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ABSTRACT
A doubled haploid population of 123 lines from IR64/Azucena was used to dissect the developmental

behavior and genotype by environment interaction for plant height by conditional and unconditional
quantitative trait loci (QTL) mapping methods in rice. It was shown that the number of QTL detected
was different at various measuring stages. Some QTL could be detected at all stages and some only at one
or several stages. More QTL could be found on the basis of time-dependent measures of different stages.
By conditional QTL mapping of time-dependent measures, it is possible to reveal dynamic gene expression
for quantitative traits. Mapping QTL for genetic main effects and GE interaction effects could help us in
understanding the nature of QTL 3 environment interaction for the development of quantitative traits.

SINCE the end of the 1950s, high-yielding rice varie- expression can be modified by interaction with other
genes and by environmental effects (Atchley and Zhuties of reduced plant height with high lodging re-

sistance, favorable plant type, and high-harvest index 1997). Conventional statistical genetic analysis results
have revealed that gene action was distinct at varioushave been released in almost all rice-growing countries

(Ming 1987). These high-yielding varieties have played developmental stages and the genetic model from the
final character could not fully reflect the real gene ac-a vital role in food sufficiency for countries where rice

is a staple food. Genetic studies for plant height in rice tion during the development of the character (Khei-

have been carried out by many rice researchers (Aquino ralla and Whittington 1962; Peat and Whitting-

and Jennings 1966; Ming and Xiong 1983; Ming 1987; ton 1965; Wu 1987; Xu and Shen 1991; Zhu et al. 1993;
Oba et al. 1990). Plant height in rice is generally consid- Zhu 1995). Therefore, to fully understand the genetic
ered to be controlled by both qualitative and quantita- expression of the development of quantitative traits,
tive genes (Huang et al. 1996). At least 60 dwarfing dynamic mapping at different stages is needed. But most
genes, designated d-1 to d-60, have been identified in QTL mapping efforts reported so far have been focused
rice by classic genetic analysis (Kinoshita 1995). The on a character at a specific or final growth stage (Xu

recent advent of molecular marker techniques has re- 1997).
sulted in the construction of molecular maps to greatly Genotype 3 environment (GE) interaction, which is
facilitate the study of quantitatively inherited traits and differential genotypic performance across environ-
has made it possible to dissect the polygenes for such ments, is an important component influencing trait de-
traits into Mendelian factors and to use them in marker- velopment, especially quantitative traits. Identification
assisted selection (Paterson 1995; Stuber 1995). In of QTL that show consistency in expression across envi-
rice, quantitative trait loci (QTL) for various quantita- ronments, even diverse environments, would be desir-
tive traits of agronomic importance have been mapped able for marker-assisted selection programs (Veldboom

(Yano and Sasaki 1997). Molecular mapping of genes and Lee 1996a). Significant QTL 3 environment inter-
for plant height (Cho et al. 1994; Li et al. 1995; Xiao actions for various traits in a number of crops have been
et al. 1995; Huang et al. 1996; Wu et al. 1996; Zhuang reported recently (Paterson et al. 1991; Stuber et al.
et al. 1997) or its components (Lin et al. 1996) in rice 1992; Schon et al. 1994; Lee et al. 1996; Lu et al. 1996;
has been reported. Romagosa et al. 1996; Veldboom and Lee 1996a,b;

According to the theory of developmental genetics, Zhuang et al. 1997; Yan et al. 1998a).
genes are expressed selectively at different growth It is necessary, therefore, to understand the dynamics
stages. The development of morphological traits occurs of gene expression and interactions with environments
through the actions and interactions of many genes that for developmental quantitative traits that will lay down
might behave differentially during growth periods; gene the basis for map-based cloning and for improving the

efficiency of marker-assisted selection (Xu 1997). In this
article, the dynamic QTL for developmental behavior
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effect at time t, Gj(t) z (0, s 2
G(t)); GEhj(t) is genotype 3 environ-by combining the newly developed statistical procedures

ment interaction effect at time t, GEhj(t)) z (0, s 2
GE(t)); Bhk(t) isof analyzing conditional genetic effects (Zhu 1995) and

block effect in the hth environment at time t, Bhk(t) z (0, s 2
B(t));

the composite interval mapping method (Zeng 1993, and ehjk(t) is residual effect at time t, ehjk(t) z (0, s2
e(t)).

