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Abstract To detect quantitative trait loci (QTLs) con-
trolling seed dormancy, 98 BC

1
F
5

lines (backcross in-
bred lines) derived from a backcross of Nipponbare
(japonica)/Kasalath (indica)//Nipponbare were ana-
lyzed genetically. We used 245 RFLP markers to con-
struct a framework linkage map. Five putative QTLs
affecting seed dormancy were detected on chromo-
somes 3, 5, 7 (two regions) and 8, respectively.
Phenotypic variations explained by each QTL ranged
from 6.7% to 22.5% and the five putative QTLs ex-
plained about 48% of the total phenotypic variation in
the BC

1
F
5

lines. Except for those of the QTLs on
chromosome 8, the Nipponbare alleles increased the
germination rate. Five putative QTLs controlling
heading date were detected on chromosomes 2, 3, 4,
6 and 7, respectively. The phenotypic variation ex-
plained by each QTL for heading date ranged from
5.7% to 23.4% and the five putative QTLs explained
about 52% of the total phenotypic variation. The Nip-
ponbare alleles increased the number of days to head-
ing, except for those of two QTLs on chromosomes
2 and 3. The map location of a putative QTL for
heading date coincided with that of a major QTL for
seed dormancy on chromosome 3, although two major
heading-date QTLs did not coincide with any seed
dormancy QTLs detected in this study.
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Introduction

Seed dormancy is one of the most important traits in
the breeding programs of cereal crops because it is
associated with pre-harvest sprouting (Seshu and Sor-
rells 1986). Seed dormancy is defined as the inability of
viable seed to germinate under environmental condi-
tions favorable to germination. However, it is difficult
to measure such inability in seeds. Seed dormancy is
usually estimated by germination rate, but complex
inheritance of seed dormancy has been noted by
breeders and geneticists (Takahashi 1997). In barley
and wheat, seed dormancy is affected by environmental
conditions during the ripening stage and by storage
conditions, as well as by complex genetic factors (An-
derson et al. 1993; Laura et al. 1995). The recent devel-
opment of molecular markers has made it possible to
identify individual genetic factors controlling such
complex traits as seed dormancy (Tanksley 1993), and
several genes affecting seed dormancy in barley and
wheat which have been identified using these markers
(Anderson et al. 1993; Flintham and Gale 1995; Laura
et al. 1995; Larson et al. 1996).

In rice, however, only a few reports have been pub-
lished on the genetics of seed dormancy (Seshu and
Sorrels 1986; Das 1995; Takahashi 1997). No gene for
seed dormancy with its chromosomal location has been
reported. This might also be due to complex inherit-
ance and environmental interactions. Recently, four
rice molecular linkage maps have been developed by
independent research groups (McCouch et al. 1988;
Saito et al. 1991; Causse et al. 1994; Kurata et al. 1994).
These linkage maps have facilitated analyses of quantit-
ative trait loci (QTLs) controlling several complex trai-
ts, such as yield-related traits (Xiao et al. 1996), blast



resistance (Wang et al. 1994), heading date and plant
height (Li et al. 1995; Yano et al. 1997), root morpho-
logy (Champoux et al. 1995), and seedling vigor (Re-
dona and Mackill 1996). In the present study, we have
developed BC

1
F
5
lines (backcross inbred lines: BILs) as

a permanent mapping population to facilitate QTL
analysis in rice. We describe here the construction of
a framework linkage map of the BILs and the identi-
fication of QTLs associated with seed dormancy and
heading date using these BILs.

Materials and methods

Plant materials

A japonica variety, Nipponbare, was crossed with an indica variety,
Kasalath. The resultant F

1
plant was crossed with Nipponbare to

produce BC
1
F

1
seeds. Ninety eight BC

1
F
5

lines (backcross inbred
lines: BILs) were developed from the resultant BC

1
F
1

plants by the
single-seed descent method. The 98 BILs and their two parental lines
were sown on 19 April 1995. Their seedlings were transplanted on 26
May and were grown under natural conditions in Tsukuba, Japan
(latitude 38°N). One individual from each BIL was selected and leaf
tissue was collected for the extraction of total DNA. Heading date
and seed dormancy were measured based on selected individuals.

