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Abstract Main effects, epistatic effects and their envi-
ronmental interactions of QTLs are all important genetic
components of quantitative traits. In this study, we ana-
lyzed the main effects, epistatic effects of the QTLs, and
QTL by environment interactions (QEs) underlying four
yield traits, using a population of 240 recombinant in-
bred lines from a cross between two rice varieties tested
in replicated field trials. A genetic linkage map with 220
DNA marker loci was constructed. A mixed linear model
approach was used to detect QTLs with main effects,
QTLs involved in digenic interactions and QEs. In total,
29 QTLs of main effects, and 35 digenic interactions
involving 58 loci were detected for the four traits. Thir-
teen QTLs with main effects showed QES; no QE was
detected for the QTLs involved in epistatic interactions.
The amount of variations explained by the QTLs of main
effect were larger than the QTLs involved in epistatic
interactions, which in turn were larger than QEs for all
four traits. This study illustrates the ability of the analy-
Sis to assess the genetic components underlying the
guantitative traits, and demonstrates the relative impor-
tance of the various components as the genetic basis of
yield traits in this population.

Keywords Quantitative trait locus - Epistasis -
Genotype by environment interaction - Oryza sativa L.

Introduction

Yield and yield-component traits are typically quantita-
tively inherited showing continuous variation in segre-
gating populations. For a long time it has been assumed
that quantitative traits are controlled by multiple genetic

Communicated by C. Mdllers

Y.Z. Xing - Y.F. Tan - JP. Hua- X.L. Sun - C.G. Xu - Q. Zhang ([ ])
National Key Laboratory of Crop Genetic Improvement,
Huazhong Agricultural University, Wuhan 430070, China

e-mail: gifazh@public.wh.hb.cn

Tel.: +86-27-87282429, Fax: +86-27-87287092

factors each having a small effect on the expression of
the trait, known as the multiple factor hypothesis (East
1916). However, this hypothesis remained largely hypo-
thetical for most of the last century as it was impossible
to unravel the genetic basis of quantitative traits at the
whole genome level using classical genetic methods.
Recent advances in genome research involving a number
of molecular-marker techniques and the availability of
high-density molecular linkage maps, together with de-
velopments in analytical methods (Lander and Botstein
1989; Zeng 1994), facilitated the analysis of the genetic
basis of quantitative traits at a single-locus level. A large
number of studies have been conducted that identified
large numbers of quantitative trait loci (QTLs) contribut-
ing to the inheritance of quantitative traits in many plant
species, including yield and the agronomic performance
of the most important crop species such as tomato, maize
and rice (Paterson et a. 1988; Xu 1997; Zhang and
Yu 1999).

Epistasis refers to the phenotypic effects of interac-
tions among alleles at multiple loci. Our current under-
standing of biochemical and physiological genetics, as
well as the regulation of gene expression, strongly sug-
gests the ubiquity of interactions among gene products.
There were also substantial interests in the classical
guantitative genetics of epistasis, defined as the devia-
tion from additivity of the effects between alleles of dif-
ferent loci (Cockerham 1954). Morphological markers
were used to demonstrate the existence of digenic epi-
static interactions in barley populations long before the
availability of any molecular tools (Fasoulas and Allard
1962). Recent genetic analyses using molecular markers
in several plant species have clearly shown that, in addi-
tion to single locus QTLSs, epistatic interactions play an
important role on the genetic basis of quantitative traits
(Lark et al. 1995; Maughan et al. 1996; Li et al. 1997;
Yu et a. 1997).

However, a common problem associated with the ana-
lyses of the data reported so far is that the analyses of
single-locus QTLs and epistatic interactions were con-
ducted separately using different analytical tools. Al-



though both of the analytical tools can provide statistical
estimates for the amount of the effects and the propor-
tions of variation explained, it is nonetheless impossible
to evaluate the relative importance of the individual
QTLs and epistatic interactions in determining the per-
formance of the traits. No assessment can be made re-
garding the relative importance of the overall effects of
single-locus QTLs as compared to epistatic interactions.
Another shortcoming associated with the analyses of epi-
static interactions published in previous studies is that
the calculations were directly based on markers that are
located at certain distances away from the QTLs in-
volved in the epistases. The estimated effects are there-
fore biased depending on the distances between the
marker loci and the QTLSs.

Genotype by environment (GE) interaction plays an
important role in determining the adaptation and fitness
of genotypes to the physical environment. GE interaction
has received considerable attention in crop breeding pro-
grams as they are closely related to the stability of vari-
eties. A large number of studies were carried out in the
past to estimate the amounts of GE, and to evauate
varietal stability in a number of crop species (Finlay and
Wilkinson 1963; Eberhart and Russell 1966; Zhang and
Geng 1986). QTL analysis in recent years has made it
possible to track the performance of individual QTLs
across environments in data collected from multiple en-
vironmental trials. However, because of alack of analyt-
ica tools, all the studies to-date have involved compar-
ing the QTLs detected in different environments (Lu et
al. 1996; Tinker et al. 1996), and the ones that demon-
strated significantly different behavior in different envi-
ronmental conditions were considered as showing QTL
by environment (QE) interaction. Additionally, because
the data from different environments were analyzed sep-
arately, the results obtained could not provide estimates
regarding the amounts and relative importance of QESin
the total phenotypic variation.

