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Association of quantitative trait loci for plant
height with major dwarfing genes in rice
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Quantitative trait loci (QTLs) for plant height in rice were mapped on to RFLP maps in five
populations, whose sizes varied from 135 to 250. A total of 23 QTLs were located in all 12 rice
chromosomes, and eight of these QTLs were shared by at least two populations. The positions
of the 23 mapped QTLs were compared to the positions of 13 major dwarfing or semi-dwarfing
genes previously linked to RFLP markers. Results indicated that all 13 dwarfing or semi-
dwarfing genes were in close proximity to the QTLs, providing evidence to support the
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hypothesis that QTLs and major genes were different alleles of the same loci.
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Introduction

Recently, DNA markers such as restriction fragment
length polymorphisms (RFLP) and specific amplicon
polymorphisms (SAP) have provided hundreds of
new markers which can be readily mapped in a
single population. The rapid development of these
DNA markers has resulted in the construction of
three independent molecular maps in rice (Saito et
al., 1991; Causse et al., 1994; Kurata et al., 1994).
These maps have been used to locate a series of
major genes governing resistance to bacterial blight
(Ronald et al., 1992; Yoshimura er al., 1992; Zhang
et al., 1994), blast (Yu, 1991), brown plant hopper
(Ishii et al., 1994) and gall midge (Williams et al.,
1994) and genes for morphological characters such
as plant height (Yu, 1991; Ideta et al., 1992; Kishi-
moto et al., 1993; Abenes et al., 1994; Liang et al.,
1994).

The rice RFLP marker maps also permit the
mapping of quantitative trait loci (QTLs). Wang et
al. (1994) identified 10 QTLs which contributed to
partial blast resistance by RFLP analysis of about
300 recombinant inbred lines derived from an

*Correspondence.

fICurrent address: Department of Plant Pathology, University of
California, Davis, CA 95616, U.S.A.

ttCurrent address: Department of Soil Sciences and Plant Nutri-
tion, Zhejiang Agricultural University, Hangzhou, China.

indica/japonica cross. Taking advantage of the avail-
able RFLP data, Champoux ef al (1995) located
genes associated with root morphology and drought
avoidance in the same population. RFLP analysis
has also been used to map genes for associated
nitrogen fixation and genes whose interaction condi-
tions the spikelet fertility in an F, population of an
indica/japonica cross (Wu et al., 1995a,b).

Some of the QTLs identified for partial resistance
to blast are associated with major genes although it
remains unclear if the QTLs and major genes are
different alleles of the same loci or if they are
closely linked (Wang et al., 1994). Beavis et al
(1991) observed a similar situation with plant height
in four maize populations. They found that QTLs
for plant height were associated with 13 of the 18
major genes known to affect plant height. This
conclusion was based on the approximate alignment
of the RFLP map and the conventional marker map.
It was felt that the association between quantitative
and qualitative genes could be more accurately
examined if the major genes were mapped relative
to the RFLP markers (Beavis et al., 1991). Both
studies seem to support the hypothesis that the
major and minor genes are different alleles of the
same loci (Robertson, 1985).

In this paper, we report the identification of QTLs
for plant height in five rice populations. We then
compare these QTLs with the major gene loci which
have been mapped relative to RFLP markers. We
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found a strong association between QTLs for plant
height and major dwarfing genes in rice.

Materials and methods
Populations

The five populations used in this study are listed in
Table 1 and were derived from either indica/japon-
ica crosses (CO39/Moroberekan, IR64/Azucena,
Palawan/IR42) or indica/indica crosses (Tesanai2/
CB, Waiyin/CB). Details of population development
have been previously described (Huang et al., 1994;
Wang et al., 1994; Wu et al., 1995a; Lin et al., 1996).
Except for IR42 and IR64 which carry the semi-
dwarfing gene sd-1, it is not clear what major genes
for plant height are carried by other parental lines.