Evaluation of seed dormancy and heading date

Seed dormancy was evaluated in terms of germination rate. Two
panicles were collected from the selected individuals on the 40th day
after heading and were immediately placed under conditions of 30°C
and 100% relative humidity for 7 days. The germination rate of each
selected individual was scored as a percentage of germinated seeds in
the total numbers of seeds on the two panicles. To normalize the
variances, the percentage germination rate of each individual was
transformed to the arc sine ["arc sine(s)1@2] and the transformed
data were used for QTL analysis. The day when the first panicle
became exposed in the selected individual was scored as the heading
date of the individual. The number of days required from seeding to
heading (days to heading) was used in the QTL analysis.

RFLP analysis

Total DNA was extracted from the leaf tissue of each selected
individual according to the CTAB method (Murray and Thompson
1980). The DNA was digested with eight restriction enzymes,
BamHI, BglII, EcoRV, HindIII, ApaI, DraI, EcoRI and KpnI. Elec-
trophoresis and Southern blotting were performed according to
Kurata et al. (1994). From the high-density linkage map we selected
as probes 245 clones that were distributed evenly in the 12 chromo-
somes. Southern hybridization and detection were carried out ac-
cording to the protocols of the ECL direct nucleic acid labelling and
detection system (Amersham International).

Linkage analysis

Linkage groups and the order of markers were determined using
MAPMAKER/EXP (Lander et al. 1987). Since MAPMAKER/EXP
did not have an option for backcross inbred lines, the ‘f2 intercross’
mode was employed to determine the linkage groups and the marker

orders in each linkage group. To avoid detecting pseudo-linkages of
markers, relatively higher threshold levels (LOD'3.0 and genetic
distances (18cM) were employed to establish linkage groups. The
recombination frequency (r) of one meiosis between two markers
was estimated from the formula, r"2w/(3!4 w) (where ‘w’ is the
frequency of observed recombinants between two markers). This
formula was developed based on that for recombinant inbred lines
(Haldane and Waddington 1931) with a slight modification. Geno-
type information of heterozygous individuals was treated as missing
data for the estimation of recombination frequency.

The Kosambi mapping function was used to transform the recom-
bination frequency to genetic distances (Kosambi 1944). The chi-
square test was used to check the segregation ratios of individual
markers against expected Mendelian inheritance ratios. The propor-
tions of chromosome regions that were heterozygous or
homozygous were estimated using the computer software HYPER-
GENE (Young and Tanksley 1989).

QTL analysis

Chromosomal locations of putative QTLs were determined by
single-point analysis using the general linear model (GLM) proced-
ure of SAS (SAS Institute 1989). The one-way ANOVA involved
testing the significance of association at each locus between two
genotype groups (homozygous for Nipponbare and Kasalath alleles)
for two traits, seed dormancy and heading date. A probability level
of 0.01 was employed as a threshold to detect significant mean
differences between the two genotype groups for the two traits.
MAPMAKER/QTL software (Lander and Botstein 1989; Lincoln et
al. 1993) was also used to estimate the effects of Kasalath alleles on
detected QTLs in the ‘f2 backcross’ mode. Two-way analysis of
variance with the PROC GLM in SAS (SAS Institute 1989) was also
performed to detect epistatic interaction between detected QTLs
using genotype data of the nearest marker for each putative QTL.

Results

Linkage map and genome composition of the BILs

All 245 markers were grouped into 17 linkage groups
using the ‘f2 intercross’ mode of MAPMAKER/EXP.
The 17 linkage groups were further arranged into 12
linkage groups according to known linkage informa-
tion on the high-density linkage map of Kurata et al.
(1994). A linkage map with a total distance of
1179.9 cM was constructed (Fig. 1). The average dis-
tance between markers was 4.8 cM. All determined
marker orders agreed with those of the published rice
genetic map (Kurata et al. 1994).

The percentage of the Nipponbare genome in each
line ranged from 49.3% to 91.3% with an average of
74.2%, which was not significantly different from the
expected 75% (Fig. 2). The percentage of heterozygous
regions ranged from 0.5% to 20.7% with a mean value
of 4.6%, not significantly different from the expected
3.1% (Fig. 2).

