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Molecular Marker-Assisted Dissection of Genotype X Environment Interaction
for Plant Type Traits in Rice (Oryza sativa L.)

Juqgiang Yan,* Jun Zhu, Cixin He, Mebrouk Benmoussa, and Ping Wu

ABSTRACT

A doubled haploid (DH) population of 123 lines from IR64/Azu-
cena was used to analyze the genotype X environment (GE) interac-
tion for eight plant type traits in rice (Oryza sativa L.). The total
genetic effects were partitioned into genetic main effects and GE
interaction effects. These two kinds of predicted effects were used in
mapping quantitative trait loci (QTLs). Four to nine QTLs affecting
different plant type traits were detected. Results indicated that all
common QTLs detected in both environments were controlled by
genetic main effects and some also by GE interaction effects. Some
genomic regions identified significant QTL in only one environment;
some also showed genetic main effects. Those QTLs with genetic main
effects could be used in marker-assisted selection across environments.
For some other map regions, QTLs were controlled by only GE
interaction effects without genetic main effects. Those QTLs could
be included in marker-assisted selection only for specific environ-
ments. In most cases, the pairs of traits with a high genetic correlation
shared more common QTL regions than those pairs of traits with a
lower genetic correlation.

LANT TYPE is one of the most important traits to rice
breeders. The component traits contributed to plant
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type are plant height (culm length), tiller number, culm
angle (tiller angle), leaf dimensions and angles, and pan-
icle characteristics (Chang and Li, 1991). Since the end
of the 1950s, high-yielding rice varieties of reduced plant
height with high lodging resistance, favorable plant type,
and high harvest index have been released in almost all
rice growing countries (Ming, 1987). These semidwarf,
high-yielding varieties with improved plant type have
played a vital role in the food sufficiency for countries
where rice is a staple food. The yield potential of semi-
dwarf indica rice is about 10 Mg/ha (IRRI, 1995). The
further increase in yield potential is limited for semi-
dwarf rice varieties because of (i) limited sink size, (ii)
high percentage of unproductive tillers, (iii) short grain-
filling duration, (iv) early senescence, and (v) suscepti-
bility to lodging (IRRI, 1995). In recent years, tropical
japonica varieties have been used for breeding new plant
type lines (IRRI, 1995). Some elite breeding lines of
new plant type with short stature, sturdy stems, larger
panicles, reduced tillering, and with erect dark green
and thick leaves, have been developed (IRRI, 1995).
Most plant type traits in rice are quantitatively inherited
and their performances are greatly affected by the envi-

Abbreviations: GE, genotype X environment interaction; QTLs,
Quantitative trait loci; DH, double haploid; RFLP, restriction frag-
ment length polymorphism; LOD, likelihood ratio; RAPD, random
amplified polymorphic DNA; SD, standard deviation; cM, centi-
morgan; PH, plant height; PN, panicle number; MTN, maximum tiller
number; PPT, percentage of productive tillers; TA, tiller angle; FLL,
flag leaf length; FLW, flag leaf width; FLA, flag leaf angle.
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ronment, which has made it difficult to improve plant
type traits by traditional breeding techniques (Chang
and Li, 1991; Ming, 1987). Because DNA markers are
not subject to environmental effects, marker-assisted
selection of QTLs for plant type traits might greatly
facilitate the further improvement of varieties with ideal
plant type. QTLs for some plant type traits such as plant
height and tiller number have been reported before (Wu
et al., 1996; Lin et al., 1996; Zhuang et al., 1997; Li et
al., 1995; Yan et al., 1998a,b), but no studies focusing
on mapping QTLs for rice plant type traits have been
reported yet.