RFLP analysis

Procedures for DNA extraction, restriction diges-
tion, gel electrophoresis, Southern transfer and
DNA/DNA hybridization followed the standard
techniques (Ausubel et al., 1993). After a parental
polymorphism survey, polymorphic RFLP markers
(those coded as RG, RZ and CDO were provided
by S. D. Tanksley, Cornell University, U. S. A. and
those coded as Npb were provided by A. Saito,
Tsukuba, Japan) covering all 12 rice chromosomes
were scored for each population. The number of
polymorphic markers scored in each population is
given in Table 1. These markers were used to
construct linkage maps using the computer program
mapMakeRr (Lander et al., 1987) with map distances
estimated by the Kosambi function in the program.

Plant height

Plant heights of the parents and their progenies
were recorded. According to the Standard Evalu-
ation System for Rice (IRRI, 1988) the definition of

Table 1 Rice populations used in mapping QTLs for plant
height

Population No. markers Type of
Crosses size scored  population
CO39/Moroberekan 230 147 RIL
IR64/Azucena 135 135 DHL
Palawan/IR42 231 104 F,
Tesanai2/CB 17 93 F,
Waiyin/CB 171 101 F,

RIL, recombinant inbred lines; DHL, doubled haploid
lines.
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the plant height in this study is the distance in cm
from the soil surface to the tip of the tallest panicle
at maturity (awns excluded). Two replicated trials
were conducted for recombinant inbred lines (RILs)
and doubled haploid lines (DHLs) whereas there
was no replication in each of the F, populations.
The individual plot consisted of three 5 m long rows,
with 30 cm spacing between the rows and 25cm
between plants. To avoid border effects, 10 plants in
the middle rows of each line were scored for plant
height and the average of 10 plants in each replica-
tion was used for QTL analysis. Three populations
(CO39/Moroberekan, IR64/Azucena, Palawan/IR42)
were grown at the International Rice Research Insti-
tute, Philippines and the other two populations
(Tesanai2/CB, Waiyin/CB) were grown at the China
National Rice Research Institute, Hangzhou, China.
Standard field management was practiced.

Statistical analysis

Two standard methods for QTL detection were
used. MAPMAKER/QTL (Lander & Botstein, 1989) and
one-way anova were performed using individual
measurements for data derived from F, populations
or the overall means of each line from the recombi-
nant inbred population or the doubled haploid
population. The results of these two procedures
were similar. One-way aNova with replicated data
was also performed for the doubled haploid popula-
tion. The results were generally the same as those
from aNova with overall means although giving
slightly higher sensitivity in detecting QTLs of minor
effect as reported by Stuber et al. (1992). The
threshold for declaring a QTL for plant height was
P <0.01 for all populations except for the population
derived from CO39/Moroberekan. Here, we used
P <0.001 to declare a QTL as recommended in the
original mapping for rice blast resistance because
the population is strongly biased toward the indica
parent, CO39 (Wang et al., 1994).

Comparison of QTLs mapped in the five
populations

To determine the total number of QTLs identified,
we pooled the QTLs identified from each of the five
populations studied. Although the types of popula-
tions used were different (DHLs, RILs and Fss), the
type of RFLP markers used was the same (Causse et
al., 1994) so the map locations of the QTLs could be
readily compared. The RFLP map developed from
DHLs (Huang et al., 1994) was used as a basic
framework map because it is used by many other
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scientists to map QTLs. Using this as the basic
framework map will facilitate QTL comparisons in
the future.

Two strategies were used to pool the QTLs. They
were located directly on the map if the linked
markers were already on the map. For example, six
QTLs in the CO39/Moroberekan population were
linked to RFLP markers, namely RG331, RG104,
RG351, RG257, RG103 and RGS574 (Table 4).
These markers were in the framework map, so the
QTLs were located on the map directly. When the
linked RFLP markers were not in the framework
map, the map of Causse et al. (1994) was used to
bridge all the RFLP markers. In this way, all QTLs
mapped in the five populations were placed in one
map (Fig. 1). Their relative positions are covered by
the lengths of bars on the map.