The segregation ratios of the two genotype classes in
most loci fitted the expected Mendelian ratio of 3 (Nip-
ponbare) : 1 (Kasalath). Segregation distortion was
observed for 12 loci on chromosomes 2, 3, 4 and 5, at
P(0.01 (Fig. 1). The frequency of Kasalath alleles
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Fig. 1 Linkage map and the positions of QTLs for seed dormancy
and heading date. Black and striped bars represent putative region of
QTLs for seed dormancy and heading date, respectively. A reduc-
tion of 0.5 LOD value from LOD peaks was used to define left and
right borders of the confidence interval in MAPMAKER/QTL.
Based on ANOVA, markers which were significant at the 0.01
probability level are indicated in a box, and arrows indicate the
nearest marker locus to the QTL in the markers analyzed. Loci with
significant segregation distortion from the expected segregation ra-
tio (P(0.01) are marked with ** or KK; ** and KK show that the
frequency of the Kasalath allele and the Nipponbare allele was
increased in the region, respectively

increased in regions on chromosome 2, 3 and 5, while
segregation distortion on chromosome 4 showed that
the frequency of Nipponbare alleles increased.

Variations in seed dormancy and heading date in BILs

The germination rates of the two parents, Nipponbare
and Kasalath, were 92% and 6.3%, respectively. The
germination rates of BILs ranged from 0% to 100%
with continuous variation (Fig. 3). Days to heading in
Nipponbare and Kasalath were 122 and 113 days,
respectively. Days to heading in BILs ranged from 106
to 146 days, also with continuous variation (Fig. 3).
Transgressive segregants with late heading were ob-
served. A significant negative correlation (r"!0.49,

P(0.01) was evident between germination rate and
days to heading.

QTLs for seed dormancy

Five putative QTLs associated with the seed dormancy
were detected based on ANOVA. These putative QTLs
were located in the vicinity of C1488 on chromosome 3,
R830 on chromosome 5, R1440 and R1245 on chromo-
some 7, and C390 on chromosome 8 (Fig. 1, Table 1).
MAPMAKER/QTL also confirmed the existence of
three putative QTLs in the vicinity of markers C1488,
R1440 and R1245 using an empirical threshold of
LOD"2.0. However, the other two putative QTLs in
the vicinity of markers R830 and C390 were not con-
firmed based on this threshold. The additive effects of
Kasalath alleles in the five putative QTLs ranged from
!6.9 to !12.8 in the arc-sine transformation of ger-
mination rate. Nipponbare alleles increased the germi-
nation rate of the putative QTLs on chromosome 3,
5 and 7, while Kasalath alleles increased the germina-
tion rate of the QTL on chromosome 8. The percentage
of phenotypic variation explained by each QTL ranged
from 7.0% to 25.6% based on GLM/SAS, and from
6.7% to 22.5% based on MAPMAKER/QTL. Total
phenotypic variation explained by the five putative
QTLs was 48.2% based on the multiple QTL model in
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Fig. 2 Frequency distributions of
the percentage of the Nipponbare
genome (A) and heterozygosity
(B) in the 98 backcross inbred
lines

Fig. 3 Frequency distributions of
germination rate (A) and days to
heading (B) in 98 backcross
inbred lines

Table 1 Putative QTLs of seed dormancy and heading date

NML! Chr GLM/SAS MAPMAKER/QTL DPE%

Probability R2" LOD % Variation" AE

Seed dormancy C1488 3 (0.0001 0.256 5.147 22.5 !12.8# N
R830 5 0.0071 0.075 1.436 6.7 !6.9 N
R1440 7 0.0009 0.112 2.534 11.2 !10.3 N
R1245 7 0.0012 0.111 2.254 10.2 !9.4 N
C390 8 0.0091 0.070 1.500 6.9 9.5 K

Total& 48.2
Heading date C560 2 0.0088 0.072 1.121 5.7 2.4$ K

C1488 3 0.0035 0.094 1.377 6.4 2.5 K
R2373 4 0.0051 0.081 1.427 6.6 !2.6 N
R2171 6 (0.0001 0.276 5.141 23.4 !5.9 N
C728 7 (0.0001 0.169 3.489 15.4 !4.1 N

Total& 52.3

!Nearest marker locus of putative QTLs
"Phenotypic variation explained by each QTL
#Additive effects (1/2 weight) of Kasalath allele by arc sine of germination rate
$Additive effects (1/2 weight) of Kasalath allele by days to heading
%Direction of phenotypic effect. N and K indicate Nipponbare and Kasalath allele increased that values, respectively
&Estimates obtained from a multiple QTL model
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MAPMAKER/QTL. Significant two-way interaction
was not observed among the five putative QTLs.