Quantitative geneticists have long recognized the im-
portance of genotype X environment interactions and
have documented numerous cases of such interactions
(Falconer, 1960; Westcott, 1986). Identification of QTLs
which show consistency in expression across environ-
ments, even in diverse environments, would be desirable
for marker-assisted selection programs (Veldboom and
Lee, 1996a). Significant QTL X environment interac-
tions have been reported in a number of cases (Mo,
1996; Xu, 1997). A total of 29 putative QTLs affecting
mass per fruit, soluble solid concentrations, and fruit pH
in a tomato (Lycopersicon esculentum Mill.) population
grown in three different environments was identified
(Paterson et al., 1991). Only four QTLs were identified
in all three locations, 10 QTLs in two locations and 15
in a single location. In maize (Zea mays L.), only about
50% of the QTLs for morphological and yield traits
were detected in both stressed and non-stressed envi-
ronments (Veldboom and Lee, 1996a,b). QTLs for
maize gray leaf spot disease resistance were also found
to be inconsistent among environments (Bubeck et al.,
1993). Lu et al. (1996) detected 22 QTLs for six agro-
nomic traits in a rice DH population grown at three
locations. Only seven were significant in all three envi-
ronments, seven were significant in two environments
and eight were significant in only one environment. A
total of 44 QTLs was detected for yield components
and plant height in three trials including F, and F; gener-
ations in rice, but only 17 were detected in more than
one trial (Zhuang et al., 1997). In soybean [Glycine max
(L.) Merr.], QTLs for plant height and lodging were
inconsistent across environments, but were consistent
for maturity indicating that genotype X environment
interaction was trait dependent (Lee et al., 1996). In
contrast, QTLs were relatively consistent across diverse
environments for morphology, yield, and quality traits
in maize (Stuber et al., 1992; Schon et al., 1994; Liib-
berstedt et al., 1997a,b). However, for all these reports,
the QTL X environment interaction was predicted by
comparing the QTLs detected separately in different en-
vironments.

In the present study, we used an indirect approach
to analyze QTL X environment interaction (Zhu, 1998;
Yan et al., 1998b). Since the genetic experiment was
conducted in two replications in two different environ-
ments, the total genetic effects were first partitioned
into genetic main effects and genotype X environment
(GE) interaction effects. Then, these two kinds of pre-
dicted genetic effects were used in mapping QTLs.

QTLs of genetic main effects and GE interaction effects
for eight plant type traits including plant height (PH),
maximum tiller number (MTN), panicle number (PN),
tiller angle (TA), percentage of productive tiller (PPT),
flag leaf length (FLL), flag leaf width (FLW), and flag
leaf angle (FLA) in a DH population of indica and
tropical japonica rice evaluated in two different environ-
ments were detected. Because the tropical japonica rice
variety Azucena possessed some elite plant type charac-
ters such as sturdy stems, reduced tillering ability, and
high percentage of productive tillers, our QTL mapping
results may provide useful information for improvement
of plant type traits by marker-assisted selection.

MATERIALS AND METHODS

Materials

A population of 123 DH lines derived from a cross between
the irrigated indica variety IR64 and the upland japonica vari-
ety Azucena (Guiderdoni et al., 1992) was used in the experi-
ment. Six restriction enzymes (Dral, EcoRV, HindIIl, Scal,
Xbal, EcoRI) were used for parental polymorphism survey.
An RFLP map of the population was established by Huang
et al. (1995) from the initial population of 135 DH lines with
135 RFLP markers coving the 12 chromosomes. This map
was recently updated by adding 40 new isozyme and RAPD
markers and presently contains 175 markers covering 2005
centimorgans (cM) with an average distance of 11.5 ¢cM be-
tween pairs of markers (Huang et al., 1997). This new map
was used for QTL analysis in the experiment.

Field Experiment

The 123 DH lines and their parents, IR64 and Azucena,
were evaluated in the field in a randomized complete design
with two replications in the spring of 1996 in Hainan and in
the summer of 1996 in Hangzhou. Hainan Island is located in
the Southern China Sea with the east longitude of 110.1° and
north latitude of 18.5°. The average temperature of the year
is 25.5°C and the average temperatures in January and July
are 20.9°C and 28.4°C, respectively. It has 2239.8 hours of
sunshine and 1254.7 mm of raining per year. Hangzhou is
located in the east of China with the east longitude of 120.1°
and the north latitude of 30.1°. The average temperature of
the year is 16.2°C and the average temperatures in January
and July are 3.6°C and 28.7°C, respectively. It has 2014 hours
of sunshine and a total of 1398.7 mm of raining per year.