Recently, Wang et al. (1999a) developed a method to
identify main-effect QTLs, digenic interactions and QEs
by including data collected from multiple environments
in the same analysis. The analysis is based on a mixed
linear-model approach (Zhu and Weir 1998), and put to-
gether the QTL main effects, digenic interactions and
their environmental interactions that are possible with a
two-locus data set in the same model (Wang et al.
1999a). As pointed out by Wang et a. (1999a), this
method can provide unbiased estimates for both posi-
tions and effects of QTLs and unbiased predicted values
for QEs. It aso produces high accuracy and power in
mapping QTLs with epistatic effects and QEs. Wang et
al. (1999b) aso developed computer software (QTL-
Mapper 1.0) for interval mapping of QTLs with additive,
additive by additive epistasis, and QEs.

In the study reported in this paper, using the method
of Wang et al. (1999a), we analyzed the data from repli-
cated field tests of arecombinant inbred line (RIL) popu-
lation derived from the cross between Zhenshan 97 and
Minghui 63, the parents of Shanyou 63, the best hybrid
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in China. The objectives of the study were to resolve the
genetic basis of yield-traits into their components, such
as main-effect QTLs, epistatic QTLs and QEs, and to
evaluate the relative magnitudes of these components in
controlling the inheritance of the traits.

Materials and methods

Experimental population and phenotypic measurements

The population used in this study consisted of 240 Fg recombinant
inbred lines (RILs) derived by single-seed descendent from a cross
between Zhenshan 97 and Minghui 63, the parents of Shanyou 63,
an elite rice hybrid. The Fy RILS, two parents and the F; were
transplanted to a bird-net-equipped field in the experimental farm
of Huazhong Agricultural University in the 1997 and 1998 rice
growing seasons in Wuhan, China. For the 1997 test, the seeds
were sown on May 15 in large plastic boxes filled with soil; and
for the 1998 test, the seeds were sown on June 5 in a seedling bed.
The difference in planting times between the 2 years provided
very different environmental conditions for the field trials. Field
experiments were carried out following the randomized complete
block design with two replications within each year. Fifty seed-
lings of approximately 25-days-old for each entry were trans-
planted into a five-row plot, with a distance of 16.5 cm between
plants within a row, and 26.4 cm between rows. The eight plants
in the middle of the third row of each plot were harvested individ-
ually to score the following traits: the yield per plant as the total
weight (g) of the grains from the entire plant, the number of tillers
per plant scored as the number of reproductive tillers for each
plant, the number of grains per panicle as the total number of
grains from the entire plant divided by the number of tillers, and
the 1,000-grain weight (g) as the yield per plant divided by the
number of grains multiplied by 1,000. Trait measurements aver-
aged over the two replications within each year were used as the
raw datain the analyses.

DNA markers

Two kinds of DNA markers representing 220 polymorphic loci,
including 168 RFLPs and 45 SSRs, were used to develop the ge-
netic linkage map. The RFLP marker assay followed the method
described by Liu et a. (1997), and the SSR assay was conducted
essentially as described by Wu and Tanksley (1993). Apicule color
controlled by the C gene was used as a morphological marker in
the map construction. Most of the markers were the same as the
ones that Yu et al. (1997) used in the analysis of F,.; data of the
same cross, and more markers were added to regions that were
under-represented with molecular markers in the analyses of
Yu et a. (1997).

Data analyses

A genetic linkage map was constructed using Mapmaker 3.0
(Lincoln et a. 1992). Single-locus QTLs were analyzed by com-
posite interval mapping (Zeng 1994) using the computer program
QTL Cartographer. Two-locus analysis that tests the QTL main
effects, and epistatic interactions and their environmental interac-
tions, was conducted using the computer program QTLMapper 1.0
(Wang et al. 1999b). This included estimating and mapping QTLs
for additive effects at individual loci, interactions between two
different loci, and interactions between QTLs and the environ-
ments. For ease of description, we will refer to the QTLs with
main effects that corresponded to QTLs detected by single-locus
analysis as main-effect QTLs, and QTLs involved in digenic inter-
actions as epistatic QTLs, although many of the main-effect QTLs
were also involved in epistatic interactions. In the analyses, the
likelihood ratio (LR) and the t-test were combined to test the
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Table 1 Descriptive statistics

of yield and yield-component Traits Mean + SD Range Zhenshan 97 Minghui 63 Fy
its of the RIL |ati
gnaat?hc;i rt p%remspopu ation Yield per plant (g) 21.4+4.68 7.6-60.1 17.4 24.5 27.8
Tillers per plant 9.4+2.35 3.6-20.6 8.9 9.6 8.9
Grains per panicle 96.5+24.28 40.6-200.4 83.7 95.7 126.2
1,000-grain weight (g) 24.5+2.80 15.5-33.0 23.8 27.3 25.3