QTLs for heading date

Five putative QTLs for heading date were identified
based on ANOVA (Fig. 1, Table 1). These putative
QTLs were located in the vicinities of C560 on chromo-
some 2, C1488 on chromosome 3, R2373 on chromo-
some 4, R2171 on chromosome 6, and C728 on
chromosome 7. The two putative QTLs on chromo-
somes 6 and 7 were also confirmed by MAP-
MAKER/QTL. However, the other three putative
QTLs on chromosomes 2, 3 and 4 were not confirmed
using the empirical threshold of LOD"2.0. The addi-
tive effects of the Kasalath alleles for the three QTLs on
chromosomes 4, 6 and 7 were !2.6, !5.9 and !4.1
days, respectively. Additive effects of the QTLs on
chromosomes 2 and 3 were 2.4 and 2.5 days, respective-
ly. The percentage of phenotypic variation explained by
the five detected QTLs ranged from 7.2% to 27.6%
based on GLM/SAS. The percentage of phenotypic
variation explained by these QTLs ranged from 5.7%
to 23.4% and the total phenotypic variation explained
was 52.3% based on the multiple QTL model in MAP-
MAKER/QTL (Table 1). Significant two-way interac-
tion (P(0.01) was observed between two QTLs
located on chromosomes 6 (R2171) and 7 (C728).
The lines exhibiting Nipponbare and Kasalath
homozygotes at locus C728 showed little difference
(115 and 116 days) in days to heading when both lines
had a Kasalath homozygote at the R2171 locus, but
large differences (121 and 131 days) were evident be-
tween these homozygotes at locus C728 when both
lines had a Nipponbare homozygote in locus R2171.
No other significant two-way interactions were found
among the detected heading-date QTLs.

Discussion

Seed dormancy is usually affected by environmental
factors such as temperature, dryness and degree of
maturity (Seshu and Sorrells 1986; Takahashi 1995).
These factors make the genetic study of seed dormancy
complex because the grains of each individual in
a given segregation population usually ripen at differ-
ent times in different weather conditions. Recently,
QTL analysis with molecular marker has made it pos-
sible to detect multigenes affecting a trait such as seed
dormancy. In the present study, we successfully detec-
ted five chromosomal regions controlling seed dor-
mancy based on QTL analysis. The results reported
here are to our knowledge the first seed-dormancy
genes located in rice chromosomes. The five QTLs
detected accounted for 48.2% of the total phenotypic

variation in seed dormancy. The unexplained remain-
der of the phenotypic variation might be due to envir-
onmental effects or to undetected QTLs with relatively
smaller phenotypic effects.

The statistical threshold is most important in QTL
analysis because the numbers of detected QTLs would
be different when using different thresholds in QTL
analysis; however, to detect QTLs is the final objective
of genetic analysis. In previous reports, low thresholds
(P(0.05 in ANOVA) were used to avoid false-nega-
tives, whereas relatively high threshold levels
(LOD'2.4 or '3.0) were employed to avoid false-
positives (Yano and Sasaki 1997). The empirical statist-
ical thresholds employed in QTL analyses should be
adjusted, therefore, when using segregating popula-
tions with different sizes or different genetic structures.
The low threshold used here was chosen in the light of
the relatively small size of the BIL population, because
it is difficult to detect QTLs using a high threshold in
smaller populations. Most of the thresholds employed
in published QTL analyses of rice have been between
LOD 2.0 and 3.0 in MAPMAKER/QTL, and between
0.05 and 0.01 in ANOVA (Yano and Sasaki 1997).
Because our goal in this study was to identify all pos-
sible putative QTLs, we used the low threshold, and
confirmation of these putative QTLs using advanced
backcross progeny will still be necessary.

