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Abstract Mixed linear model approach was proposed for

mapping QTLs with the digenic epistasis and QTL by

environment (QE) interaction as well as additive and

dominant effects. Monte Carlo simulations indicated that

the proposed method could provide unbiased estimations

for both positions and genetic main effects of QTLs, as

well as unbiased predictions for QE interaction effects. A

method was suggested for predicting heterosis based on

individual QTL effects. The immortalized F2 (IF2) popu-

lation constructed by random mating among RI or DH lines

is appropriate for mapping QTLs with epistasis and their

QE interaction. Based on the models and methodology

proposed, we developed a QTL mapping software,

QTLMapper 2.0 on the basis of QTLmapper 1.0, which is

suitable for analyzing populations of DH, RIL, F2 and IF2.

Data of thousand grain weight of IF2 population with 240

lines derived from elite hybrid rice Shanyou 63 were

analyzed as a worked example.

Keywords QTL mapping � Heterosis prediction �
Epistasis � QTL by environment interaction �
Immortalized F2

Introduction

The dissection of complex traits has been greatly facilitated

with the advent of molecular markers since the 1980s.

Lander and Botstein (1989) proposed an interval mapping

(IM) method providing good estimations for position and

effects of single QTL. To deal with multiple QTL

problems, Jansen (1993, 1994) and Zeng (1993, 1994)

independently proposed methods to detect QTL by condi-

tioning the test on other selected markers, which yield

better power than IM for mapping multiple QTLs. As an

alternative approach to dissect quantitative traits, mixed

linear model has been applied to map QTLs in humans and

animals (Fernando and Grossman 1989; Xu and Atchley

1995; Meuwissen and Goddaod 1997).

Recent investigations suggested that epistasis might be

an important genetic basis underlying complex traits (Li

et al. 1997; Yu et al. 1997; Ohno et al. 2000). Many

researchers have been focusing on statistical models and

methods for analyzing QTLs with epistatic effects (Cock-

erham and Zeng 1996; Fijneman et al. 1996; Chase et al

1997; Lukens and Doebley 1999). Kao et al. (1999) and

Zeng et al. (1999) have put forth a strategy of multiple

interval mapping (MIM) to identify QTLs with epistasis.

Jannink and Jansen (2001) suggest mapping QTLs with

epistasis between QTLs and backgrounds using one-

dimensional genome search.

QTL · environment (QE) interaction is another

important issue in QTL mapping. QE interactions were

analyzed in QTL mapping without epistasis (Jansen et al.
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1995; Jiang and Zeng 1995; Cockerham and Zeng 1996;

Yan et al. 1998; Vieira et al. 2000, Piepho 2000).

Lukens and Doebley (1999) estimated the extent and

variation of phenotypic plasticity of different genotypes

between the high- and low-density environments using

ANOVA. Wang et al. (1999) proposed mixed linear

model approach for effectively estimating QTL effects of

additive, additive · additive epistasis, as well as pre-

dicting their QE interaction effects. However, it remains

unresolved to estimate dominance-related epistasis

between QTLs and predict their interaction with envi-

ronments.

Among mapping populations, F2 is most informative in

genetic analysis. However, since F2 individuals are het-

erozygous, each genotype is different from the others in

genetic construction, which makes it difficult to assess the

reliability of the data and estimate the effects of QE

interactions due to the inability to carry out replicated tests

in different environments. As an alternative way for partly

resolving this problem, the evaluation of F3 families, usu-

ally referred to as F2:3 populations, has been employed in

QTL analysis (Edwards et al. 1987; Yu et al. 1997). Gains

in precision, however, are partly sacrificed due to the

reduction of genetic heterogeneity of replicates by addi-

tional selfing in F3 families (Paterson 1997). Another dis-

advantage of using F2 or F2:3 population is that the data of

marker genotypes cannot be repeatedly used. Li et al.