hypothesis on both genetic effects (including additive effects and
digenic epistatic effects) and QE effects. Estimates of QTL main-
effects were obtained by the maximum-likelihood estimation
method, while QE effects were predicted by the-best-linear-unbi-
ased prediction (BLUP) method. In the mixed linear-model ap-
proach, the environmental effect was regarded as random. Thus,
the significance test for the predicted QE effects by BLUP has
very lower power. As a remedy, the Bayesian test was used for
the estimation of QTL main effects and QE effects, and also for
the significance test. In this study, the LR value corresponding to
P = 0.005 (equivalent to LOD = 4.03 for df = 6) was used as the
threshold for claiming the presence of putative main or epistatic
QTLs. The peak points of the LR and the t-test statistics in the
linkage map were taken as the putative positions of the QTLs.
When a QTL was involved in more than one epistasis, its position
and additive effect were presented as the arithmetic mean of the
values obtained from the different calculations. The relative con-
tribution of a genetic component was calculated as the proportion
of phenotypic variance explained by that component.

Results
The measurements of the traits

All phenotypic values of Minghui 63 were larger than
those of Zhenshan 97 (Table 1). The means of RILs for
the four traits are approximately equal to the mid-parent
values. All the four traits expressed transgressive segre-
gation in both directions.

Genotyping and the linkage map

Data for a total of 213 markers including 168 RFLPs,
45 SSRs and one morphological trait, detecting a total
of 221 loci, from the RIL population, were obtained to
construct the linkage map. Of these markers, 14 RFLPs,
detecting 17 loci, were dominant markers. Segregation
ratios of the two parent genotypes in most loci fit the
expected 1:1 Mendelian ratio. Segregation distortion at
P < 0.01 was detected for 38 marker loci located in 11
contiguous regions on ten chromosomes, with the excep-
tion of chromosomes 1 and 10. The overall level of het-
erozygosity in the population was calculated to be 0.81%
which was much higher than the expected 0.39% (1/28)
on the basis of eight generations of selfing. In map
construction, the heterozygotes of individual loci were
treated as missing data.

Mapmaker analysis at LOD 3.0 resolved the 221 loci
into 14 linkage groups, with the total length of the map
spanning 1,796 cM, and an average 8.7 cM between
adjacent markers (Fig. 1). The marker order on this RIL
map was in good agreement with the map of the F, pop-
ulation derived from the same cross (Yu et al. 1998).

Table 2 Putative QTLs identified for yield and yield-component
traits for data of 1997 and 1998 from the RIL population
of the Zhenshan 97/Minghui 63 cross, using the composite inter-
val mapping method with a LOD threshold of 2.4

Trait QTL Flanking LOD @& Var
markers (%)P
Yield yd1b C547-C2340 43 0.92 7.2
(1997) yd2 RM240-RM213 3.3 0.75 49
yd3 C1087-Rz403 33 -113 57
Yield ydla  C922-RG101 34 120 49
(1998) yd1b C547-C2340 6.8 172 10.0
yd2 RM240-RM213 6.5 144 9.8
yd6 RZ667-RG424 31 1.29 6.9
Tillers/plant tpla RG101-G393 45 0.36 6.7
(1997) tp5 RG360-C734b 28 035 65
tp7 C1023-R1440 55 -049 127
Tillers/plant tplb C547-C2340 28 036 38
(1998) tp2 RM208-RM207 5.3 0.54 8.6
tp7 C1023-R1440 45 -048 6.8
tpll C794-R2918 36 -043 54
Graing/panicle gnl G359-RG532 39 642 70
(1997) gn3 C1087-Rz403 104 -9.73 154
gn7 C1023-R1440 4.7 6.94 81
Graingpanicle gnl G359-RG532 29 4.26 3.7
(1998) gn2 RG634-R1738 24 -316 4.0
gn3 C1087-Rz403 124 772 176
gn7 C1023-C1440 42 428 56
gnll RM254-G4001 4.0 4.28 52
Grain weight gwla G359-RG532 75 -083 10.2
(1997) gwlb  C2340-C86 36 056 45
gwlc RG236-Cl112 26 046 3.0
gw3a C1087-Rz403 156 119 208
gw3b  C944-R321 83 080 83
gws R3166-RG360 89 -114 198
gweé RGA424-R2549 29 0.67 7.1
Grainweight gwla G359-RG532 73 086 7.9
(1998) gwda C1087-Rz403 119 115 131
gw3b  C944-R321 71 081 68
gws R3166-RG360 84 -092 88
w9 RM?242-RG570 27 050 25
gwll  G257-G44 29 0.57 2.8

aAdditive effect: positive values of the additive effect indicate that
aleles from Minghui 63 were in the direction of increasing the
trait score

bVariance explained by the QTLs

QTLsresolved by single-locus analyses

Composite interval mapping at LOD threshold 2.4 iden-
tified a total of 25 distinct QTLs for the four traits
(Table 2). Ten of the QTLs were detected in both years,
and the remaining 15 QTLs were detected only in one
year.
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For yield, three and four QTLs were detected in 1997
and 1998, respectively. Two QTLS, yd1lb and yd2, located
on chromosomes 1 and 2 respectively, were simulta-
neously detected in both years. The other three QTLs
were detected only in one year. Alleles from Minghui 63
at four of the QTLs were in the direction of increasing
yield, while aleles from Zhenshan 97 at the loci of yd3
increased plant yield.

