP 1 RG381 RGS811 1 6.08 0.43 —-0.10 -0.79 3.89%**
GN 5.37 2.7 1.8 -3.5 16.7%:**
GWP 1 RG2365¢  RZ782a 4 5.93 3.44xxkk 9 23* —0.44 1.56
GN 5.10 14.1%%% —11.0%* -1.8 8.1
GWP 1 RZ19 RG207 5 5.19 2.831** —3.,99%*xk 0.10 3.05%***
GN 4.94 10.3%* —12.3%* 4.4 15,1 %%
GWP 1 RZ19 RG1022 11 566 —0.03 -1.83 —2.92%* 0.62
GN 596 —-0.5 -6.9 —15.0%** —2.8
GWP 1 RG381 RW257 12 5.56 0.73 2.62%* —1.52% 3.3k kksk
GN 7.07 7.6% 8.9% —11.4** 18.3%kskx
GWP 2 RG634% CDO544 6 6.07 3.24%** —3.42%%* —-0.40 2.5 %*
GN 6.62 22 Gk 15 ] *kk -1.6 11.5%*
GWP 3 RZ761 RG207 5 8.80 3.81%**k  —(,62 —-0.63 4,Q9%k*
GN 9.77 20. 0%k -0.0 —7.8% 19. 5ok
GWP 3 CDO109a* CDO98 10 7.95  —4.67%Fxx —1.46% 1.98%* 0.90
GN 7.77 —21.0%%x%  —10.6% 4.2 5.6
GWP 4 RG445b CDO109b 6 7.62  —=3.76%kxkx 0,02 0.74 0.69
GN 5,62  —1h.6%%k* 0.6 1.1 1.8
GWP 4 RZ782a RG1034 8 5.77 2.48** 2.68%** —1.87* 0.84
GN 6.97 11.5% 17.74%%% —8.4* 5.2
GWP 5 RG346 RZ660 9 5.93 1.00 3.26%** 1.31 —-0.77
GN 5.54 4.9 12.8%* 8.9% —B.2%
GWP 5 RG470° CDO98 10 899 —2.06% —1.54* 6.28%%%k 9 TPk
GN 8.00 —8.7* —7.5% 30.7+%%x  —11.h*
GWP 6 CDO348b RZ660 9 6.49 1.95% -0.49 0.25 —11.28%s#%*
GN 7.63 12.1* -3.1 5.9 —51,6%*%*
GWP 7 RG4 RG463 9 8.85 2.12% 0.96 -0.07 —3.16%*
GN 12.46 17.6%%* 3.0 0.6 —16.7%%
GWP 8 RG1034 RZ777 9 7.46°  2.86%** —3.76%**% 1.08 0.18
GN 8.17 26.2%¥kk 17 Qikkk 1.0 -2.6

“The superscripts K, G, and P represent markers flanking the identified QTL for KW, GN and GWP, respectively.
*L and T represent homozygous Lemont and Teqing alleles at the interacting markers, 1 and 2 represent markers 1 and 2.
%, %% skkk and #** represent the significance levels of P = 0.05, 0.01, 0.001, and 0.0001, respectively, based on ¢ tests.

found that use of multiple regression (ZENG 1993,
1994) had significantly improved the power in de-
tecting QTL, as we identified two additional QTL and
removed two false positive QTL in the present study.
This method also proved to be a very effective way to
control the background genetic effects caused by segre-
gating QTL in the detection of epistasis. Given the com-
mon population size in most mapping studies, such a
control of background genetic effects of QTL is critical
in identifying real loci involved in epistasis since highly

significant false positive interactions may well arise in
the two-way ANOVA as a result of nonrandom sampling
of multiple segregating QTL. Our sample size of the
255 F, families (or seven to 17 F, plants for each of the
homozygous digenic genotypes at two loci) was fairly
small, and we indeed found a high probability of false
positive interactions arising from the background ge-
netic effects of segregating QTL in the population. For
the same reason, we acknowledge that a significant pro-
portion of digenic interactions may have gone unde-
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TABLE 7