1994), conditional QTL of plant height in rice that The environment effects (E), genetic main effects (G) and
GE were predicted by the adjusted unbiased predictionaccount for gene expression at a specific developmental
method (Zhu and Weir 1996). These random effects wereperiod (t 2 l → t) were identified. Because the doubled
then used to predict main effect data yj(G(t)) 5 m(t) 1 Gj(t) andhaploid (DH) population was evaluated in two different
GE interaction effect data yhj(GE(t)) 5 m(t) 1 Eh(t) 1 GEhj(t), respec-

environments, the genetic main effects and GE interac- tively. The composite interval mapping method (Zeng 1993,
tion effects at different stages were predicted and used 1994) was applied to analyze the predicted ŷj(G(t)) for searching

QTL with genetic main effects at time t,in mapping of QTL, which will help us explore possible
QTL 3 environment interaction. The temporal gene ŷj(G(t)) 5 b0(G(t)) 1 b*(G(t))X*j 1 o

i
biG(t))Xij 1 ej(G(t)), (2)

expressions and the GE interaction effects for plant
height development are also discussed. where b0(G(t)) is the population mean at time t ; b*(G(t)) is the

accumulated QTL main effect at time t ; X*j is the coefficient
for QTL effect; bi(G(t)) is the accumulated effect at time t for
the ith marker; Xij is the coefficient for the ith marker effect;MATERIALS AND METHODS
and ej(G(t)) is the residual error of the jth individual at time t.

A population of 123 DH lines derived from a cross between The predicted ŷhj(GE(t)) was analyzed also by the composite
the irrigated indica variety IR64 and the upland japonica vari- interval mapping method (Zeng 1993, 1994) for dissecting
ety Azucena (Guiderdoni et al. 1992) was used in the experi- QTL with GE interaction effect in environment h at time t,
ment. Six restriction enzymes (DraI, EcoRV, HindIII, ScaI, XbaI,

ŷhj(GE(t)) 5 b0(GEh(t)) 1 b*(GEh(t))X*hj 1 o
i

bi(GEh(t))Xhij 1 ej(GEh(t)), (3)and EcoRI) were used for the parental polymorphism survey.
An RFLP map of the population was established by Huang et
al. (1995) from an initial population of 135 DH lines with 135 where b0(GEh(t)) is the population mean of environment h at
RFLP markers distributed among the 12 chromosomes. This time t ; b*(GEh(t)) is the accumulated QTL 3 E interaction effect
map was recently updated by adding 40 new isozyme and of environment h at time t ; X*hj is the coefficient for QTL 3
RAPD markers and presently contains 175 markers covering E interaction effect; bi(GEh(t)) is the accumulated effect for the
2005 cM with an average distance of 11.5 cM between pairs ith marker of environment h at time t ; Xhij is the coefficient
of markers (Huang et al. 1997). This new map was used for for the ith marker effect; and ej(GEh(t)) is the residential error
QTL analysis in the experiment. of the jth individual in environment h at time t.

Field experiment: The 123 DH lines and their parents, IR64 Genetic behavior measured at time t is the confounded
and Azucena, were grown in a randomized complete design results of genes expressed before time (t 2 1) and effects
with two replications (plots) in Hangzhou and Hainan Island, within the period from time (t 2 1) to t. These kinds of gene
China. Hangzhou is located in eastern China at z308 north effects are usually not independent. The net genetic main
latitude. Hainan Island is located in the South China Sea at effects and GE interaction effects between time (t 2 1) and t
188 north latitude. These two places showed great difference can be evaluated by the conditional effects (G(t|t 2 1) and
in climate, soil conditions, day length, and even rice growing GE(t|t 2 1)) at time t given phenotypic mean measured at time
seasons. In Hangzhou, the experiment was carried out from (t 2 1). The mixed model approaches (Zhu 1995) were used
late May to early November 1996. In Hainan, rice can be to obtain the conditional genetic main effects (yj(G(t|t 2 1)) 5
grown well all year round. Our experiment was done from m(t|t 2 1) 1 Gj(t|t 2 1)) and GE interaction effects (yhj(GE(t|t 2 1)) 5
early December 1995 to late April 1996. m(t|t 2 1) 1 Eh(t|t 2 1) 1 GEhj(t|t 2 1)) for plant height at different