Three and four QTLs were resolved for tillers per
plant in 1997 and 1998, respectively. Only one QTL
(tp7) was detected in both years; the Zhenshan 97 geno-
type showed an increase in the number of tillers.

Of the three and five QTLs for grains per panicle de-
tected in 1997 and 1998, three QTLs (gnl, gw3 and gn7)
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were identified in both years. The QTL gn3 showed the
largest effects explaining a relatively large proportion of
phenotypic variance in both years. The Zhenshan 97
genotype had an increased effect on the number of grains
per panicle.

Seven and six QTLs were resolved for grain weight in
1997 and 1998, respectively. Four QTLsS, gwla, gw3a,
gw3b and gw5, were detected in both years. The QTL
gw3a had the largest effect, accounting for 20.8% and
13.1% of the phenotypic variation in the two years; the
Minghui 63 genotype contributed to the increase of grain
weight. The QTL gw5 showed the second largest effect
in both years; the Zhenshan 97 genotype was in the
direction of increasing grain weight.
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Table 3 Main effects, epistatic effects and environmental interac-
tions of QTLs detected by two-locus analyses using QTLMapper
for yield per plant at the likelihood ratio LR threshold of 18.6

(the LR valueis equa to a chi-square value for df = 6 at P = 0.005)
combining the data of 1997 and 1998

Ch-Inia Flanking QTL Ch-Inja2 Fanking QTL LR ab hxg® g> h2ge agc hlag® agd h2ag® agd hZag® h’tota
markers marker

1-19 C547-C2340 ypl 105  C148-RM239 68.0 1.43 12.80 12.80

21  RM240-RM213 yp2 11-14 G389-C405b 434 094 556 5.56

10-2 RM222-R2174 10-6 RM239-C1633 24.2 0.79 3.89 3.89

10-5 C148-RM239 12-7 G1314b-R643 ypl2 26.2 -0.51 1.61 0.61 2.36 0.16 0.16  4.13

Overall contributions: Additive: h2a= 19.97%; Epistasis: hZaa; = 6.25%

; QE Interactions: h2ae = 0.16%; h2aae = 0

aCh-Ini and Ch-Inj represent the chromosome number-interval of
the points being tested in the analysis

bg and g are the additive effects of testing-points i and j, respec-
tively. A positive value indicates the Minghui 63 genotype having
apositive effect on the trait

caa; isthe effect of additive by additive interaction between points
i and j; a positive value indicates that the two-locus genotypes are
the same as those in the female or the male parent with a positive
effect, while the recombinants had negative effects

Table 4 Main effects, epistatic effects and environmental interac-
tions of QTLs detected by the two-locus analyses using QTLMap-
per for the number of tillers per plant at a likelihood ratio LR

dag and ag are effects of interactions between locus | and j and
the environment; a negative value means that the effect in 1997 is
larger than in 1998

eh2g, hZa]-, hzaaﬁ, h2ae, and h2ae] are the percentages of the pheno-
ty%c variations explained by g, g and ag;, ag, and ag, respec-
tively

fh2total is the total phenotypic variation explained by the genetic
components included in the model

threshold of 18.6 (the LR value is equal to the chi-square value
for df = 6 at P = 0.005) combining the data of 1997 and 1998

Ch-Inia Flanking QTL Ch-Inj2 Flanking QTL LR g> h%ae gb hae agc h2age ag? h%aec ag? h%age hotdf
markers marker
1-16 RG101-G393 tpla 11-6 MP12-RM224 273 028 1.07 1.07
1-19 C547-C2340 tplb  4-10 R78-C1016 334 023 071 021 061 1.32
1-19 C547-C2340 54 RG360-C734b tp5 27.7 024 079 019 048 127
2-1 R2510-RM211 11-28 (G44-C1237 22.9 -016 034 0.17 040 0.74
2-7 R712-Rz324 32 (C316-C63 19.4 -0.20 053 0.53
2-15 RM213-RM208 11-32 R2918-CDO127 tpllc 332 0.15 031 -0.29 118 0.14 026 175
2-15 RM213-RM208 12-7  G1314b-R643 24.7 -0.30 0091 0.91
2-16 RM208-RM207 tp2 8- C1121-RG333 342 030 1.23 123
2-17 RM207-RM48 12-2  C732-R2672 374 022 0.7 023 0.74 1.44
4-2  C820-C933 11-35 RM20a-C104 21.0 022 064 0.64
10-4  C909A-C148 12-5  G1128a-R887 30.0 0.27 0.98 0.98
11-9  Y6854L-L1044 tplla 11-12 G181-G389 tpllb 211 018 044 -0.16 0.37 -040 183 -0.22 1.33 0.14 031 4.28
11-22 RM21-CDO534 11-31 C794-R2918 224 -0.29 115 0.15 0.28 143

Overal contributions: Additive: hZa) = 8.40%; Epistasis: hZaa) = 6.64%

; QE: h2ae) = 2.18%; h2aze) = 0

a-f See footnotes of Table 3 for explanations

QTLsand QE interactions resolved
by two-locus analyses

Yield

Three QTLs showing main effects on yield per plant
were mapped on chromosomes 1, 2 and 12 (Table 3).
Collectively, these QTLs explained 19.97% of the phe-
notypic variation. Minghui 63 alleles at two of the QTLS,
ypl and yp2, were in the direction of increasing yield,
while the allele from Zhenshan 97 at the third QTL,
yp12, increased the yield per plant.