Comparison of QTL mapping and analyses of digenic interactions

Kw GN GWP
Heritability (4?) 0.877 0.535 0.413
QTL mapping
No. of identified QTL 9 6 4
Mean R (%) explained by individual QTL from ANOVA 6.0 6.8 5.1
R (%) collectively explained by all QTL 84.6 37.8 22.7
Standardized mean doubled additive effect of QTL 2.3 0.7 0.3
Analyses of digenic interactions
No. of digenic interactions detected 16 28 35
Mean R (%) explained by individual interaction
varjances 6.5 7.0 6.5
No. of QTL (markers) interacting with random loci 4 3 2
No. of interactions between QTL 0 0 0
% of interactions between QTL and random markers 25.0 14.3 8.6
% of interactions between random markers 76.5 88.5 90.9
Minimum number of epistatic loci involved 24 39 44
Mean multiepistativity (ME®) of individual loci 1.19 1.44 1.59
No. of loci with ME = 2 3 14 18
Standardized mean additive interation effect 2.7 0.7 0.4

“ME is the number of other loci a specific locus (marker) interacts with.

tected, as several highly significant interactions were
detected only in multiple regression models.

Relationships between QTL and epistatic loci: Two
major points can be made concerning the relationships
between the QTL and the epistatic loci identified in
the present study (Table 7). First, the majority (87.1%)
of loci involved in the digenic interactions did not ap-
pear to have significant main (additive and/or domi-
nance) effects on the three traits when assayed alone.
It is conceivable that an epistatic locus can be detected
as a QTL when alleles at the other locus it interacts
with become fixed. Thus, QTL mapping using one-way
ANOVA or interval mapping based on the classic quan-
titative genetics model is expected to be able to detect
genes with relatively large effects, and/or loci that have
intermediate effects but act largely independently of
other genes in the genetic backgrounds and the envi-
ronment studied. The methodology and the experi-
mental designs used in most QTL mapping studies pref-
erentially identify genes that cither have large effects
and/or act independently, as suggested by PATERSON et
al. (1991). This argument is supported by the results
that the same QTL with large effects are mappable in
very different crosses and environments (PATERSON et
al. 1991; ScHON et al. 1994; L1 ¢ al. 1995a; Xi1A0 et al.
1995). Thus, like the results from most previous map-
ping studies (EDWARDS et al. 1987; STUBER et al. 1987,
1993; PATERSON ef al. 1988, 1990, 1991; KOWALSKI ¢t
al. 1994), paucity of interactions between QTL in the
present study is expected.

Second, a significant proportion (45.0%) of the iden-
tified QTL (linked markers) were involved in digenic
interactions with background loci. Thus, the usual esti-
mates of main effect of a QTL can be confounded by

interactions, which may change according to genetic
backgrounds, environments, and other factors, as re-
ported in tomatoes and maize (TANKSLEY and HEWITT
1988; DEVICENTE and TANKSLEY 1993; STROMBERG ¢t al.
1994; DOEBLEY et al. 1995; LARK et al. 1995). In other
words, QTL and the epistatic loci are interchangeable
depending on the genetic backgrounds and probably
environments where they are identified. Furthermore,
many of the QTL detectable by the interval mapping or
ANOVA may actually represent groups of tightly linked
epistatic genes (COCKERHAM and ZENG 1996). Thus,
lack of interactions between QTL should not be consid-
ered as evidence supporting the absence of epistasis.

The number of loci involved in epistasis, higher order
interactions and the magnitude of epistatic effects: In
agreement with the classical expectations, our results
(Table 7) indicated that more complex traits like GN
and GWP were indeed influenced by a greater number
of epistatic markers and more complicated forms of
epistasis. A dilemma arising from this result was that
the cumulative contribution of all these interactions was
well beyond the total variation of individual traits if
these digenic interactions were independent from one
another. Statistically, this indicated that many of the
tests and estimates were highly correlated. Genetically,
our results that interactions between QTL and back-
ground loci and high ME values of many of the markers
involved in digenic interactions suggest possible pres-
ence of higher order gene interactions.