In both locations, the germinated seeds were sown in a measuring stages in rice. Then the composite interval map-
seedling bed and seedlings were transferred to a paddy field ping method (Zeng 1993, 1994) was applied to analyze the
30 days later, with a single plant per hill spaced at 15 3 20 conditional data. Conditional QTL with net main effects
cm. Each plot included three to four lines with eight plants (b*(G(t|t 2 1))) during time (t 2 1) to t were searched by Equation
per line. After 10 days of transplanting, plant height (from 2 for predicted ŷj(G(t|t 2 1)). Conditional QTL 3 E interaction
the surface of the soil to the tip of the plant) was measured effects (b*(GEh(t|t 2 1))) were detected by Equation 3 for predicted
every 10 days in five central plants (fixed through all measur- ŷhj(GE(t|t 2 1)).
ing stages) from each plot until all lines had headed. A total The analysis of QTL with unconditional or conditional ef-
of nine different measurements were taken during the whole fects was conducted by QTL Cartographer v 1.1b (Basten et
rice growth period. Fertility and cultivation regimes were con- al. 1996). The likelihood ratio value of 11.5, which is equal
sistent with optimum rice production for these regions. to a LOD score of 2.5 (Zeng and Weir 1996), was used as a

Statistical analysis: QTL could be indirectly searched for threshold to declare the detection of a QTL.
complicated quantitative traits such as those with GE interac-
tion effects or with time-dependent measures of develop-
mental behavior by interval mapping or composite interval

RESULTSmapping methods (Zhu 1998). Because the present experi-
ments were conducted with 123 genotypes in two locations Phenotypic variation and environmental effects: The
(as different environments) with two blocks, the phenotypic phenotypic values of plant height for the DH populationperformance of the jth genetic entry at time t in the kth block

and its parents in nine measuring stages are presented inwithin hth environment can be expressed by
Table 1 for two environments. Azucena showed greater

yhjk(t) 5 m(t) 1 Eh(t) 1 Gj(t) 1 GEhj(t) 1 Bhk(t) 1 ehjk(t), (1) plant height than IR64 at all stages in both locations.
Plant height was greater in Hangzhou than in Hainanwhere m(t) is the population mean at time t, fixed; Eh(t) is envi-

ronment effect at time t, Eh(t) z (0, s 2
E(t)); Gj(t) is genetic main at all stages for both DH lines and their parents. Highly
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TABLE 1

Phenotypic values of plant height (cm) for the DH population and its parents in nine different
measuring stages evaluated in two environments

Parents DH population
Stage

Location (day) IR64 Azucena Max. Min. Mean SD Skew Kurt

Hangzhou 10 36.7 42.3 49.9 25.3 36.4 5.16 0.28 20.23
20 42.4 53.2 63.8 32.6 45.3 6.53 0.42 20.09
30 49.3 60.4 72.2 35.6 51.4 7.28 0.43 20.12
40 60.5 73.2 82.7 42.9 59.7 8.35 0.35 20.16
50 76.4 88.3 102.2 53.3 75.7 11.47 0.15 20.38
60 83.2 117.6 137.4 58.9 90.5 16.61 0.26 20.33
70 87.7 136.1 148.0 62.6 101.0 19.81 0.07 20.57
80 98.1 151.6 159.0 68.8 112.0 20.82 20.01 20.70
90 98.1 151.6 159.0 72.0 113.8 21.65 0.00 21.02

Hainan 10 18.1 22.3 32.9 12.7 22.31 4.42 20.53 0.30
20 33.0 36.5 49.4 24.5 35.76 5.75 20.36 0.20
30 36.6 47.9 63.1 29.2 43.22 7.54 20.35 0.25
40 42.0 56.3 75.7 32.4 49.23 10.04 20.47 0.32
50 43.6 58.9 82.7 33.6 55.21 11.92 20.72 0.26
60 47.4 66.8 96.2 39.3 62.17 13.12 20.76 0.28
70 50.1 73.6 104.5 39.7 68.43 16.27 20.97 0.27
80 64.1 85.2 119.5 46.6 83.00 19.03 21.19 0.23
90 69.1 113.6 138.0 58.9 92.78 20.35 21.08 0.27

significant GE interaction was observed at all measuring other three map regions (ph5-1, ph6, and ph8) showed
QTL only at two to three stages. The tall parent Azucenastages in the combined analysis over the two environ-

ments. The GE interaction variances accounted for 7.3 contributed alleles for increasing plant height at ph1,
ph3, and ph4, but for decreasing plant height at otherto 23.4% of the total genetic variances at different stages

(data not shown). The average plant height of DH lines map regions.
Six chromosomal regions showing significant associa-in Hangzhou was 8.2 to 29.0 cm greater than that in

Hainan across different stages. The plant height of the tion with plant height were identified in Hainan. Among
these, three QTL (ph1, ph2, and ph3) that could beDH population segregated continuously and both skew

and kurt values were less than 1.0 at most stages (Table detected at all measuring stages were also detectable in
Hangzhou. The other three QTL (ph5-2, ph7, and ph10-1). It was suggested that plant height segregation of the

DH population fit normal distribution for most stages 2), which were significant only at middle stages, were
not identified in Hangzhou. Of these six chromosomalin both locations and was suitable for QTL analysis.