Two digenic interactions were detected for this trait,
accounting for 6.25% of the phenotypic variation in the
population (Table 3). One interaction occurred between
two loci located on chromosome 10, neither of which
showed main effects at the single-locus level. The other
interaction was detected between a locus on chromo-

some 10 that did not detect a main effect at the single-
locus level, and a locus on chromosome 12 that detected
asignificant main effect at the single-locus level.

Significant interaction was detected only between
yp12 and the environment, accounting for 0.16% of the
variation.

Tillers per plant

Seven QTLs were identified as showing main effects
on the number of tillers per plant (Table 4); three
QTLs were detected on chromosome 11 (tplla, tpllb
andtplic), two QTLs on chromosome 1 (tpla and tplb),
and one QTL each on chromosomes 2 (tp2) and 5 (tp5).
The additive effects ranged from 0.16 to 0.30 tillers per
plant. Minghui 63 aleles increased the number of tillers
per plant at all the QTLs except tpllb and tplic, at



Table5 Main effects, epistatic effects and environmental interac-
tions of QTLs detected by the two-locus analyses using QTLMap-
per for the number of grains per panicle at a likelihood ratio LR
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threshold of 18.6 (the LR value is equa to the chi-square value
for df = 6 at P = 0.005) combining the data of 1997 and 1998

Ch-Ini 2 Flanking QTL Ch-Inja Flanking QTL LR 3> hZae gb hlge agc hlage ag® h%ae® agd hlage h2totall
markers marker
1-2  R753-G359 11-31 C794-R2918 gnllb 41.0 327 128 1.98 0.47 241 138 313
1-3  G359-RG532 gnla 10-7  C1633-C677 411 420 211 211
1-4 RG532-RM259 6-1 R2869-C474 58.6 3.68 1.62 3.66 1.60 3.22
1-7 RG173-RM81A 7-6  RZ471-RM70 24.7 -3.33 1.32 132
1-14 C922-RG101 gnlb 10-5 C148-RM239 30.6 -3.56 1.51 151
1-18 RM212-C547 11-32 R2918-CDO127 334 326 127 215 055 1.82
2-3  RG634-R1738 7-3  C1023-R1440 gn7 67.2 —2.65 0.84 491 288 066 0.05 3.77
2-3  RG634-R1738 gn2 11-14 (G389-C405b 21.6 —2.72 0.88 0.88
2-14 RM240-RM213 5-12 C107-RG620 27.2 329 1.29 1.29
3-7  C1087-RZ403 7-8  R1245-RM234 138.9 —7.49 6.70 2.25 0.60 7.30
3-7 Cl1087-RZ403 gn3 9-16 RM242-RG570 143.2 —7.32 6.40 -3.32 1.31 7.71
4-2  C820-C933 gnd 11-6 MP12-RM224 237 -2.15 055 —2.88 1.98 2.53
6-4  C952-Waxy 79  RM234-R1789 229 -3.40 1.38 1.38
8-3 RG333-RM25 11-18 RM254-G4001 gnlla 26.3 2.84 0.96 -1.76 037 133
10-1  C153A-RM222 10-11 R2625-RM228 245 331 131 131
10-1  C153A-RM222 11-24 RG2-RM229 25.7 3.53 1.48 1.48
10-5 C148-RM239 12-9  C87-R496 18.7 —2.63 0.82 0.82
10-13 C371-C405a 12-2  C732-R2672 209 —2.69 0.87 0.87

Overall contributions: Additive: ha= 19.96%; Epistasis. hZaa = 12.46%; QE: h2ae = 4.33%; h2aae = 0

a-f See footnotes of Table 3 for explanations

which the Zhenshan 97 alele had a positive effect on the
number of tillers per plant.

Eight digenic interactions were detected for the number
of tillers per plant, involving 16 loci distributed on seven
chromosomes (Table 4). One interaction (11-9/11-12) oc-
curred between two linked loci on chromosome 11, both
of which showed significant main effects on the trait.
Three interactions (1-19/4-10, 2-1/11-28 and 2-17/12-2)
each involved a locus that had a significant main effect
and a locus that did not have a significant effect on the
trait. The remaining four interactions occurred between
loci that did not have significant main effects. For three
interactions (2-7/3-2, 2-15/12-7 and 11-9/11-12) the pa
rental two-locus combinations tended to reduce the num-
ber of tillers per plant, while for the remaining five inter-
actions the parental genotypes appeared to increase the
number of tillers.