The warm temperature in Hainan Island is suitable for rice
to grow in the winter. Therefore, Hainan Island was used as
a natural “greenhouse” to increase the segregation process
for rice breeders in China. After the harvest of rice in autumn
in the mainland of China, the rice breeders go to Hainan
Island to plant the breeding materials. They will harvest rice
there at the end of April and return to plant and select the
breeding materials in their original locations during the normal
seasons. Therefore, most rice varieties developed in China
were alternately selected on both Hainan Island and the origi-
nal locations on the mainland. As a result, most of these rice
varieties are well adapted to Hainan Island. Hangzhou is the
major rice production area in China. Therefore, we choose
these two locations to carry out the experiment to study the
GE interaction for rice plant type traits.

The germinated seeds were sown in a seedling bed and
seedlings were transferred to the paddy field about 30 d later,
with a single plant per hill spaced at 15 by 20 cm. Each plot
included three to four lines with eight plants per line. Fertility
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Table 1. Phenotypic data for the eight plant type traits of the rice DH population evaluated in two environments.

Parent DH population
Location Trait¥ Azucena IR64 Maximum Minimum Mean SDi
Hangzhou PH 146.6 88.1 159.0 72.0 113.5 22.5
PN 5.9 11.1 17.3 5.1 8.9 24
MTN 6.7 15.3 21.2 6.7 11.7 31
PPT 88.1 71.7 95.5 50.5 76.6 9.8
TA 20.0 25.0 51.0 3.0 19.5 13.1
FLL 34.7 29.3 54.3 19.0 334 75
FLW 1.6 14 2.2 0.9 1.5 0.3
FLA 95.0 5.0 130.0 3.0 49.3 334
Hainan PH 140.1 73.7 159.9 58.6 104.3 23.7
PN 35 6.1 11.6 3.5 6.8 1.5
MTN 5.5 13.0 18.2 5.5 11.2 2.6
PPT 64.0 47.0 81.0 34.0 61.0 8.7
TA 12.5 24.7 56.3 5.7 20.8 113
FLL 25.9 171 37.8 13.4 22.8 51
FLW 1.5 1.2 2.0 1.0 1.5 0.2
FLA 70.3 11.3 93.7 4.5 40.8 23.5

T Plant type traits: PH, plant height; PN, panicle number, MTN, maximum tiller number; PPT, percentage of productive tillers; TA, tiller angle; FLL,

flag leaf length; FLW, flag leaf width; FLA, flag leaf angle.
% SD, standard deviation.

and cultivation regimes were consistent with the optimum rice
production for the two regions.

Ten days after transplanting, tiller numbers were measured
every 10 d in five central plants from each plot until all lines
had reached their maximum tiller number. The greatest num-
ber of tillers was treated as maximum tiller number (MTN).
The tiller angle (TA, the angle between main stem and its
tillers) and flag leaf angle (FLA, the angle between flag leaf
and the stem) were measured at the maximum tiller stage and
heading stage, respectively. The panicle number (PN, also
referred as to productive tiller number) were counted at matu-
rity, and the percentage of productive tillers (PPT) was calcu-
lated as the productive tiller number divided by the maximum
tillers. Plant type traits such as plant height (PH, from soil
surface to the tip of the highest spike excluding awn), flag leaf
length (FLL), and flag leaf width (FLW) were also measured at
maturity. For all these traits, the middle five plants of each
plot were measured.

Statistical Analysis Methods

Since the genetic experiments were conducted for 123 geno-
types with two blocks within two locations (as different envi-
ronments), an indirect approach was conducted to analyze
QTL X environment interaction (Zhu, 1998; Yan et al., 1998b).
The phenotypic performance of the jth genetic entry in the
kth block within Ath environment can be expressed by,

Yhik = W + Eh + GJ + GEh] + Ehik

where . is the population mean, fixed; E), is the effect of the
hth environment, E, ~ (0, o); G; is the genetic main effect,
G; ~ (0, 0%); GE, is the genotype X environment interaction
effect, GEy; ~ (0, o%g); en is residual effect, ey ~ (0, o).