It was noted that markers affecting the same trait and
having high ME did not necessarily interact with other
markers in the same way. If they did so, they would
have been identified as additional QTL, as discussed
above. Genetically, there is no reason to assume that a
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locus involved in high-order interactions should inter-
act similarly with other loci since different loci may
represent different genes, regulatory genes, etc. Also,
one-to-one correspondence between a marker and a
gene is not a realistic assumption because of the rela-
tively low resolution (19 cM) of our genetic map and
the maximum linkage disequilibrium in an F. popula-
tion. This argument may hold true even for situations
where a marker interacted similarly with several other
markers. Nevertheless, the observation that some mark-
ers interact differently with several other loci at the
digenic level would imply the presence of high order
interactions.

Although our estimates of individual interaction ef-
fects were biased because of the presence of segregating
QTL and higher order interactions, the mean R and
the interaction effects obtained from a large number
of interactions suggest that epistatic gene effects are
equivalent in magnitude to QTL, at least for the three
traits studied.

The evidence of coadapted epistatic gene com-
plexes: Although the apparent presence of comple-
mentary (or compatible) genes that affect the fitness
and its components of progenies in interspecific hybrid
backgrounds has been widely observed (c¢f STEBBINS
1954), the hard evidence came only recently in Dro-
sophila when interactions between conspecific genes
affecting male sterility were experimentally demon-
strated (CLARK 1987; CABOT et al. 1994; DAVIS et al. 1994;
PaLoroLl and WU 1994; LOREN et al 1996). Our result
that interactions between alleles from the same parents
tend to result in increased productivity and the recom-
binant type interactions tend to result in reduced fitness
strongly suggests that epistatic loci affecting the three
grain yield components in the Lemont/Teqing cross
act in a predominantly complementary manner. This
has important implications for quantitative genetic the-
ory underlying genetic variation and evolution of quan-
titative traits in populations, as well as gene mapping
experiments.

First, the predominantly complementary gene ac-
tions of large numbers of epistatic loci affecting fitness
traits are consistent with the observed nonhierarchical
multilocus structure of isozyme polymorphism in O. sat-
wa, which was predicted to be generated and main-
tained by strong selection on adaptedness determined
by coadapted epistatic gene complexes (L1 and RUTGER
1997). The presence of such coadapted epistatic gene
complexes has long been realized (WRIGHT 1931; A1-
LARD 1988, 1996). The cross between Lemont and Teq-
ing should be considered a wide cross ( japonica/in-
dica). Then, the observation that the majority of the
interactions between alleles from different parents (the
recombinant types) resulted in reduced productivity
strongly suggests the presence of such coadapted epi-
static gene complexes and provides an appropriate ex-
planation for the reduced GN and GWP in the F, prog-

eny of the Lemont/Teqing cross, which could not be
explained by the identified QTL exhibiting large domi-
nance effects for increased productivity. In other words,
epistasis has played an important role in maintaining
the integrity of both indica and japonica genomes
(genes) in rice.

The third implication is that the complementary loci
may play an important role in the maintenance of ge-
netic variation for quantitative traits in populations.
The observation that all of the interactions occurred
between unlinked markers is not surprising in a selfing
plant species like rice since such associations between
unlinked loci can be easily fixed by inbreeding. It is
also realized that the low resolution of genetic maps and
the common experimental designs plus the statistical
methods used in most mapping experiments do not
allow detection of epistasis between closely linked mark-
ers (COCKERHAM and ZENG 1996). While the theories
of mutation-selection balance (LANDE 1975, 1982) and
mutation-drift balance (KIMURA 1971), alone or to-
gether, do not appear to adequately explain the high
level of genetic variation for quantitative traits in self-
pollinated plant populations, pronounced epistasis to-
gether with mutation and different kinds of selection
provide a viable explanation (GILLESPIE 1978; CLARK
1991; SZaATHMARY 1993; GAVRILETS and JONG 1993; ORR
1995).