Three QTLs on chromosome 11 (tplla, tpllb and
tpllic) were detected as showing significant QES
(Table 4). The QE effect of tplla was larger than the QE
of tpllb and tpllc. The environment condition in 1997
was more favorable than in 1998 for the Minghui 63
alele of tplla to increase the numbers of tillers. Again,
no interaction was detected between the epistatic QTLs
and the environments.

Overall, the main effects of QTLs explained 8.40% of
the phenotype variation, epistatic interactions accounted
for 6.64% of the variation, and the QEs explained 2.18%
of the phenotype variation.

Number of grains per panicle

Eight QTLs were detected as having main effects on the
number of grains per panicle, with additive effects rang-

ing from 2.15 to 7.32 grains per panicle (Table 5). Two
QTLs were detected on each of chromosomes 1 (gnla
and gnlb) and 11 (gnlla and gnllb), and one QTL each
on chromosomes 2 (gn2), 3 (gn3), 4 (gn4) and 7 (gn7),
respectively. For four (gnlb, gn2, gn3 and gn4) of the
QTLs, the Zhenshan 97 genotypes increased the number
of grains, while for the remaining four QTLs (gnla, gn7,
gnlla and gnlilb), the Minghui 63 genotypes increased
the number of grains.

Eleven digenic interactions were detected as showing
significant effects on the number of grains per panicle,
involving 20 loci dispersed on all the chromosomes ex-
cept for chromosomes 4 and 8 (Table 5). Four interac-
tions each involved a locus that had a significant main
effect, and a locus that did not have a significant effect,
on the trait at the single-locus level. The remaining
seven interactions occurred between loci that did not
have main effects on a single-locus basis. Parental geno-
types for six interactions had positive effects on grain
numbers while, for the remaining five interactions, re-
combinant genotypes had positive effects on the number
of grains.

Significant environmental interactions were detected
for gn4, gn7, gnlla and gnllb (Table 5). The QE effects
of gn4 and gnllb were larger than the QEs of the other
two QTLs; the environments of the 2 years appeared to
influence the effects of the two QTLs in an opposite
directions in 1997 and 1998. Again, no interaction was
detected between the epistatic QTLs and the environ-
ments.

Overadl, the main effects of QTLs explained 19.96%
of the phenotype variation, epistatic interactions ac-
counted for 12.46% of the variation, and the QEs ex-
plained 4.33% of the variation.
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Table6 Main effects, epistatic effects and environmental interac-
tions of QTLs detected by the two-locus analyses using QTLMap-
per for the grain weight at a likelihood ratio LR threshold of 18.6

(the LR vaue is equa to the chi-square value for df = 6 at P =
0.005) combining the data of 1997 and 1998

Ch-Ini @ Flanking QTL Ch-Inj @ Flanking QTL LR g> hae  ab h2ge agc hZagpe agd hage agd hZage h2totaf
markers marker
11 C161-R753 4-1  C56-C820 274 —0.40 1.66 1.66
1-3  G359-RG532 gwla 5-2  R3166-RG360 201.2 -0.74 565 -0.89 813 13.78
1-13  RM237-C922 8-12 RM223-L363A gw8 21.7 041 1.72 -0.05 003 175
1-20 C2340-C86 gwlb 3-8 RZ403-R19 920 041 176 0.68 4.73 0.19 038 6.87
1-22 RG236-C112 gwlc 49  G235-R78 36.0 -0.21 0.47 -0.34 1.19 1.66
121 C86-RG236 5-2 R3166-RG360 gwba 154.8 -0.94 9.02 033 1.15 0.05 0.03 10.20
1-22 RG236-Cl112 10-5  C148-RM239 304 -0.32 1.05 0.32 1.07 212
24  R1738-RM53 3-11 C944-R321 gwdb 121.7 0.87 7.82 7.82
2-18 RMA48-RG520 9-10 RMZ219-R1687 18.8 0.25 0.67 0.67
3-3 C63-RM232 9-16 RM242-RG570 gw9  20.7 -0.34 117 0.09 007 124
3-6 RG393-C1087 5-8  C246-RM26 1048 055 317 028 0.83 -0.21 0.45 4.45
3-7  C1087-RZ403 gw3a 8-13 L363A-RZ66 1381 0.93 890 -0.33 1.14 -0.40 3.37 1341
4-4 RZ467-C2807 11-27  G257-G44 21.9 0.37 143 -0.11 0.02 145
4-5  C2807-RM241 8-4  RM25-R1629 24.8 0.36 1.34 134
5-8 C246-RM26 gw5Sb 8-14 RZ66-G1149 259 031 097 0.24 0.57 154
6-1 R2869-C474 11-34  R3203-RM20a 28.3 0.26 0.67 -0.32 1.07 -0.04 002 176
8-4 RM25-R1629 11-26  RM209-G257 gwll 30.0 036 135 022 051 -0.09 008 194
9-16 RM242-RG570 10-10 RG561-R2625 453 -0.32 1.06 -0.36 1.36 242
9-20 R1952b-RzZ404 11-32 R2918-CDO127 18.7 0.26 0.70 0.70
10-11 R2625-RM228 12-3 R2672-C996 204 0.32 1.07 1.07
11-15 C405b-RM254 11-35 RM20a-C104 317 030 095 032 1.03 1.98