Transgressive segregants taller than the tall parent Azu- regions, alleles for Azucena increased plant height only
at ph1 and ph3 but decreased the trait for the othercena or lower than the short parent IR64 were observed

at all stages. four loci, even though Azucena is much taller than IR64.
Results showed that alleles for plant height were dis-QTL for plant height growth: Unconditional mapping:

The chromosomal regions and estimated genetic effects persed among the two parents (Xu 1997) and revealed
the genetic basis for the production of transgressiveof QTL affecting plant height at different develop-

mental stages evaluated in two environments are pre- segregation for plant height in the DH population.
Because of the significant interactions between geno-sented in Table 2. A total of nine genomic regions sig-

nificantly affecting plant height growth were detected type and environment, QTL mapping was also con-
ducted using both genetic main effects and GE interac-on 7 out of the 12 chromosomes. Seven genomic regions

significantly affecting plant height were detected in the tion effects. QTL detected with genetic main effects
indicated that genes at these genomic regions wouldDH population evaluated in Hangzhou. Of these, four

identified QTL at the final stage (ph1 between markers express the same way across different environments.
QTL detected with GE interaction effects suggested thatRZ730 and RZ801 on chromosome 1, ph2 between

markers Amy1A/C and RG95 on chromosome 2, ph3 the gene expression at these loci was environment
dependent. When the genetic main effects were usedbetween markers CDO87 and RG910 on chromosome

3, and ph4 between markers RZ590 and Rg214 on chro- in composite interval mapping, seven chromosomal re-
gions significantly influencing plant height develop-mosome 4). Two of these (ph1 and ph4) showed signifi-

cant QTL at all stages but the other two (ph2 and ph3) ment were found. Of these, three QTL (ph1, ph2, and
ph3) were significant in both environments. Two QTLwere detectable only after 30 days of transplanting. The
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TABLE 2

Chromosomal regions and estimated genetic effects of QTL for plant height at different stages in two environments

Hangzhou Hainan Main effect GE b in Hangzhou GE in Hainan
Marker Distance

QTL interval (cM) Days t t|t 2 1a t t|t 2 1 t t|t 2 1 t t|t 2 1 t t|t 2 1

Chromosome 1
Ph1 RZ730–RZ801 33.1 10 22.23 22.23 22.87 22.87 22.14 22.14 21.08 21.08

20 23.01 22.81 22.47 20.95
30 22.94 24.53 23.60 21.45 20.52
40 23.85 26.8 24.6 23.00 20.52
50 26.36 21.79 28.52 21.36 25.06 21.68 23.12 1.05
60 29.62 21.72 29.39 21.14 29.54 20.55 23.09 21.70 22.64 1.10
70 214.20 21.65 212.54 212.57 24.39 23.51
80 215.70 21.93 215.49 21.82 215.01 24.47 24.35
90 217.66 215.68 216.98 24.07 24.36

Chromosome 2
Amy1A/

Ph2 C–RG95 12.8 10 1.75 1.75 1.03 1.03 0.63 0.63
20 20.65 2.16 1.51 0.76
30 2.41 2.22 1.93 0.93
40 2.86 3.76 2.91 0.99 1.25
50 4.19 1.24 4.31 2.77 0.92 20.74 1.05 20.74
60 6.15 4.03 4.74 2.55
70 6.91 21.63 6.06 1.38 6.07 2.67
80 8.28 8.31 1.41 7.73 2.42 1.93
90 7.06 8.35 7.00 1.62 1.69

Chromosome 3
Ph3 CDO87–RG910 9.2 10 21.56 21.56 21.03 20.55

20 20.81 22.21 21.94 20.69
30 23.45 21.21 23.26 20.77 23.34 20.58 21.12 20.81
40 23.61 21.57 25.01 23.68 21.01 21.71 20.51
50 24.72 25.65 23.41 21.73
60 26.94 25.09 25.28 22.78 21.83
70 27.70 26.26 27.16 23.04 21.73
80 27.42 26.93 1.76 26.95 22.47 21.64
90 27.12 26.94 26.79 21.95 21.85