The MINQUE (1) method (Zhu, 1992; Zhu and Weir,
1996), which is a MINQUE method (Rao, 1971) with all prior
values setting 1, was used to estimate variance components
for each trait and for covariance components between two
traits. Genetic and interaction correlation coefficients were
then estimated. The genetic main effects (G) and interaction
effects (GE) were predicted by the Adjusted Unbiased Predic-
tion (AUP) method (Zhu 1993, Zhu and Weir, 1996). The
Jackknife method was applied for obtaining estimates or pre-
dictors and their standard errors in a t-test for parameters
(Miller, 1974).

The composite interval mapping (CIM) method (Zeng,

1993, 1994) was applied for detecting QTLs for the predicted
genetic main effects:

Yo = Bug) T B X + 2 BiaXi T &)
and also for the predicted GE interaction effects:
Vhice) = Boen + BenXi§ + 2 BiEnXnij + EnjGE)
1

where 3, is the population mean for G or GE, B* is the QTL
effect for G or GE; Xi* is the coefficient for QTL effect; B; is
the effect for the ith marker for G or GE; Xj is the coefficient
for the ith marker effect of the jth individual; and g is the
residual error of the jth individual for G or GE.

QTL Cartographer v. 1.1b (Basten et al., 1996) was used
to detect QTLs and to estimate genetic effects of significant
QTLs. The likelihood ratio value of 11.5, which in equal to a
LOD score of 2.5 (Zeng and Weir, 1996), was used as the
threshold to declare the detection of a QTL.

RESULTS AND DISCUSSION
Transgressive Segregation of Plant Type Traits

Transgressive segregation is the term used to describe
the phenomenon in which some individuals in a segre-
gating population out perform the parents (Xu, 1997).
Significant transgressive segregation was observed for
all plant type traits examined in the current study (Table
1). For all these traits, four or more significant QTLs
were detected with opposite genetic effects (Table 2)
Results indicated that alleles with positive and negative
effects (increasing or decreasing trait values) were dis-
persed between the two parents. The occurrence of the
transgression could be directly attributed to the associa-
tion of all alleles of similar (positive or negative) effects
at the multiple QTLs in the same individual. For exam-
ple, among the nine genomic regions significantly affect-
ing PH, Azucena alleles increased PH at four (ph1, ph3-
2, ph4, and ph9) and IR64 alleles increased it at other
four regions (ph2-1, ph2-2, ph8, and ph10). The associa-
tion of these alleles with similar effects in progenies will
result in the transgressive segregation of PH in the DH
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Table 2. Map regions and estimated genetic effects of QTLs for plant type traitsi across environments.