Overal contributions: Additive: h?a= 57.96%; Epistasis: h?ag; =13.82%; QE: hZae = 4.00%; h?aae = 0

af See footnotes of Table 3 for explanations

Grain weight

In total 11 QTLsS were detected as showing main effects
on grain weight (Table 6). Three of the QTLs (gwla,
gwlb and gwlc) were located on chromosome 1, two on
each of chromosomes 3 (gw3a and gw3b), 5 (gwba and
gwsb) and 11 (gwlla and gwllb), and one on chromo-
somes 8 (gw8) and 9 (gw9). The additive effects of
the QTLs ranged from 0.21 to 0.94 g per 1,000 grains
and explained 0.47-9.02% of the phenotypic variance.
Alleles from Zhenshan 97 showed an increasing effects
on grain weight at gwla, gwlc, gwba, gw8 and gw9, and
decreasing effects at the remaining six QTLs. The effects
of two QTLs on chromosome 3 (gw3a and gw3b) and
one QTL on chromosome 5 (gw5a) were much larger
than the remaining eight QTLSs.

Fourteen highly significant interactions were detected
for grain weight, involving 25 loci distributed on 11 of the
12 chromosomes (Table 6). Five of the 14 interactions oc-
curred between loci that did not have main effects at the
single-locus level. One interaction occurred between two
loci (3-6/5-8), both having significant main effects on the
trait. The remaining eight interactions each involved one
locus having a main effect at the single-locus level and an-
other locus that did not show significant effect at the sin-
gle-locus level. Interestingly, the intervals closely linked
to RG236 (gwlc) on chromosome 1 simultaneously inter-
acted with three loci on different chromosomes. Parental
genotypic combinations for eight epistatic pairs of loci
contributed to the increase of grain weight, whereas for
the remaining six epistatic pairs of loci, recombinant ge-
notypic combinations increased the grain weight.

Five QTLs (gw3a, gwba, gwd, gw9 and gwlla)
showed significant QEs. However, only the QE effect
(-0.40 g, explaining 3.37% of the variation) of gw3a ap-
peared to be prominent, which indicated that the envi-
ronment conditions in 1997 were more favorable than in
1998 for the Minghui 63 alele of gw3a to increase grain
weight. No significant QE was detected between epistat-
ic interactions with the environments.

Overal, main-effect QTLs accounted for 57.96% of the
phenotype variance, epistatic QTLs explained 13.82% of
the variation, and 4.00% of the variation were due to QEs.

Taken together, this analysis resolved a total of 29
QTLs as showing main effects on yield and the three
traits that are components of yield, and 35 additive by
additive interactions involving 58 different loci distribut-
ed on all 12 chromosomes, most of which did not have
main effects at the single-locus level. QEs were detected
for 13 main-effect QTLs but not for any epistatic QTLs.

Pleiotropic effects

Three loci with pleiotropic effects were observed. The
locus within the genomic region C547-C2340 on chro-
mosome 1 simultaneously influenced the yield per plant
and the number of tillers per plant; in both cases, the
Minghui 63 genotype had a positive effect on the traits.
Two loci located in the interval G359-RG532 on chro-
mosome 1 and the interval C1087-RZ403 on chromo-
some 3, respectively, had simultaneous effects on grain
weight and number of grains per panicle, but in opposite
directions. The Minghui 63 genotype for the locus on



chromosome 1 increased grain number but decreased
grain weight, while the reverse was the case for the locus
on chromosome 3, in agreement with the negative corre-
lation between the two traits observed in this population
(r =-0.28, P < 0.001).

Interestingly, the locus in the interval C148-RM239
on chromosome 10 simultaneously interacted with three
loci on two different chromosomes to influence three
traits respectively. The recombinant genotypes for the in-
teraction between loci in the interval C148-RM239 and
G1314b-R643 decreased the yield per plant, and between
loci in the interval C148-RM239 and RG236-C112 the
interaction had a negative effect on grain weight, while
the recombinant genotypes for the interaction between
loci in the interval C148-RM239 and C87-R496 in-
creased the number of grains.

Comparison of single-locus QTLs detected
by the two methods

For yield

Both of the QTLs, ydlb and yd2, that were detected in
both years in the single-locus analysis using QTL
Cartographer were also detected as main-effect QTLs in
the two-locus analysis (by QTLMapper). In contrast,
none of the other three QTLs that were detected only in
one year in the single-locus anaysis were detected in
the two-locus analysis. Moreover, one QTL, ypl2, that
showed a significant main effect and was also involved
in epistatic interaction as reveaed in the two-locus anal-
ysis, was not detected in the single-locus analysis

For grain weight

Eight of the nine QTLs, with the exception of gw6, that
were detected by single-locus analysis, also showed sig-
nificant main effects in the two-locus analysis. Whereas,
three QTLs (gw5b, gw8 and gwl1b) that showed signifi-
cant main effects by the two-locus analysis were not de-
tected in the single-locus analysis.