Chromosome 4
Ph4 RZ590–RG214 2.7 10 21.99 21.99 21.20 21.20 21.15 21.15

20 22.51 21.32
30 23.29 20.96 20.67 20.54 21.56 20.39
40 24.52 21.44 23.52 20.62 21.91
50 25.24 22.56 21.21
60 27.46 25.69 23.35
70 29.68 25.47 23.81
80 28.84 26.11 23.62
90 29.22 27.06 21.95

(continued)



1261Plant Height in Rice

T
A

B
L

E
2

(C
on

ti
nu

ed
)

H
an

gz
h

ou
H

ai
n

an
M

ai
n

ef
fe

ct
G

E
b

in
H

an
gz

h
ou

G
E

in
H

ai
n

an
M

ar
ke

r
D

is
ta

n
ce

Q
T

L
in

te
rv

al
(c

M
)

D
ay

s
t

t|t
2

1a
t

t|t
2

1
t

t|t
2

1
t

t|t
2

1
t

t|t
2

1

C
h

ro
m

os
om

e
5

Ph
5-

1
R

G
31

3–
R

Z
55

6
6.

6
10

2.
18

2.
18

1.
10

20
2.

36
30

2
1.

06
2

0.
50

Ph
5-

2
R

Z
67

–R
Z

10
12

.8
10

0.
96

0.
96

20
1.

67
0.

89
0.

74
0.

65
30

2.
4

1.
85

0.
95

0.
37

40
2.

81
1.

32
50

2
1.

87
2.

72
2

0.
6

1.
63

60
1.

79
70

1.
97

C
h

ro
m

os
om

e
6

Ph
6

A
m

y2
A

–R
G

43
3

4.
4

40
1.

72
1.

72
50

3.
11

2.
04

1.
27

60 70
3.

82
2.

07
C

h
ro

m
os

om
e

7
Ph

7
R

Z
97

8–
C

D
O

38
5.

8
10

0.
97

0.
97

1.
05

1.
05

20
1.

32
1.

30
30

1.
86

1.
50

40
2.

34
2

0.
65

1.
07

50
2.

78
1.

16
60

2.
63

1.
34

70
3.

25
1.

75
C

h
ro

m
os

om
e

8
Ph

8
A

m
y3

D
/E

–R
Z

66
25

.1
20

2.
08

2.
08

1.
34

30
1.

98
1.

71
40

2.
12

60
2

2.
48

2
0.

87
2

0.
86

70
C

h
ro

m
os

om
e

10
Ph

10
-1

G
10

81
–R

G
25

7
6.

6
70

2.
01

1.
03

Ph
10

-2
R

G
13

4–
R

Z
50

0
3.

8
30

1.
96

40
2.

15
50

2.
28

0.
93

60
2.

78
1.

29

Pl
an

t
h

ei
gh

t
is

m
ea

su
re

d
in

ce
n

ti
m

et
er

s
th

ro
ug

h
ou

t.
a

t
an

d
t|t

2
1

in
di

ca
te

un
co

n
di

ti
on

al
an

d
co

n
di

ti
on

al
Q

T
L

,
re

sp
ec

ti
ve

ly
.

b
G

en
ot

yp
e

3
en

vi
ro

n
m

en
t

in
te

ra
ct

io
n

.



1262 J. Yan et al.

(ph4 and ph8) were detected only in Hangzhou and mapping. There were six and four map regions found to
be significantly associated with plant height by mappingthe other two (ph5-2 and ph7) were detected in Hainan.

No corresponding QTL with genetic main effects were conditional GE interaction effects in Hangzhou and Hai-
nan, respectively. Of these, two QTL (ph1 and ph2)detected for the other two loci (ph5-1 and ph10) that

were only found at middle stages in Hainan. The paren- were detected for significant conditional GE interaction
effects in both locations. Most of the QTL for condi-tal contribution of alleles was similar to those detected

by phenotypic data, although their magnitude and sig- tional GE interaction effects were mapped to similar
regions as detected by using genetic main effects ornificant stages showed some differences.