Table 2 Phenotype of plant height in five populations of rice

Positioning of dwarfing or semi-dwarfing genes
onto the RFLP map

A total of 13 dwarfing or semi-dwarfing genes have
been previously linked to RFLP markers directly or
indirectly (Table 3). Upon positioning these genes
on the framework map, they can be divided into
three groups. The first group of mutants was those
reported to be linked to RFLP markers already on
the framework map. This includes mutants d-5 and
d-27 which were then placed on the map directly.
The second group of mutant genes was those
linked to RFLP markers which were not on the
RFLP framework map. This includes mutant genes
sd-1, d-10, d-30, d-11, d-33, d-18 and sdg. To place
these genes on the framework map, we first placed
them on the map of Causse et al. (1994) and then

Female  Male Population
Population parent  parent mean+SD  Skewness Kurtosis
CO39/Moroberekan 128 60 88.4+189 0.48 —0.76
IR64/Azucena 73.5 1415 103.2+21.7 0.20 0.54
Palawan/IR42 164.3 91.1  123.7%+21.1 0.15 0.09
Tesanai 2/CB 103.3 66.9 96.0+16.2 0.15 0.74
Waiyin/CB 108.9 66.9  108.4+20.3 —0.26 0.02

Table 3 Qualitative genetic loci for plant height in rice and the linked markers

Chromosome Linked

Gene no. marker Reference

d-10 1 RG462 Yu (1991)

sd-1 1 RG220 Cho et al. (1994)

d-18 1 Npb96 Ideta et al. (1992)
RZ288 Xiao et al. (1992)

d-5 2 RG256 Yu (1991)

d-30 2 Npb243 Saito et al. (1991)
RG171 Xiao et al. (1992)

d-32 2 10% from d-30 Kinoshita (1993)

d-56 3 Linked to Hg Kinoshita (1993)
Hg linked to RG348 Yu (1991)

d-31 4 Linked to Pr Kinoshita (1993)
Pr linked to RG63 Yu (1991)

d-11 4 CDO456 Yu (1991)

d-11 4 Npb301 Ideta et al. (1992)
RG163 Xiao et al. (1992)

sdg S RZ182 Liang et al. (1994)

d-9 6 Linked to Se-1 Kinoshita (1993)
Se-1 Linked to RG64 MacKill ez al. (1993)

d-27 11 RG103 Abenes et al. (1994)

d-33 12 Npb402 Kishimoto ef al. (1993)

12 RZ76 Xiao et al. (1992)
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Fig. 1 RFLP map of rice showing QTLs for plant height in five populations and the major gene loci (Table 2). The most
likely positions of the QTLs (P <0.01 for all populations except P <0.001 for CO39/Moroberekan) on the map are
indicated by bars of different patterns which represent the population used. The major dwarfing genes are placed on the
map based on their direct or indirect linkage to RFLP markers (see Materials and methods for details).

related them to markers in Fig. 1. For example,
mutant d-10 is closely linked to RG462 (Yu, 1991),
which is in turn closely linked to RG345 (Causse et
al., 1994), so d-10 is placed next to RG345 (Fig. 1).
Mutant d-30 has been placed next to Npb243 (Saito
et al., 1991). RFLP map integration showed that
Npb243 and RG171 are very close to one another
(Xiao et al., 1992), so d-30 is placed next to RG171.
Mutants d-11, d-33, d-18 and sdg in this group were
positioned using the same approach. Two papers
(Yu, 1991; Cho et al., 1994) were consulted to place
sd-1 on the framework map. After considering the
overall arrangement of RFLP markers and their
linkage to sd-1, we agreed to place sd-1 near RG220
and between RG690 and RZ730 on the map of
Causse ef al. (1994).

The third group of mutants was those linked to
other types of markers such as isozyme or morpho-
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logical markers. These markers have been shown to
be linked to RFLP markers. This group includes
mutants d-32, d-56, d-31 and d-9. To place these
genes on to the framework map, we placed the
mutant loci, linked markers and RFLPs on the map
of Causse et al. (1994) and then positioned the
mutants as in Fig. 1. In doing so, other available
information was also taken into account. For
example, d-32 is 15 ¢cM away from d-30 on chromo-
some 2 (Kinoshita, 1993). It has been shown that
d-30 is linked to Npb243/RG171 (Saito et al., 1991;
Xiao et al., 1992). By reference to the integration of
RFLP and conventional genetic maps (Kishimoto et
al., 1993), d-32 is believed to be located near RG157
instead of RG437 (Fig. 1). The same approach was
used to position the other three mutants (Fig. 1).
We have placed two mutant genes, d-10 and d-11,
in two different locations (Fig. 1). Based on the map
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alignment, d-10 should be at the end of chromosome
1 but Yu (1991) reported d-10 to be linked to
RG462 which is located in the middle of chromo-
some 1. Two different groups (Yu, 1991; Ideta et al.,
1992) have mapped d-11 with RFLP markers on
chromosome 4 but at two different locations (Fig. 1).