Implications for evolution and crop breeding: The
parents, Lemont and Teqing, are representatives of two
highly differentiated gene pools [the indica gene pool
and the japonica gene pool, as indicated by the high
level of polymorphisms between them in both isozymes
and RFLP (L1 and RUTGER 1997)], although both adapt
well to similar environments. This indicates that pheno-
typic similarity between parents may provide little infor-
mation regarding the loci contributing to genetic varia-
tion of quantitative traits in their progenies. When large
numbers of complementary loci are involved, consider-
able variation for quantitative traits could be main-
tained in populations that have similar overall pheno-
types.

The same phenotype of a quantitative trait may be
generated by very different allelic combinations of QTL
and/or epistatic loci. This also provides an explanation
for the observation that many natural populations of
self-pollinated plant species (or traditional landraces)
are mixtures of many different genorypes (CHANG 1967;
HARLAN 1969; OKA 1988). It is conceivable that together
with very limited outcrossing rate and low mutation
rates such mixtures of different genotypes in self-polli-
nated plant species might have provided themselves
with considerable ‘‘buffer capacity” to adapt to chang-
ing environments. With such a population structure
and pronounced epistasis, population bottlenecks and
subdivision expose hidden additive genetic variation to
selection and lead to rapid differentiation of subpopula-
tions (CARSON and TEMPLETON 1984; WADE 1992). In
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evolution, this implies that the same peak(s) in the
fitness landscape of a self-pollinated plant species, as
defined by WRIGHT (1951), may be occupied by individ-
uals with very different genetic compositions. Shifts
from one peak to another (a higher peak) may be initi-
ated by genetic drift, but more likely by fluctuating
selection pressure if different gene combinations in the
peak(s) show relatively large but varied G X E interac-
tion (or more pronounced but varied phenotypic plas-
ticity), which appears to be the case for self-pollinated
plant species { JAIN and MARSHALL 1967).

In plant breeding, one could imagine that consider-
able variation for quantitative traits is hidden in the Fy
generation when linkage disequilibrium is maximal,
and is released in later generations by recombination.
As we noted, although interactions between alleles from
different parents (the recombinants) tended to result
in reduced fitness or yield, a significant proportion of
the recombinants had resulted in increased GN and
GWP, which would provide opportunities for crop im-
provement.

Finally, prevalence of complementary loci affecting
complex quantitative traits in rice implies that classifi-
cation of alleles as “favorable” or “‘unfavorable’” may
be misleading since the effect of an allele may be posi-
tive, neutral or negative depending on interactions with
other loci and on environments. In other words, what
plant and animal breeders have been looking for are
probably not the ‘‘best’” genes but the best gene combi-
nation(s). Thus, selection for increased trait values
should be more efficient when it is practiced on individ-
ual allelic combinations at two or more loci. If so, gene/
QTL mapping needs to place more emphasis on identi-
fying the best multilocus gene combination(s).

Genetic basis of relationships between complex traits
and component traits: It is normally assumed that ge-
notypic correlation between complicated traits such as
yield and its component traits arises presumably as a
result of pleiotropy. Pleiotropic effects of the detected
QTL and the epistatic loci appeared to be responsible
for the negative correlation between the two sink-size
traits KW and GN, presumably as a result of competition
for limited resources (carbohydrates). However, a sig-
nificant proportion of the identified QTL and the di-
genic interactions affecting GN, but none affecting KW,
contribute to GWP. The negative association resulting
primarily from pleiotropic effects of loci affecting GN
and KW is partially responsible. Lack of association be-
tween loci influencing GWP and those affecting KW
but not GN was perhaps because effects of these loci
on GWP were too small to be detected (canceled out
by large environmental effects associated with GWP)
even though they indeed contribute to GWP. Our result
that six (18.2%) of the 33 interactions influencing GWP
involved markers affecting KW suggests that epistasis
may also be a factor. In these cases, it is possible that
some of the QTL for component traits may have indeed

acted as modifying factors and contribute to the geno-
typic correlation. Thus, detailed information about the
loci involved in the different yield components and
their genetic relationships will certainly be helpful to
improve yield potential by deliberately manipulating
these loci through marker-assisted selection.
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