For the number of tillers per plant

Six of the seven QTLs detected for the number of tillers
per plant in the single-locus analysis showed significant
main effects in the two-locus analysis. However, the only
QTL that was detected in both years in the single-locus
analysis did not show a significant main effect in the two-
locus analysis. By contrast, two epistatic QTLs (tplla and
tpllb), both showing significant main effects and signifi-
cant QEs, were not detected in the single-locus analysis.

For the number of grains per panicle

All the QTLs detected in the single locus-analysis were
also recovered as showing significant main effects in the
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two-locus analysis. In addition, main effects were aso
detected for three putative QTLs (gnlb, gn4 and gnllb)
in the two-locus analysis.

Thus, overal, these two methods appeared to be in
good agreement with respect to the detection of the
single-locus QTLSs, despite the possible differences in the
level of stringency of the statistical tests. As expected,
compared with the single-locus analysis using QTL Car-
tographer, the two-locus analysis using QTLMapper had
the obvious advantage for enabling the simultaneous
detection of main effects, epistatic interactions and
environmental interactions of the QTLS.

Discussion

The most-important result of this study is the statistical
characterization of the genetic components that control
the expression of the traits, including main effects of the
QTLs, additive by additive epistatic interactions or epi-
static QTLs, and QTL by environmental interactions
(QEs). The analysis resolved a total of 29 QTLs as
showing main effects on yield and the three traits that are
components of yield, and 35 additive by additive interac-
tions involving 58 different loci (epistatic QTLS) distrib-
uted on al 12 chromosomes. Clearly, the number of epi-
static QTLs was much larger than that of the main-effect
QTLs for the four traits, and most of the epistatic QTLsS
did not have main effects at the single-locus level. In
contrast, a large proportion of the main-effect QTLs was
involved in the epistatic interactions. This indicates that
epistasis, in the form of additive by additive interactions,
plays a very important role in controlling the expression
of yield and yield-component traits. A similar conclusion
has been reached in several previous studies. For exam-
ple Yu et al. (1997) detected large numbers of interac-
tions for yield and yield components in F,.; families de-
rived from the same cross, and additive by additive inter-
actions were the predominant forms of interactions. Li
et al. (1997) also found epistasis as an important genetic
basis of three grain yield components, and the digenic
interactions were due primarily to the additive epistatic
gene action.

A direct implication of epistasis, especialy the in-
volvement of QTLs in the epistatic interactions, is that
the effects of the single-locus QTLs are mostly depen-
dent on the genotypes of other loci, and, as can be seen
from this analysis, the effect of a QTL can sometimes be
negated by the genotypes of a second locus. Thus an
attempt for utilization of the QTLs in the breeding pro-
grams has to taken into account for such epistatic effects.
It should be noted that although this study reveadled a
large number of epistases by statistical genetic analyses,
many studies are needed before we can understand the
biological meaning of the epistases, as in the case of
model organisms such as the EXO1-MSH2 interaction in
Saccharomyces (Daniel et a. 1997), and the RAS path-
ways involved in eye development in Drosophila (Rebay
et al. 2000).
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Another important aspect of this study is the identifi-
cation of QTLs by environmental interactions. Genotype
by environment interaction is a very important factor
that determines the stability of crop varieties, and has re-
ceived considerable attention in plant breeding pro-
grams. There has been a large number of studies for
demonstrating the existence of genotype by environmen-
tal interactions and for determining varietal stability by
analyzing data from varietal trials of multiple years and
locations. Recent developments in QTL analyses have
provided detailed information about possible loci that
may perform differently under different environmental
conditions, by comparing the QTLs that were detected in
multiple environments. However, such a comparison
could not provide direct estimates for the number of
interactions of particular QTLs with the environment.

The present analysis revealed that slightly less than
half (13/29) of the QTLs showed environmental interac-
tions, indicating different effects of the same QTLs in
different years,; whereas the single-locus analysis showed
that 15 of the 25 QTLs were detected only in one year.
Thus the two analyses are consistent in that the perfor-
mance of 13 or 15 of the single-locus QTLs were influ-
enced by environmental conditions in the two years.
However, the total amounts of the effects accounted for
by QEs were small for al four traits, ranging from less
than one percent to a few percent.

Epistasis refers to the phenotypic effects of interac-
tions between alleles of different loci. According to our
current understanding of the physiological basis of epi-
static interactions, epistasis should be much-more sensi-
tive to environmental changes, which also provided ex-
perimental evidence in recent molecular marker-based
genetic analyses. For example, in the data reported by
Yu et al. (1997), only very small portions (about 10%) of
epistatic interactions separately detected in different
years could be simultaneously detected in both years.
However, the present analysis failed to detect any signif-
icant interactions between epistatic QTLs and the envi-
ronment. Such a discrepancy is most-likely due to the
fact that the effects of individual interactions (second-
order statistics) were statistically small, and their envi-
ronmental interactions (third-order statistics) would be
too small to be detected individually using the current
statistical analysis. Statistical detection of such interac-
tions remains to be the subject of future studies.
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