GES§ in GES§ in
Trait QTL: Chrom Peak interval Distance Hangzhou Hainan G Hangzhou Hainan
cM
PH phl 1 RZ730-RZ801 331 —17.449 —18.98 —17.25 —4.55 —6.74
ph2-1 2 AmylA/C-RG95 12.8 6.96 6.56 6.62
ph2-2 2 RG256-RZ213 10 2.57
ph3-1 3 RG348-RZ329 13.2 2.49 —2.57
ph3-2 3 RGY10-RG418A 17.9 =722 -7.93 —7.24 —1.55 —2.76
ph4 4 RG163-RZ590 2.7 -9.38 —6.19 —4.93
ph8 8 Amy3D/E-RZ66 25.1 2.29
ph9 9 RZ422-Amy3ABC 11.2 —5.23
ph10 10 RZ625-CD093 7.4 2.61
PN pnl 1 RZ730-RZ801 33.1 1.22 0.79 0.95
pn2-1 2 Pall-RZ58 29.3 0.47
pn2-2 2 CDO0686-Amyl1A/C 8.8 -0.72 -0.72 —0.44
pn2-3 2 RG654-RG256 5.1 —0.67
pn3 3 RZ448-R7519 15 1.05 0.84 0.55
pn4 4 RZ675-RG163 21.4 0.68
MTN mtnl 1 RZ730-RZ801 331 1.63 0.78 1.19
min2-1 2 RG544-RG171 5.3 1.05
mtn2-2 2 CDO0686-Amyl1A/C 8.8 —0.91
mtn3 3 RZ448-RZ519 15 0.95 1.38 1.27 0.66
mtn4 4 RG143-RG620 5.9 0.65
mtn5 5 RZ67-RZ70 12.8 —1.04 —0.58
mtn6 6 RG172-CDO544 11.8 0.55
PPT pptl 1 RZ801-RG810 2.6 2.7 11
ppts 5 RZ70-RZ225 19.7 33 14 3.2
ppt7 7 RG511-RG477 18.4 -33 -3.0
ppt8 8 RZ66-AC5 11.8 -34 -2.9
ppt12 12 RGY58-RG181 9.8 -33 -18
TA tas 5 RG13-CDO105 4.2 3.78 2.87 2.20
ta7 7 CDO0497-CD0O418 15.1 —4.01 —2.35 -3.19
ta8 8 RGY78-RG1 15.5 -3.83 -3.39 —2.85 —2.66
ta9 9 RZ228-RZ12 4.9 9.24 7.34 7.02 4.79 2.98
FLL fli1 1 RZ730-RZ801 331 -2.92 —2.59 -2.19
fli2 2 RZ213-RG520 13.1 2.23 1.12
fli3 3 RZ394-pRD10A 18.5 -1.27
fli4 4 RG163-RZ590 28.2 —3.58 -1.93 -2.12
fll6 6 Amy2A-RG433 4.4 3.45
9 9 RZ422-Amy3ABC 11.2 -1.25 -2.14
fli1o 10 RZ625-CD0Y3 7.4 1.34
FLW flwl 1 RG173-Amy1B 15 —0.80
flw2 2 RZ318-Pall 6.3 —0.65 —0.42
flw3-1 3 RG348-RZ329 13.2 —0.63 —0.43
flw3-2 3 CDO87-RG910 9.2 -0.71 -0.39
flwd 4 RG163-RZ590 28.2 —1.84 —1.24 —-1.41 -1.03
flw7 7 PGMS0.7-CDO59 314 0.61 —0.56
flwl2 12 CDO344-RGY58 159 -0.73
FLA flal 1 RG810-RG331 9.2 —13.78 —10.04 -11.15 —6.47
flad 4 RZ565-RZ675 16.8 -10.24 -5.62
fla6 6 RG648-RG424 11 =179 —5.61
fla9 9 RZ422-Amy3ABC 11.2 -12.81 —6.12 -17.70
flal1-1 11 CDO127-RZ638 6 —10.94 —5.24
falll-2 11 RZ536-Npb186 4.5 10.19 4.91

F Abbreviations for plant type traits are the same as in Table 1.

i The names of QTLs are based on the origins of chromosomes, for example, the QTL for plant height (PH) on chromosome 1 is named as phl. ph2-1
and ph2-2 are the first and second QTL for plant height on chromosome 2, respectively.

§ G, genetic main effect. GE: genotype X environment interaction effect.
1l Minus indicates the alleles from Azucena increase the phenotype of the trait.

lines. Similar results have been reported (Li et al., 1995;
Xu, 1997).

QTL X Environment Interaction
for Plant Type Traits

Significant GE interaction effects were observed for
all eight traits of plant type investigated in the present
study (Table 3). The percentage of the total genetic
variance contributed by GE interaction effects ranged
from 9% for PH to 70% for PPT. Therefore, besides
phenotype data, the predicted genetic main effects and
GE interaction effects were also used for QTL mapping.
In most cases, the percentage of genetic main effect

variance contributed to the total genetic variance corre-
sponded well with the number and magnitude of com-
mon QTL regions in both environments (Tables 2 and
3). For example, about 90% of the total variance was
contributed by genetic main effects for PH and three
common QTLs with large magnitude were detected.
But, only about 45 and 30% of the total variance was
contributed by genetic main effects for PN and PPT,
respectively. Only one or no common QTL was detected
for these two traits in the two environments. Similarly,
those traits that showed a high percentage of genetic
main effects were associated with more QTLs or a larger
magnitude of QTLs for genetic main effects (Tables 2
and 3).
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Table 3. Estimated variances for the eight plant type traits{ in two environments.