(2000), using a vegetative replication of F2 population,

analyzed QTLs for yield of rice, without considering

epistasis and QE interactions. However, the tolerance to

ratooning displays difference with genotypes of individu-

als, and the estimates of QTL effects may have suffered

from confounded effects of reduction in productivity

resulting from ratooning. The immortalized F2 (IF2) can be

derived from random mating among lines of RI or DH

(Hua et al. 2002), so that a replicated population could

be obtained with similar genetic architecture as in F2

population.

In the present paper, we proposed a methodology for

mapping QTLs with digenic epistasis (additive · addi-

tive, additive · dominance, and dominance · domi-

nance) as well as additive and dominant effects and their

QE interaction based on mixed linear model approaches for

analyzing IF2 population, it can also be used to analyze F2

population in one environment without QE interactions.

Simulations were conducted to testify the efficiency and

unbiasedness of the algorithm. We also proposed a strategy

to predict heterosis based on QTL analysis for elucidating

the genetic basis of heterosis with the rationale provided by

Xu and Zhu (1999). The data of thousand grain weight

collected from IF2 population of rice were analyzed as a

worked example.

Genetic models and analysis methods for QTL mapping

For IF2 population, a full mixed linear model for mapping

QTLs with digenic epistasis and QE interactions could be

written as

yhk¼ lþaixAik
þdixDik

þajxAjk
þdjxDjk

þaaijxAAijk
þadijxADijk

þadjixADjik

þddijxDDijk
þ eh þaeihuAiEhk

þdeihuDiEhk

þaejhuAjEhk
þdejhuDjEhk

þaaeijhuAAijEhk
þadeijhuADijEhk

þadejihuADjiEhk
þddeijhuDDijEhk

þ
X

f ðhÞ
mf ðhÞuMfkðhÞ þ

X

lðhÞ
mmlðhÞuMMlkðhÞ þ ehk ð1Þ

where yhk is the phenotypic observation of the k-th IF2

genotype in environment h; l is the population mean; ai and

aj are the additive effects (fixed effects) of two putative

QTLs (Qi and Qj), respectively; di and dj are the dominance

effects (fixed effects) in heterozygote of Qi and Qj; aaij, adij,

adji, and ddij are the fixed effects of digenic epistasis of Ai ·
Aj, Ai · Dj, Aj · Di, and Di · Dj between Qi and Qj; As

coefficients of QTL effects, xAik
; xAjk

; xDik
; xDjk

could be de-

rived according to the observed genotypes of the markers

(marker Mi- and Mi+ flanking Qi; marker Mj- and Mj+

flanking Qj) and the recombinant value ðrMi�Qi
and rMj�Qj

Þ
between the testing points and left markers (Mi- and

Mj-) (Table 1), xAAijk
¼ xAik

xAjk
� 0:5þ rij; xADijk

¼ xAik

ðxDjk
þ 0:5Þ; xADjik

¼ ðxDik
þ 0:5ÞxAjk

; xDDijk
¼ ðxDik

þ 0:5Þ
ðxDjk

þ 0:5Þ � 0:5þ rij � r2
ij; rij is the recombinant value

between Qi and Qj; eh is the random effects of environment

h with coefficient uEhk
; aeih (or aejh) is the addi-

tive · environment interaction effect with coefficient

uAiEhk
(or uAjEhk

) for Qi (or Qj); deih (or dejh) is the domi-

nance · environment interaction effect with coefficient

uDiEhk
ðor uDjEhk

Þ for Qi (or Qj); aaeijh, adeijh, adejih, ddeijh are

the interaction effects between four kinds of epistasis and

environments with coefficient uAAijEhk
; uADijEhk

; uADji

Ehk; uDDijEhk
; mf ðhÞ is the effect of marker f nested within the

h-th environment with coefficient uMfkðhÞ which takes value 1

for Mf Mf marker genotype, 0 for Mf mf, –1 for mf mf;mml(h)

is the effect of marker · marker interaction nested within

the h-th environment with coefficient uMMlkðhÞ which takes

value 1, 0, or –1 depending on the genotypes of interaction

markers; mf(h) and mml(h) are used to control the genetic

background of those QTLs outside the searching intervals;

ehk is the residual effect.