The control of seed dormancy is very important for
controlling pre-harvest sprouting in rice breeding.
Kasalath exhibits a desirable seed dormancy, stronger
than that of Nipponbare and sufficient to prevent
pre-harvest sprouting. The seed dormancy of Kasalath
can be broken by drying the panicle for 24 h at
room temperature, but seeds so treated never germi-
nate in the field (unpublished data). Thus, alleles of
Kasalath at the QTLs detected on chromosomes 3,
5 and 7 will be useful gene sources for the improve-
ment of pre-harvest sprouting resistance in rice, as well
as for genetic and physiological studies of rice seed
dormancy.

Yasue and Asai (1968) noted that pre-harvest sprout-
ing is associated with heading date. Ikehashi (1973)
reported that the temperature during the grain-filling
period affects seed dormancy. To investigate the rela-
tionship between seed dormancy and heading date, we
compared the detected QTLs for seed dormancy with
those of heading date in the BILs. We found that the
major QTL of seed dormancy on chromosome
3 (C1488) coincided with one of the QTLs for heading
date. However, two major heading-date QTLs were
located on different chromosomes (6 and 7) from that
of the major seed-dormancy QTLs. This suggests that
natural environmental factors, such as temperature
or weather changes during grain filling, did not affect
the phenotypes of seed dormancy in this population.
Therefore, it is difficult to explain the significant
negative correlation between the two QTLs on chro-
mosome 3 for seed dormancy and heading date by gene
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pleiotropy, though this correlation might be due to the
tight linkage of these QTLs with each other.

The phenotype of an individual is conditioned not
only by its genotype, but by the interaction of that
genotype with the environment (Tanksley 1993). Yano
et al. (1997) reported on the QTLs for heading date
using an F

2
population that was also derived from

a cross between Nipponbare and Kasalath grown at
Niigata, Japan (latitude 378° N). It is interesting to
compare their results with those of our study. We found
some new QTLs for heading date in the BILs while
other QTLs were not detected. The locations of two
major QTLs on chromosomes 6 and 7 detected in the
present study were also detected in the F

2
population

of Yano et al. (1997). Significant digenic interaction
between the two major QTLs was also observed in
both their F

2
population and our BILs. However,

QTLs linked to C226A on chromosome 6, to L538T3
on chormosome 7, and to R902 on chromosome 8, that
were detected in the analysis of the F

2
population of

Yano et al. (1997), were not detected in our study. The
new putative QTLs for heading date linked to C560 on
chromosome 2, to C1488 on chromosome 3, and to
R2373 on chromosome 4 that were detected in the
present study, were not detected in the F

2
population

studied by Yano et al. (1997).
The differences between the results of the two studies

might be due to genotype-environment interactions, to
differences in the genetic structure of the populations
studied or the thresholds employed in the two studies.
The comparison suggests that segregation distortion
might affect QTL detection. Thus, the lack, in the
F
2

population, of the heading-date QTL on chromo-
some 3 detected in our study, might be caused by
segregation distortion on chromosome 3 in the
F
2

population. The QTL of heading date was linked to
C1488 on chromosome 3, close to a factor (ga-2) that
produces segregation distortion (Nakagahra 1972;
Harushima et al. 1996). In the region near ga-2, the
frequency of indica alleles was greater than the Men-
delian ratio when the segregating population was de-
rived from a specific japonica/indica cross. The number
of homozygous Nipponbare individuals in the region of
ga-2 was only 3.2% (the Mendelian ratio is 25%) of the
186 F

2
individuals (Harushima et al. 1996). Therefore, it

is difficult to reliably compare the phenotypes between
the two genotype groups based on RFLP markers in
this region. This segregation distortion was also detec-
ted in our BIL population, where the Mendelian ratio
of the Nipponbare type is 75% and that of the Kasalath
type is 25%. The segregation ratio of the Kasalath
type of marker near ga-2, observed in the BIL popula-
tion, was more than 25% and resulted in a segregation
ratio near 1 : 1 (the segregation ratio of the nearest
marker, C1488, was Nipponbare : Kasalath"55 : 34;
the proportion of the Kasalath type was in excess of
the Mendelian ratio). The ability to detect QTLs in
this BIL was therefore increased because treating

the sample data with a ratio near 1 : 1 is statistically
favorable.
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