A total of six map regions significantly affecting plant phenotypic data, but their significant stages might be
different.height were identified by using GE interaction effects

in each location. Among these, three QTL (ph1, ph2,
and ph3) showed significant GE interaction in both

DISCUSSION
locations, but with unequal magnitudes of gene effects
at different stages. At these three map positions, com- Classic statistical geneticists have long recognized that

the development of complex traits occurs through themon QTL were also detected by mapping the pheno-
typic data in both environments. Besides these, other actions and interactions of many genes that might be-

have differentially during growth periods and interactgenomic regions, such as ph4 and ph5-2, showed sig-
nificant GE interaction effects at only one location, and with the environments (Atchley and Zhu 1997). Al-

though molecular marker techniques have providedcorresponding QTL were also detected by using pheno-
typic data in the respective environment. Results indi- powerful tools for us to dissect these complex traits,

there have been no studies to date on analysis of QTLcated that most QTL detected by phenotypic data might
also have GE interaction effects. for developmental behavior and the GE interaction of

quantitative traits. The greatest difficulty in molecularConditional mapping: The conditional genetic effects
at time t given the phenotypic values observed at (t 2 dissection of GE interaction for quantitative trait devel-

opment is the shortage of appropriate genetic models1) will indicate the net effects of gene expression from
time (t 2 1) to t, which are independent of the casual and analysis methods. If an integrated genetic model

could be developed to directly handle different develop-effects (Zhu 1995). Therefore, conditional QTL will
reveal the gene expression at the specific period from mental stages in various environments for QTL map-

ping, it would be extremely complicated. In this arti-time (t 2 1) to t at that locus. QTL detected at 10 days
indicate the cumulative gene expression from the initial cle, we recommend using an indirect method to analyze

the developmental behavior and its interaction with en-time to 10 days after transplanting, when the phenotypic
values were first measured. Therefore, these QTL are vironments for QTL mapping. With the suggested

indirect approaches, the available QTL mapping soft-equivalent to conditional QTL at 10 days conditioned
on initial time. QTL detected at 20 days conditioned ware such as MAPMAKER/QTL for interval mapping

(Lander and Botstein 1989) and QTL Cartographeron 10 days indicate net effects of gene expression at the
period from 10 to 20 days and so on. When conditional (Basten et al. 1996) for composite interval mapping

can be readily used in searching QTL for developmentalgenetic effects were analyzed by composite interval map-
ping, a total of eight and seven chromosomal regions traits and GE interaction. The indirect method could

result in more information about dynamic gene expres-showed significant QTL for plant height in Hangzhou
and Hainan, respectively (Table 2). Of these, five QTL sion and GE interaction of QTL for the developmental

behavior of quantitative traits.were detected in both environments, although the sig-
nificant stages showed some difference between the two In this study, there were only four and three signifi-

cant QTL being detected in Hangzhou and Hainan,environments. All genomic regions revealed by uncon-
ditional QTL mapping were also detected by condi- respectively, for final plant height. But at least seven and

six significant QTL were identified with time-dependenttional mapping except for ph10-2. Most of the chromo-
somal regions identified significant conditional QTL measures in Hangzhou and Hainan (Table 2). The num-

ber of significant QTL and their magnitudes were alsoonly at one or several stages indicating that the gene
or genes at a specific genomic region expressed only at different at various stages. This confirmed the early sta-

tistical analysis results that gene action was distinct atsome times during the whole period of plant growth.
When conditional genetic main effects were used for various developmental stages, and genetic models of

the final character could not fully reflect the real actionQTL mapping, a total of six genomic regions showed
significant QTL. No genomic regions showing signifi- of genes during the development of the character

(Kheiralla and Whittington 1962; Peat and Whit-cant QTL for unconditional genetic main effects were
undetected by conditional mapping. It is interesting to tington 1965; Wu 1987; Xu and Shen 1991; Zhu 1995).

By conditional QTL mapping, genes possibly expressednote that a significant QTL for conditional main effects
on chromosome 10 (ph10-1) at day 70 was detected, but at a specific period could be detected. It was shown that

for the chromosomal regions significantly associatedno corresponding QTL was detected for unconditional
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with plant height, conditional QTL were found only at effects were significant at all stages in these three map
regions. But the significant stages of QTL for GE interac-one to several specific periods. It was also shown that

no genes for plant height were continually active during tion differed at various loci; even at the same locus GE
interaction was also different in various environments.the whole period of growth. Results are in agreement

with the developmental genetics theory that genes are For example, significant GE interaction of ph1 was de-
tected at all stages in Hainan, but only at later develop-expressed selectively at different growth stages. Even

though at some regions unconditional QTL can be de- ment stages after 60 days in Hangzhou. GE interaction
of ph2 was detected significantly at most stages excepttected at all measuring stages, their real gene expression

patterns were also different. For example, three geno- at 10 to 20 days and 50 days in Hangzhou, but not at
stages from 60 to 70 days in Hainan. It was shown thatmic regions detected significant QTL (ph1, ph2, and

ph3) at all stages in Hainan, but conditional effects of there were both genetic main effects and GE interaction
effects for these loci, although significant QTL couldQTL were different at these three loci. Furthermore,

parental contribution of alleles at the same map position be detected in both environments. Therefore, common
QTL detectable at different environments might not bealso changed along with the development of the trait.