Model (1) can be analyzed by mixed linear model ap-

proach (Wang et al. 1999), defining fixed factors for QTL

main effects, and random factors for effects of environ-

ments, QTL by environment (QE) interactions, marker

cofactors, and residuals.
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The QTL fixed effects can be estimated by generalized

least squares method, and the QE interaction effects pre-

dicted by the best linear unbiased prediction (BLUP) method

(Henderson 1963) or linear unbiased prediction (LUP)

method (Zhu and Weir 1996). To test the significance of

single fixed effect of QTLs, a t-statistic, with degrees of

freedom df = n–rank(X), is used, while a single random

effect of QE interaction can be tested by the z-statistic based

on standard normal distribution (Wang et al. 1999).

The method proposed by Lander and Kruglyak (1995)

was applied to determine the critical value for claiming

QTL detection. The point-wide significance level of a (X)

was obtained from the equation a0 (X) = (C + 2q GX)a (X)

by iterative calculation. In the above equation, X is the LR

value with significance level a (X) (Type I error),C is the

number of chromosome, G is the total length of genome

with unit M,q reflects the total crossing over rate between

the genotypes being compared.

Heterosis prediction based on QTL effects

The total heterosis under specific environment is composed

of general heterosis due to QTL main effects (dominance

and epistasis) and interaction heterosis due to QE interac-

tion effects (dominance by environment and epistasis by

environment). The estimation of QTL main effects and the

prediction of QE interaction effects could be used to con-

struct model for predicting general heterosis and interac-

tion heterosis of F1 and the following generations, which

would be helpful to uncover the genetic basis of heterosis.

The overall general heterosis (HM) and QE interaction

heterosis ðHMEh
Þ over mid-parent in F1 can be predicted

with following model:

HMðF1Þ ¼
Xp

i¼1

di þ
Xp�1

k¼1

Xp

l¼kþ1

ðddkl � aaklÞ

HMEh
ðF1Þ ¼

Xp

i¼1

deih þ
Xp�1

k¼1

Xp

l¼kþ1

ðddeklh � aaeklhÞ

in F2:

HMðF2Þ ¼
1

2

Xp

i¼1

di þ
Xp�1

k¼1

Xp

l¼kþ1

1

2
qkl � 1

� �
aakl

þ 1

4

Xp�1

k¼1

Xp

l¼kþ1

ð1þ q2
klÞddkl

HMEh
ðF2Þ ¼

1

2

Xp

i¼1

deih þ
Xp�1

k¼1

Xp

l¼kþ1

1

2
qkl � 1

� �
aaeklh

þ 1

4

Xp�1

k¼1

Xp

l¼kþ1

ð1þ q2
klÞddeklh

and in Fn:

HMðFnÞ¼
1

2n�1

Xp

i¼1

diþ
Xp�1

k¼1

Xp

l¼kþ1

�Xn�1

m¼1

1

2m
qm

kl�1

�
aakl

þ
Xp�1

k¼1

Xp

l¼kþ1

1

4n�1
ð1þq2

klÞ
n�1ddkl

HMEh
ðFnÞ¼

1

2n�1

Xp

i¼1

deihþ
Xp�1

k¼1

Xp

l¼kþ1

�Xn�1

m¼1

1

2m
qm

kl�1

�
aaeklh

þ
Xp�1

k¼1

Xp

l¼kþ1

1

4n�1
ð1þq2

klÞ
n�1ddeklh

Table 1 Coefficients ðxAxk
or xDxk

Þ of QTL additive and dominance effects for a F2 or IF2 population

Marker genotype Expected Frequency xAxk
xDxk

Qx Qx Qx qx qx qx

Mx– Mx– Mx+ Mx+ 1 0 0 1 –0.5

Mx– Mx– Mx+ mx+ 1–px px 0 1–px px –0.5

Mx– Mx– mx+ mx+ (1–px)
2 2px (1–px) px

2 1–2px 2px (1–px)–0.5

Mx– mx– Mx+ Mx+ px 1–px 0 px 0.5–px

Mx– mx– Mx+ mx+ dx px (1–px) 1–2dx px (1–px) dx px (1–px) 0 0.5–2dx px (1–px)