Component:: PH PN MTN PPT TA FLL FLW FLA
Ve 476.68** 1.71%* 4.29%* 30.48* 84.47+* 17.54%* 3.72%% 374.29%*
Vee 47.17* 2.06%* 3.49%%* 71.967* 61.60%* 23.58%* 2.76%+* 40154
V. 22.25% 5.09%* 7.80%* 114.53%* 3.98 1.06 0.14 54.36*
Ve 546.10 8.86 15.58 206.96 150.05 42.18 6.62 830.19

*%* Significant at the 0.05 and 0.01 probability levels, respectively.
F Abbreviations for plant type traits are the same as in Table 1.

% Vg, Vers Vo, and Vyp are genetic main effect, genotype X environment interaction effect, residual and phenotypic variances, respectively.

Common QTLs were found in 11 genomic regions
for all plant type traits except PPT in both environments.
They also showed significant QTLs for genetic main
effects. Furthermore, seven of them showed GE interac-
tion effects in at least one environment. The expression
of gene or genes in those seven chromosomal regions
was controlled by both genetic main effects and GE
interaction effects. The other four genomic regions
showed only significant QTLs for genetic main effects,
which suggested that the gene expression was controlled
by genetic main effects without significant interaction
with the environment. Results indicated that common
QTLs detected in different environments might also
have significant GE interaction (Yan et al., 1998b).

We found some genomic regions, such as ph4 for PH,
ta5 and ta7 for TA, that exhibited significant genetic
main effects, but we only detected significant QTLs in
one location. One possible explanation for this observa-
tion is that QTLs detected in one environment were
biased because of the GE interaction. Therefore, some-
times, the QTL might be undetectable by phenotypic
data in a single environment. Another explanation
might be that the statistical method was not powerful
enough to detect some minor QTLs. For many of these
chromosomal regions, putative QTLs might be detected
only if a lower threshold of LOD score was used. The
third explanation might be due to the statistical artifact
that may be caused by the indirect method used in the
present study.

Although these QTLs were detected in only one envi-
ronment, genetic main effects were still significant.
Therefore, these QTLs could be used for marker-
assisted selection across environment. But some QTLs
such as ph9, pn2-1, and pn4 were only detected in one
environment without significant genetic main effects,
and others, for example, ph2-2, ph8, and pn2-3, were
detected only with GE interaction effects. These results
indicate that these QTLs are highly dependent on the
environmental in which they were detected and should
be considered for marker-assisted selection only for a
specific environment. The traditional QTL mapping
methods, such as interval mapping or composite interval
mapping, can only compare the differences in QTLs
detected in different environments. Our methods can
provide more information about the nature of QTL X
environment interaction, which could be useful for crop
improvement by marker-assisted selection.

The phenotype of an individual is contributed not
only by its genotype, but also by the interaction of the
genotype with the environment. In recent years, QTL X
environment interaction for different kinds of traits in
various crops have been documented (Paterson et al.,

1991; Bubeck et al., 1993; Veldboom and Lee, 1996a,b;
Lu et al., 1996; Schon et al., 1994; Stuber et al., 1992;
Lee et al., 1996; Zhuang et al., 1997). In these reports,
QTL X environment interaction was inferred by com-
paring QTLs detected separately in different environ-
ments. It is argued that a QTL detected at a specific
map region in one environment but not in another may
indicate QTL X environment interaction. This is true
only when GE interaction was not significant (Veld-
boom and Lee, 1996a,b; Jansen et al., 1995). If GE
interaction is significant, QTLs detected in one environ-
ment could be biased. Furthermore, even in the absence
of true QTL X environment interaction, a QTL can
also be detected in one environment but not in another,
because the chance of simultaneous detection in both
environments is small (Jansen et al., 1995). On the other
hand, common QTLs detected at different environ-
ments may not be conclusive in the absence of true
QTL X environment interaction (Yan et al., 1998b).
Therefore, it is impossible to exploit fully the GE inter-
action by comparing only QTLs detected in different
environments. In the present study, DH lines were eval-
uated in two different environments with two replica-
tions in each. The total genetic effects were partitioned
into genetic main effects and GE interaction effects.
Therefore, the total QTL effect could also be partitioned
into QTL main effect and QTL X environment interac-
tion effect. The detection of significant QTLs for main
effects indicates that the gene or genes at this genomic
region are expressed in both environments and not sub-
ject to environment effects. The significant QTLs for
interaction effects suggested that gene expressions at
this region were environment dependent. Therefore,
those QTLs with large genetic main effects will be more
suitable for marker-assisted selection across environ-
ments.