Results

Identification of QTLs for plant height in the five
populations

To identify QTLs for plant height, five populations
were used (Table 1). Table 2 shows the phenotypic
performance of plant height in all five populations.
The difference in plant height between the two
parents is significant. The means of the populations
are generally between the two parents except in
Waiyin/CB where the mean of the population is
about the same as that of Waiyin. The values of
skewness and kurtosis are all less than 1 indicating
normal distributions of plant height in these five
populations. Both single factor and interval analyses
were performed to identify QTLs affecting plant
height. The same curves of LOD scores and F-values
were observed and an example is given in Fig. 2.

A total of 12 QTLs for plant height were identi-
fied in the TR64/Azucena population (Fig. 1). These
QTLs were located on seven different chromosomes.
The effect of the QTLs varied. The one on chromo-
some 1 had the largest effect among all QTLs in the
IR64/Azucena population, controlling 64 per cent of
the phenotypic variation. A total of 12 QTLs for
plant height were identified from the CO39/Mor-

20

oberekan population (Fig. 1, Table 4). These QTLs
were distributed over eight chromosomes. Three
QTLs were located on chromosome 1 and two were
located on chromosomes 7 and 12. A relatively small
number of QTLs for plant height were identified
from the three other F, populations. Two QTLs
were detected in the Palawan/IR42 population and
three were located in the Waiyin/CB population.
Seven from the Tesanai 2/CB population were
located on seven rice chromosomes (Fig. 1).

The pooling of QTLs for plant height (see Materi-
als and methods) permits the comparison of the
QTLs identified in each population (Fig. 1). Eight
QTLs were shared by at least two populations but

Table 4 QTLs identified from the CO39/Moroberekan
rice population

LOD Score

0 o

1 | T
O v o Qo — 0L M
oo ED:E oo @

RG532 —

Linkage map of Chromosome 1 (IR64/Azucena)

Markers
linked Chromosome
to QTLs no. F-value P-value
RG331 1 25.5310 0.0000010
RZ744 1 22.0785 0.0000051
RG612 1 16.6020 0.0000691
RG104 3 17.6810 0.0000402
RG864 4 12.1743 0.0006048
RG64 6 33.6397 0.0000000
RG351 7 30.7234 0.0000001
RG528 7 14.2698 0.0002130
RG257 10 24.2956 0.0000018
RG103 11 18.7966 0.0000236
RG869 12 11.9934 0.0006603
RG574 12 13.1730 0.0003684
=150
- 100
b8
[ 8
w
I 50
t Fig. 2 LOD plot and F-value curve on
1 a linkage map of chromosome 1 in the
L IR64/Azucena population. The LOD
] plot is generated by MAPMAKER/QTL

and F-values are derived from a
one-way aNova for plant height. The
QTL is located between RG690 and
RG331, with the most likely position
being near RZ730.

RG246 —
RG472
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no single QTL was shared in all five populations.
Fifteen QTLs for plant height were present in only
one of the five populations. The sharing of QTLs by
two or more populations indicated that the genes
residing at those loci were segregating in those
populations. At least 23 QTLs for plant height were
identified from all five populations distributed over
all 12 rice chromosomes. The abundance of QTLs
from five populations indicated that many loci in the
rice genome influence plant height which is congru-
ent with the large number of known mutants affect-
ing plant height (Kinoshita, 1993).

Association of a QTL for plant height and the semi-
dwarfing gene sd-1

An alignment with results obtained by Yu (1991)
and Cho et al. (1994) showed that a QTL identified
in chromosome 1 of the DH population was in the
same region as the semi-dwarfing gene sd-1. The
pedigree of IR64 indicates that it carries the semi-
dwarfing gene sd-1 (IRRI, 1975). It is possible that
the QTL identified on chromosome 1 in the
IR64/Azucena population is sd-1. As in IR64, IR42
is also a semi-dwarf variety carrying sd-I (IRRI,
1975). Analysis by one-way ANOvA and MAPMAKER/
oTL on chromosome 1 showed that a strong QTL
was near the RFLP marker, RZ730 (Fig.1). The
QTL identified on chromosome 1 is likely to be the
qualitative semi-dwarfing gene sd-1.