Mx– mx– mx+ mx+ 0 1–px px –px 0.5–px

mx– mx– Mx+ Mx+ px
2 2px (1–px) (1–px)

2 –(1–2px) 2px (1–px)–0.5

mx– mx– Mx+ mx+ 0 px 1–px –(1–px) px –0.5

mx– mx– mx+ mx+ 0 0 1 –1 –0.5

The putative QTLx (x = i or x = j) and its flanking markers which define the interval are lined in chromosome as Mx- fi Qx fi Mx+.

px ¼ rMx�Qx

�
rMx�Mxþ ; dx ¼ r2

Mx�Mxþ

.
½ð1� rMx�Mxþ Þ

2 þ r2
Mx�Mxþ

�: rMx–Mx+ is the recombination fraction between Mx– and Mx+;rMx-Qx is the

recombination fraction between the left marker Mx– and Qx. Assumed that Qx Qx has a positive effect on the trait, while qx qx has a negative

effect. Double recombination is ignored

Theor Appl Genet (2007) 115:325–333 327

123



where n is the selfing generation, p is the number of QTLs,

qkl = 1–2rkl is the correlation coefficient between QTL k

and QTL l,rkl is the recombinant value between QTL k and

QTL l.

Simulation studies

QTL setting for simulations

A total of 100 Monte Carlo simulations for an IF2 popu-

lation with 200 individuals were conducted to testify the

unbiasedness of estimations for QTL positions and genetic

main effects, and of predictions for QE interaction effects.

A genome of four chromosomes was constructed, with 40

evenly distributed markers at 10 cM space. Among a total

of four QTLs, one was placed on chromosome I, one on

chromosome II, and the other two linked on chromosome

IV. QTL setting included effects of additive, dominance

and epistasis of additive · additive, additive · domi-

nance, dominance · dominance (Table 3), the corre-

sponding QE effects (Table 4) were set for multiple

environments. The heritability was assumed to be 0.5.

Analysis of QTL position

The positions of pair-wise QTLs involved in epistasis

without QE interactions were estimated by two-dimensional

search along the genome at every 2 cM position. The point-

wide significance level of a(X) = 0.000149 was gained by

setting the genome-wide significance level a0(X) as 0.05

(Type I error) according to the method proposed by Lander

and Kruglyak (1995). The results (Table 2) included the

mean and standard error of estimated QTL positions and the

power for identifying the interaction QTLs. It was shown

that the mixed linear model approaches could result in

unbiased and accurate estimation for the QTL positions.

The deviations of all estimates for QTL positions were less

than 2 cM except QTL 4. The results revealed that the

power of identifying QTLs ranged from 0.37 to 0.98, sug-

gesting the effectiveness of the new method in identifying

pairs of epistatic QTLs. The impact of genetic main effects

on the power of QTL mapping could not be found due to the

complicacy of these effects in IF2 population. High stability

of the mixed linear model approaches in estimation of QTL

position is evident from the low standard error values.

Estimation of genetic main effects

Monte Carlo simulations were also conducted to investi-

gate the accuracy of estimated genetic main effects of

QTLs. Table 3 provided the mean and standard error of the

estimated QTL main effects. The results indicated that

unbiased estimation could be obtained for QTL main ef-

fects at the preset QTL positions, except for some small

effects with quite large deviations, such as the epistatic

effects of additive · dominance between QTL 1 and

QTL 2, and between QTL 3 and QTL 2, domi-

nance · dominance between QTL 2 and QTL 4. Among

the QTL main effects, the standard errors of estimated

dominance effects were larger than that for additive effects.

Estimation for epistatic effects with small standard error

values was observed for additive · additive, followed by

additive · dominance, and the highest for the domi-

nance · dominance.