Common QTLs for PH among Different
Populations

In the present study, a total of nine genomic regions
was detected to be associated with PH (Table 2). Among
them, five QTLs were detected by phenotypic data in
the two environments and three QTLs (phl, ph2-1, and
ph3-2) were common to both locations. Of these, two
QTLs (phl and ph3-2) also showed significant genetic
main effects and GE interaction effects. ph2-1 showed
only significant genetic main effects and not GE interac-
tion effects. ph4, detected only in Hangzhou by pheno-
typic data, showed genetic main effects as well as GE
interaction effects in Hangzhou, but not in Hainan. ph9,
which was detected only in Hangzhou, was not detected
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Table 4. Comparing QTLs for plant height with other studies.

Present study

Common QTLs in other studies

QTLY Chrom Linked marker Populations Reference

phl 1 RZ730 CO39/Moroberekan; Palawan/IR64; Tesanai/C.B. Zhuang et al., 1997; Huang et al., 1996
ph2-1 2 RGY5 Waiyin/C.B.; Tesanai/C.B. Huang et al., 1996

ph2-2 2 RZ213 Tesanai/C.B.; Lemont/Teqing Li et al., 1995; Huang et al., 1996
ph3-1 3 RG348 CO39/Moroberekan; IR64/Azucena; Lemont/Teqing Huang et al., 1996; Li et al., 1995
ph3-2 3 RG418A IR64/Azucena Huang et al., 1996

ph4 4 RZ590 Tesanai/C.B.; IR64/Azucena Huang et al., 1996

ph8 8 RZ66 Zhaiyeqing 8/JingXi 17; Tesanai/C.B. Lu et al., 1996; Huang et al., 1996
ph9 9 RZ422 IR64/Azucena Huang et al., 1996

ph10 10 RZ625 CO39/Moroberekan Huang et al., 1996

F The name of QTLs for plant height is the same as in Table 3.

by our method. Four QTLs (ph2, ph3-1, ph8, and ph10)
were detected for GE interaction effects only, but not
found with phenotypic data or genetic main effects. By
comparing the QTLs for PH in the present study with
those reported early, we found that significant QTLs
for PH at all these nine genomic regions have been
detected in other studies (Table 4) (Huang et al., 1996;
Lu et al., 1996; Li et al., 1995; Zhuang et al., 1997). For
example, ph1l which linked to RZ730 on chromosome
1, has been detected in at least three other populations
including Co39/Moroberekan, Palawan/IR42 and Tesa-
nai/C.B. (Huang et al., 1996; Zhuang et al., 1997). Simi-
lar result was also observed for panicle number. For
example, common QTLs for pnl and pn4 were also
found in other populations (Wu et al., 1996; Lin et
al., 1996).