For example, at the locus of ph2, conditional QTL with conclusive regarding the absence of QTL 3 environ-
ment interaction. Furthermore, in some other chromo-opposite genetic effects were detected for (50 days

[D]|40D) and (70D|60D) in Hangzhou. Conditional somal regions such as ph4, ph5-2, and ph7, significant
genetic main effects are shown, but are only detectedQTL with opposite genetic effects were also observed

at other loci such as ph3 and ph5-2 in Hainan. Similar in one location by phenotypic data. Significant QTL
with GE interaction effects were also detected in onlygene expression patterns have also been observed in

conditional QTL mapping for tiller number in rice (Yan one environment. One possible reason for these obser-
vations is that QTL detected in one environment couldet al. 1998). It could be suggested that the individual

gene at a specific locus might have opposite genetic be biased because of the GE interaction. Therefore,
unbiased detection could not be obtained by only usingeffects at different growth stages or multiple genes at

the similar genomic region might express differently phenotypic data of a single environment. The second
reason might be that the statistical method was notalong with the trait development. These opposite ge-

netic effects expressed at different stages in the similar powerful enough to detect some minor QTL. For many
of these chromosomal regions, possible QTL might begenomic position might be counteracting each other

and result in failure to detect QTL for cumulative effects detected if a lower threshold of LOD score were used.
The third reason is that there may be possible artifactsuch as for ph5-2 and ph8. Therefore, by combining

the conditional and unconditional QTL mapping of results caused by the indirect analysis method used in
the present study. For other loci such as ph5-1 and ph10-time-dependent measures, it is possible to reveal the

dynamic gene expressions for the development of quan- 2, QTL with only GE interaction effects were identified.
This implies that the gene expression at these loci mighttitative traits.

GE interaction is another important component af- be controlled mainly by GE interaction effects. There-
fore, it is impossible to reveal the real QTL 3 environ-fecting trait development, especially quantitative traits.

QTL detected in one environment but not in another ment interaction by simply comparing QTL detected in
multiple environments.environment may indicate QTL 3 environment interac-

tion (Veldboom and Lee 1996a,b). If GE interaction Conditional mapping for GE interaction effects will
provide us information for the net effects of QTL 3effects for quantitative traits do exist, analyzing data in

a single environment is not appropriate for unbiased environment interaction expressed at a specific growth
period. Conditional QTL 3 environment interactionestimation of genetic parameters. Furthermore, in the

absence of QTL 3 environment interaction, a QTL can effects were detected at ph1 before 60 days in Hainan
except for (20D|10D), whereas conditonal QTL 3 envi-also be detected in one environment but not in another

environment because the chance of simultaneous de- ronment interaction effects were only detected for
(50D|40D) and (60D|50D) in Hangzhou. After furthertection in both environments is small (Jansen et al.

1995). We have proposed a method to obtain predicted analysis, we found that GE interaction effects of genes
expressed at the same locus were also different in vari-genetic main effects and GE interaction effects for ex-

ploring QTL by environment interaction (Zhu 1998). ous environments. For example, QTL 3 environment
interaction effects were positive for (50D|40D) andIn the present study, at least three chromosomal regions

showed significant QTL at most stages in both environ- (60D|50D) in Hainan, but negative in Hangzhou. At
the same map region, GE interaction effects could alsoments by mapping QTL separately in each location.

When predicted genetic main effects and GE interaction change at various stages. Conditional GE interac-
tion effects of QTL ph1 showed negative effects foreffects were used for QTL mapping, we found that all

three chromosomal regions showed significant QTL (30D|20D) and (40D|30D), but positive effects for
(50D|40D) and (60D|50D). A similar result was observed(ph1, ph2, and ph3) with both genetic main effects and

GE interaction effects (Table 2). QTL for genetic main at other map regions such as ph2. Therefore, a combina-
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1996 Association of quantitative trait loci for plant height withtion of conditional and unconditional mapping of QTL
major dwarfing genes in rice. Heredity 77: 130–137.