The semi-dwarfing gene sd-1 is a recessive mutant.
If the wild-type allele of the sd-1 locus also has an
effect on plant height, it should be detectable if it is
segregating in a population. We found that in two
out of three populations a QTL is located in the
area close to RZ730, supporting allelic association
of mutant allele sd-1 and the QTL.

Assaciation of QTLs for plant height and other
dwarf mutants

In order to associate the QTLs for plant height with
other dwarfing mutant genes, we need to have the
major genes mapped relative to the RFLP markers.
We have recently mapped a tillering dwarfing gene
(d-27) and found it to be closely linked to the RFLP
marker RG103 (Abenes ef al., 1994) where a QTL
was placed in this study (Fig. 1). Encouraged by this
result, we compiled a list of dwarfing or semi-dwar{-
ing genes which have been mapped to RFLP
markers either directly or indirectly (Table 3). These
genes were placed on to the framework map (see
Materials and methods).
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Based on the location of both QTLs for plant
height and major dwarfing genes, it is evident that
all dwarfing genes are located very close to QTLs
(Fig. 1). There is not a single case where the dwarf-
ing gene is not associated with a QTL. There must
be an underlying reason for this high level of asso-
ciation between QTLs for plant height and major
dwarfing genes. The best explanation is Robertson’s
(1985) hypothesis which states that quantitative and
qualitative trait loci are the same.

Discussion

In this study, we have mapped at least 23 QTLs in
five populations. Both permanent populations (RILs
and DHLs) and standard F, populations were used
for QTL mapping. Only a small number of QTLs
were identified from the three F, populations. These
QTLs tend to appear in other populations as well,
indicating the validity of mapping QTLs for plant
height in F, populations. Genotypically identical
seeds can be produced from permanent populations
and therefore replicated trials can be performed.
Block effect, replication effect and random errors
can be minimized or partitioned out so that the
sensitivity of QTL detection can be increased. This
may explain why more QTLs were mapped in both
RILs and DHLs than in F, mapping populations.
Other studies have also shown that in QTL mapping
analysis, the use of permanent populations offers
advantages over nonpermanent populations.

Among the QTLs identified in the five popula-
tions, eight were identified in at least two popula-
tions. Fifteen QTLs were detected only in one
population. There are several possible explanations
for these observations: (i) there is no variation
between the two parents for some QTLs, so there
was no segregation for those QTLs; (ii) lack of gene
expression in some populations because of different
genetic backgrounds; (iii) environmental effects
which confound the expression of some QTLs,
especially for F, populations where QTLs with very
small effects cannot be detected without replicated
trials.

Plant height in rice is generally considered to be
controlled by both qualitative and quantitative
genes. It is further assumed that qualitative genes
play a major role whereas quantitative genes play a
minor role. This assumption implies that qualitative
and quantitative genes for plant height in rice are
different genes. However, there is a very strong
association between the map locations of both QTLs
and major dwarfing genes, indicating that qualitative
and quantitative genes may be different alleles at the
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same loci. Robertson (1985) suggested that qualita-
tive genes are null or near-null alleles of quantitative
loci. The results of the present study tend to support
Robertson’s hypothesis. The general alignment of
the RFLP and conventional maps of maize has also
shown that QTLs for plant height are associated
with major dwarfing genes (Beavis ez al., 1991).

This study deals with plant height. However, we
assume that the observation that quantitative genes
are alleles of qualitative loci may not apply just to
plant height. Indeed, some major genes for blast
resistance have been shown to be associated with
minor resistance genes (QTLs) (Wang et al., 1994).
Furthermore, we have observed that Xa-4 behaves
as a qualitative gene for resistance to some races of
bacterial blight pathogen but as a quantitative gene
to other races (R. Nelson & N. Huang, unpublished
data). It is possible that this observation of associa-
tion between major and minor genes may apply to
many other characters.
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