Prediction of QE interaction effects

The genome setting information above was also used in the

simulations for the prediction of QE interaction effects. In

the present study, LUP was used to predict QE interaction

effects under three environments. The simulation results

Table 2 QTL positions estimated by mixed linear model approaches

QTL i QTL j Site i (cM) Site j (cM) Power d

Par.a Est.b SEc Par. Est. SE

1 2 48.1 47.1 0.21 51.5 52.1 0.33 0.70

1 3 48.1 46.9 0.17 2.0 2.9 0.28 0.98

1 4 48.1 47.0 0.23 70.0 73.4 0.39 0.63

2 3 51.5 51.6 0.26 2.0 2.6 0.30 0.76

2 4 51.5 51.8 0.29 70.0 72.6 0.42 0.54

3 4 2.0 2.4 0.36 70.0 73.1 0.53 0.37

a Parameter of QTL positions apart from left end of the chromosome involved
b Estimates of QTL positions in 100 simulations
c standard errors for estimates of QTL positions in 100 simulations calculated only by QTLs detected
d Probability for identifying the QTLs by two-dimentional search. The estimates of QTL positions were obtained within the pair–wise marker

intervals each having at least one marker flanking the QTLs

328 Theor Appl Genet (2007) 115:325–333
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indicated that mixed linear model approaches could

effectively predict QE interaction effects (Table 4). All

the standard errors of QE interaction effects were quite

small, which supported the effectiveness of the proposed

methods.

A worked example of mapping QTLs and predicting

heterosis for thousand grain weight in rice

The population of recombinant inbred line (RIL) of rice

derived from Zhenshan 97B · Minghui 63 was provided

by Qifa Zhang of Huazhong Agricultural University. There

were 241 lines in the RIL population with a genetic linkage

map consisted of 221 markers which covered 1,796.58 cM

of the rice genome. We constructed an IF2 population of

rice with 240 F1 hybrids by randomly mating among the

RIL lines based on the rationale proposed by Hua et al.

(2002). The IF2 population was evaluated by a randomized

complete block design with two replications in 1999 and

2000 at Zhejiang University. All hybrids and parental RILs

were planted in the seedling nursery on 19 May and

transplanted into the plots with three rows for the hybrids

and five rows for RILs on 15 June in 1999, and 16 June in

2000. Each row within a plot had 12 plants with a space of

17 cm · 26 cm. Five typical plants from the middle of

each plot were evaluated for thousand grain weight (Kw).

According to method proposed by Lander and Krugl-

vak (1995), when significance level of genome scan was

set at 0.05, the point-wise significance level of QTL

mapping can be gained by iterative computation. For IF2

population of rice constructed in the present study, it was

0.000018 with the corresponding threshold of likelihood

ratio (LR) setting as 50.6. Data were analyzed using

software QTLMapper 2.0.

QTL main effects and interactions with environments

A total of 9 pairs of epistatic loci involved 15 QTLs were

identified for thousand grain weight in rice. The signifi-

cance of QTL main effects was tested by a t-statistic, and

the significance of QE interaction effects was tested by

Jackknife sampling techniques (Zhu 1997). There were ten

QTLs showed significant or extremely significant additive

effects, and five QTLs showed significant or extremely

significant dominance effects (Table 5). Both of additive

and dominance effects of Kw3-1, Kw 5-1, Kw 6-3 and

Kw7-1 were significant. Few interactions of additive and

dominance with environments were observed, among

which interactions between additive and environments for

Kw3-2 and Kw6-3 were significant. No significant inter-

action between dominance and environments was

observed.

Digenic epistasis and their interactions

with environments

Digenic epistatic effects of nine pairs of loci were esti-

mated, corresponding QE interactions were predicted

(Table 6). The significant effects were detected for four aa

effects, six ad effects, and three dd effects. The QE inter-

action effects for epistasis showed less significance.