with the concept of genetic main effects and GE interac-
Huang, N., A. Parco, T. Mew, G. Magpantay, S. McCouch et al.,

1997 RFLP mapping of isozymes, RAPD and QTLs for graintion effects has provided us clues to understanding the
shape, brown plantthopper resistance in a doubled haploid ricecomplexity of QTL 3 environment interaction for the
population. Mol. Breed. 3: 105–113.

development of quantitative traits.
IRRI, 1975 Parentage of IRRI crosses IR1-IR50,000, International

Rice Research Institute, Manila, Philippines.IR64 is a semi-dwarf variety carrying sd-1 gene (IRRI
Jansen, R. C., J. W. Van Ooijen, P. Stam, C. Lister and C. Dean,1975) and Azucena is a tall variety. sd-1 was reported to

1995 Genotype by environment interaction in genetic mapping
be a recessive gene and was located on chromosome of multiple quantitative trait loci. Theor. Appl. Genet. 91: 33–37.

Kheiralla, A. I., and W. J. Whittington, 1962 Genetic analyze of1 by classic genetic analysis (Kinoshita 1995). In the
growth in tomato: the F1 generation. Ann. Bot. 26: 489–504.present study, a major QTL for plant height linked to

Kinoshita, T., 1995 Report of committee on gene symbolization,
marker RZ730 on chromosome 1 was found in the DH nomenclature and linkage groups. Rice Genet. Newslett. 12: 9–

153.population across all measuring stages in both environ-
Lander, E. S., and D. Botstein, 1989 Mapping mendelian factorsments. This QTL was also significantly detected at all

underlying quantitative traits using RFLP linkage maps. Genetics
stages by using genetic main effects. For this QTL, the 121: 185–199.

Lee, S. H., M. A. Bailey, M. A. Mian, T. E. Carter, Jr., D. A. Ashleyalleles for shorter plant height were contributed by
et al., 1996 Molecular markers associated with soybean plantIR64. Through comparison with classic genetic results,
height, lodging, and maturity across locations. Crop Sci. 36: 728–

it is inferred that this locus could be the location of the 735.
Li, Z., S. R. M. Pinson, J. W. Stansel and W. D. Park, 1995 Identifi-sd-1 gene. This is consistent with previous molecular

cation of quantitative trait loci (QTL) for heading date and plantmapping results of the sd-1 gene (Cho et al. 1994;
height in cultivated rice (Oryza sativa L.). Theor. Appl. Genet.

Huang et al. 1996; Wu et al. 1996). Significant GE inter- 91: 374–381.
Lin, H. X., J. Y. Zhuang, H. R. Qian, J. Lu, S. K. Ming et al., 1996action effects were also found at this locus by mapping

Mapping QTL for plant height and its components by molecularthe GE interaction effects in both environments. It was
markers in rice (Oryza sativa L.). Acta Agron. Sin. 22: 257–263.

suggested that GE interaction effects were also very im-
Lu, H., L. Shen, Z. Tan, Y. Xu, P. He et al., 1996 Comparative

mapping of QTL for agronomic traits of rice across environmentsportant for the gene expressions at this map position.
using a doubled haploid population. Theor. Appl. Genet. 93:With conditional mapping, significant QTL were detected
1211–1217.

at different stages by using phenotype data, genetic
Ming, S. K., 1987 Breeding of semi-dwarf rice, pp. 66–67 in Rice,

edited by S. R. Yuang. China Agriculture Press, Beijing.main effects, and GE interaction effects, respectively. It
Ming, S. K., and Z. M. Xiong, 1983 Genetics of dwarfness in rice,was shown that gene expressions were time-dependent

pp. 69–71 in Genetics and Rice Improvement. Zhejiang Sci. & Tech.
for this genomic region. This might also explain the Press, Hangzhou.

Oba, S., F. Kikuch and K. Maruyama, 1990 Genetic analysis ofreasons the gene actions are different near the sd-1 locus
semidwarfiness and grain shattering of Chinese rice variety “Ai-(Tsai 1991; Wu et al. 1996). But, whether the actions are
Jio-Nan-Te.” Jpn. J. Breed. 40: 13–20.

the distinct expression of the sd-1 gene or expressions of
Paterson, A. H., 1995 Molecular dissection of quantitative traits:

progress and prospects. Genome Res. 5: 321–333.multiple genes at different stages needs further investi-
Paterson, A. H., S. Damon, J. D. Hewitt, D. Zamir, H. D. Rabino-gation.

witch et al., 1991 Mendelian factors underlying quantitative
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