Correlations between Plant Type Traits

The discovery of common chromosomal segments ex-
plains the genetic correlations obtained between traits.
In the present study, it was found that the map region
near RZ801 on chromosome 1 was associated with all
of the investigated plant type traits except TA and FLW.
In most cases, significant correlations were also ob-
served between pairs of these traits. Results also showed
that pairs of traits with a higher genetic correlation
had more common QTL regions or QTLs with larger
magnitude in common than those with a lower genetic
correlation (Table 2; Table 5). Significant negative cor-

Table 5. Correlations among plant type traits.

relations were observed between PH and TN, as well
as MTN. Five QTLs with opposite genetic effects were
detected at similar chromosomal regions for both PH
and PN. Three common QTLs with opposite genetic
effects for PH and MTN were also found. Positive ge-
netic main effect correlations among PH and FLL and
FLA were also significant. There were three to four
common QTLs for genetic main effects detected be-
tween these two pairs of traits. Genetic main effect
correlations between PPT and MTN, FLL and TA, FLL
and FLW, and FLL and FLA were all significant and
common QTLs were detected. Significant correlations
between TA and other traits were not observed, nor
were common QTLs detected. It is interesting to note
that some pairs of traits such as PH and FLL, PN and
FLL, and PH and FLA showed significant correlations
for genetic main effects but not GE interaction effects
(Table 5). Although several common genomic regions
affecting these pairs of traits were detected, no or only
one QTL exhibited significant GE interaction effects
in common. Results explain the genetic basis for the
observation of significant correlations of genetic main
effects and insignificant correlations for GE interaction
effects among these pairs of traits.

The genetic correlations between pairs of traits could
be contributed by either gene linkage or pleiotropy (Xu,
1997). In the current study, for most of the cases, the
magnitude of genetic correlations corresponded well
with the number of common QTL regions affecting both

Trait PH PN MTN PPT TA FLL FLW FLA
PH rei —0.64%** —0.527%** —0.18 —0.06 0.807* 0.29 0,777
ree —0.28* —0.10 —0.30 —0.06 0.30 0.37 -0.11
PN rgie —0.47%%* g 0,954 0.00 —0.01 —0.607* —0.497%k* — 0,24k
p —0.27%#%* rGe 0.69 0.39* 0.18 —0.09 0.10 0.37
MTN rgice —0.39 0.81#%* rG —0.34% 0.06 —0.45%* —0.437%%* —0.02
rp —0.23%%* 0.81 755 ree -0.33 —0.03 0.08 —0.22 —0.02
PPT rg.ce —0.16 0.25 —0.31 G —0.22 -0.29 0.17 —0.48
rp —0.11 0.33 —0.25 ree 0.35 —0.19 —0.48 0.40
TA rgice —0.06 0.08 0.02 0.12 rg —0.10 0.00 0.02
rp —0.05 0.03 0.01 0.04 ree -0.13 —0.02 —0.06
FLL rg6e 0.57 —0.32 —0.18 —0.22 —0.11 g 0.36 0.727%%*
rp 0.55% —0.19* —0.12 -0.13 —0.11 ree 0.49* —0.02
FLW rgiqe 0.28 —0.29%%* —0.34 -0.22 —0.01 0.42+#%% g 0.21#%*
p 0.27 —0.30% —0.24 -0.13 —0.01 0.42%%% g —0.05
FLA rgie 0.497%#% 0.08 —0.02 0.10 —0.02 0,327 0.09
rp 0.445% 0.07 —0.01 0.07 —0.03 0.307%%* 0.08

* gk ek Significant at the 0.05, 0.01, and 0.001 probability levels, respectively.

F Abbreviations for plant type traits are the same as in Table 1.

i The upper angle indicates genetic main effects (r;) and GE interactions (rgz) correlations and the low triangle indicates total genotype (rg.cr) and

phenotype (rp) correlations, respectively.
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traits; however, our genetic map only has 175 molecular
markers, which is not dense enough to distinguish these
two kinds of effects. But this information is still useful in
marker-assisted selection for the improvement of plant
type traits in rice. The genomic region near marker
RZ801 on chromosome 1 detected common QTLs for
PH, PN, MTN, PPT, and FFL and FLA, suggesting that
this chromosome region plays an important role for the
rice plant type traits. Therefore, by the selection of only
one molecular marker, it is possible to improve several
related traits simultaneously. It is possible to select indi-
viduals with shorter PH, higher PN and PPT, shorter
FFL, and small FLA at the same time by the assisted
selection of marker RZ801. This will make the molecu-
lar marker assisted selection for improvement of rice
plant type traits more efficient.
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