Prediction on heterosis over mid-parent

The thousand grain weight showed high positive general

heterosis over mid-parent (2.80 g) in F1 (Table 7), which

was close to the real performance of heterosis over mid-

parent of Shan-you 63 (2.45 g) (Hua et al. 2003). It was

indicated that the QTLs identified for thousand grain weight

showed high contribution to heterosis. The interaction

Table 3 Parameters and estimates of genetic main effects of QTLs in 100 simulations

Additive and dominance effects Epistatic effects

QTLi ai
a di QTLi QTLj aaij adij adji ddij

Par.b Est.c SEd Par. Est. SE Par. Est. SE Par. Est. SE Par. Est. SE Par. Est. SE

1 1.58 1.51 0.04 0.49 0.52 0.06 1 2 0.67 0.74 0.04 0.36 0.48 0.06 0.00 –0.05 0.05 0.21 0.18 0.08

2 –0.97 –0.97 0.04 0.63 0.62 0.05 1 3 –0.42 –0.40 0.04 0.00 –0.12 0.04 –0.38 –0.41 0.06 0.00 0.01 0.08

3 0.82 0.78 0.04 0.68 0.75 0.06 1 4 0.51 0.53 0.04 –0.68 –0.70 0.05 0.00 –0.12 0.06 0.00 0.00 0.07

4 0.60 0.56 0.04 –0.47 –0.50 0.05 2 3 1.06 0.98 0.04 0.00 –0.04 0.06 –0.22 –0.06 0.05 0.00 0.01 0.07

2 4 –0.88 –0.83 0.04 0.00 0.11 0.05 0.51 0.45 0.05 –0.37 –0.50 0.07

3 4 0.00 –0.09 0.04 0.41 0.39 0.05 –0.59 –0.58 0.06 0.30 0.30 0.08

a ai= additive effect of QTLi;di= dominance effect of QTLi; aaij = Ai · Aj, adij = Ai · Dj, adji = Aj · Di, and ddij = Di · Dj, respectively
b Parameters of QTL genetic main effects
c Estimates of QTL genetic main effects
d Standard errors for estimates of QTL genetic main effects
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heterosis was negative in 1999 and positive in 2000. The

general heterosis decreased in F2, while the interaction

heterosis increased in 1999 and decreased in 2000.

Discussion

It has been proved that epistasis between different loci

exists universally during the long period of plant evolution

(Clegg et al. 1972; Armbruster et al. 1997; Ungerer et al.

2003). Recently, QTL mapping suggested that epistasis

was main genetic basis of complex traits (Li et al. 1997;

Yu et al. 1997; Ohno et al. 2000). However, the study on

dominance-related epistasis, which might play a key role in

heterosis, leaved much to be desired. The strategy proposed

in the present paper can unbiasedly estimate three types of

digenic epistasis using F2 or IF2 population. Though the

genetic effects of additive and dominance can also be

estimated with no bias when ignoring epistasis, the power

of QTL detection would be decreased (data not showed).

Specific expression of genes in various environments is

widely accepted by biologists. Some researches compared

mapping results in different environments (Paterson et al.

1991; Stuber et al. 1992; Lu et al. 1997). However, the

differences in mapping results among different environ-

ments could not precisely indicate the existence of QE

interaction and vice versa (Jansen et al. 1995). The mixed-

model approaches for QTL mapping can provide unbiased

prediction on QE interaction as well as digenic epistasis

when the experiment was conducted under multiple envi-

ronments. Monte Carlo simulation suggested that, when

ignoring QE interaction, the estimation on QTL main ef-

fects might be biased because the QTL main effects and

QE interaction were mixed in that case (data not showed).

The power of QTL identification will be increased by

using data collected from the experiments under multiple

environments.

Table 6 Analysis of QTL epistatic effects and their interactions with environments for thousand grain weight of rice

QTLi QTLj aaij
a adij adji ddij aaeij1 adeij1 adeji1 ddeij1

Kw1-2 Kw2-2 0.63* 0.49* –0.49*

Kw1-3 Kw3-1 0.73*** 0.86***

Kw1-3 Kw5-1 0.85* 0.63*

Kw2-1 Kw7-1 0.98* –0.97**

Kw3-1 Kw11-1 –0.93***

Kw3-2 Kw10-1 0.78* 0.79** 1.23*

Kw5-1 Kw7-1 –1.35**

Kw6-2 Kw6-3 –0.78*** 0.84*** 0.57***

Kw7-2 Kw10-2 –0.60*** –0.63*** –0.61** –0.62*

a aaij, adij, (adji), and ddij are the epistatic effects of additive · additive, additive · dominance, and dominance · dominance between

QTLiand QTLj, respectively;aaeij1,adeij1,adeji1andddeij1are the QTL by environment interactions in 1999, and the opposite values of QE effects

are expected in 2000

*, ** and *** denote significance level at 0.05, 0.01 and 0.005

Table 5 Analysis of QTL effects of additive, dominance and their

interactions with environments for thousand grain weight of rice

QTLia Flanking Markers ai
b di aei1

Kw1-1 G359-RG532 –0.79***

Kw1-2 C39-RM237 –0.44***

Kw2-2 C777-RZ386 0.34*

Kw3-1 C1087-RZ403 0.72** –0. 40*

Kw3-2 C746-C944 –0.65* –0.41*

Kw5-1 RG360-RM42 –1.04*** –0.35*

Kw6-2 Y4073L-RZ667 0.52***

Kw6-3 RG653-G342 0.62*** –0.58** –0.38**

Kw7-1 RG128-C1023 0.66** 0.82*

Kw7-2 C1023-R1440 0.64***

Kw10-2 RM228-C371 –0.33*

a Kw is the abbreviation of thousand grain weight, the first number is

the chromosome the QTL located, the number after ‘–’ is the series

number of QTLs detected in the corresponding chromosome
b ai are additive and dominance effects of QTLi, respectively;aei1

(aei2 = –aei1) is the additive by environment interaction of QTLi in

1999

*, ** and *** mark significance level at 0.05, 0.01 and 0.005

respectively

Table 7 Prediction on general heterosis and interaction heterosis of

thousand grain weight in rice

Generation HM HME1
HME2

F1 2.80 –2.54 2.58

F2 0.64 –1.03 1.04

HM is the prediction on general heterosis over mid-parent; HME1
and

HME2
are the prediction on interaction heterosis over mid-parent in

1999 and 2000, respectively

Theor Appl Genet (2007) 115:325–333 331

123



The model for predicting heterosis in F1, F2 and fol-

lowing generations can illuminate the genetic basis of

heterosis and inbreeding depression. It was suggested by

the present study that d, dd and aa played an important role

in heterosis. According to the prediction model for heter-

osis proposed in this study, effects of aa and aae increased

with generation, while effects of d, and dd and their

interaction with environments decreased with generation.

In case when the increments of the former exceed the

reduction of the later, the heterosis might not decrease with

generation.

For further improvement on parents of hybrid, the het-

erosis performance of single locus and/or pair-wise epi-

static loci may be more attractable. Based on the

information of heterosis-related QTLs, it can be revealed

which locus and/or locus pair could be improved in further

breeding program by manipulating the related QTLs (Yang

and Zhu 2005). There might exist overdominant loci for

some specific cross, however partial dominance with neg-

ative or positive effects could be observed more frequently.

That explained why the analysis of correlation between

heterozygosity and heterosis could not obtain consistent

conclusions (Lee et al. 1989; Smith et al. 1990; Stuber

et al. 1992; Zhang et al. 1994; Xiao et al. 1995; Saghai

et al. 1997).

A QTL mapping software, QTLMapper 2.0 written by

C/C++ language was developed on the basis of QTLmap-

per 1.0 (Wang et al. 1999). The software could analyze

populations of DH, RIL, F2 and immortalized F2, and could

provide unbiased estimation for genetic main effects and/or

unbiased prediction for the corresponding QE interaction

effects. The heterosis over mid-parents of single QTL, pair

of epstatic QTLs and overall QTLs could also be predicted

based on QTL effects. The software is available at http://

www.cab.zju.edu.cn/english/ics/faculty/zhujun.htm.
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