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Abstract Fine mapping was carried out on three puta-
tive QTLs (tentatively designated as Hd-I to Hd-3) of
five such QTLs controlling heading date in rice that
had been earlier identified using an F, population
derived from a cross between a japonica variety, ‘Nip-
ponbare’, and an indica variety, ‘Kasalath’, using
progeny backcrossed with ‘Nipponbare’ as the recur-
rent parent. One BC;3F, and two BC;F; plants, in
which the target QTL regions were heterozygous and
most other chromosomal regions were homozygous for
the ‘Nipponbare’ allele, were selected as the experi-
mental material. Self-pollinated progeny (BC;F, and
BC;F;) of the BC3F; or BC3F, showed continuous
variation in days to heading. By means of progeny
testing based on BC3F3 or BC;3F, lines, we determined
the genotypes of each BC3F, or BC3F; individual at
target QTLs. Their segregation patterns fitted Men-
delian inheritance ratios. When the results obtained by
RFLP analysis and progeny tests were combined, Hd-
1, Hd-2 and Hd-3 were mapped precisely on chromo-
somes 6, 7 and 6, respectively, of a rice RFLP linkage
map. The results demonstrated that QTLs can be
treated as Mendelian factors. Moreover, these precise
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locations were in good agreement with the regions
estimated by QTL analysis of the initial F, population,
demonstrating the high reliability of QTL mapping
using a high-density linkage map.
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Introduction

Heading date in crop species is one of the major deter-
minants of adaptation to different cultivation areas. It
is closely related to the transition from vegetative
growth to reproductive growth and is affected by sev-
eral environmental conditions, such as photoperiod,
temperature and light intensity. From the standpoints
of not only biological interest but also breeding strat-
egies, it is important to understand the genetic basis of
heading date.

Genetic analyses of heading date in rice have been
carried out by many researchers. There are several
major genes affecting heading date, that relate to either
of two factors: basic vegetative growth or photoperiod
sensitivity. The chromosomal locations of some of
these genes have already been clarified using mor-
phological markers or DNA markers (Yokoo et al.
1980; Sato et al. 1988; Oosumi et al. 1989; Sano 1992;
Mackill et al. 1993; Yokoo and Okuno 1993). However,
statistical analyses have indicated that several genes
participate in the variation for heading. Since the strat-
egy of genetic analysis of quantitative trait loci (QTL
analysis) using molecular markers was established
(Paterson et al. 1988; Tanksley 1993), many chromo-
somal regions affecting rice heading date have
been reported (Xiao et al. 1995; Li et al. 1995; Xiao
et al. 1996; Lin et al. 1996; Yano et al. 1997; Lu et al.
1997).
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Although many reports have shown putative chro-
mosomal regions of QTLs to be controlling various
agronomic traits, two basic questions about QTL anal-
ysis still remain (Paterson et al. 1988; Tanksley 1993;
Yano and Sasaki 1997): (1) whether the QTL corre-
sponds to one locus only or to a chromosomal region
containing a cluster of genes, each with relatively small
genetic effects; and (2) whether enough reliability for
detailed mapping can be obtained by QTL analysis.
These problems have to be solved when we embark on
marker-assisted selection (MAS) or map-based cloning
of genes at QTLs. Thus, it is necessary to deal with each
QTL as a single Mendelian factor and to localize each
QTL precisely on the linkage map (fine mapping).
However, the populations previously used in QTL anal-
yses of rice were mainly F, s, BC;F; s, recombinant
inbred lines or doubled haploid lines (McCouch and
Doerge 1995; Yano and Sasaki 1997). These popula-
tions, which segregate multiple genetic factors on the
whole genome simultaneously, cannot be used for the
precise mapping of one of multiple QTLs. Moreover,
determination of the true genetic action of the QTL
would be more difficult, because the genetic parameters
of a given QTL are often affected by the segregation of
other QTLs.

In plant genetics, near-isogenic lines (NILs) de-
veloped by backcrossing have been widely used to
perform accurate genetic analysis because the segregat-
ing populations obtained from crossing NILs and their
recurrent parents simplify genetic variations by exclud-
ing extra genetic factors. This type of QTL analysis has
been employed for the mapping of the time of ear
emergence in wheat, and inter-varietal substitution
lines were used as kind of NILs (Law 1966). After
Tanksley (1993) systematized this concept by using
molecular markers, two major QTLs controlling mor-
phological differences between maize and teosinte were
separated as single Mendelian loci (Dorweiler et al.
1993; Doebley et al. 1995). Alpert and Tanksley (1996)
also indicated that a major QTL for fruit weight in
tomato was a single gene by demonstrating that
a single large DNA fragment (150 kb) contained the
QTL. Since most quantitative variations are controlled
by combinations of a few major QTLs and many minor
QTLs distributed throughout the whole genome (Tan-
ksley 1993; Yano and Sasaki 1997), it will also be very
important to deal with the minor QTLs as single genes.

Yano et al. (1997) reported that five putative QTLs,
Hd-1, Hd-2, Hd-3, Hd-4 and Hd-5, controlled heading
date in the F, population between a japonica rice
variety, ‘Nipponbare’, and an indica rice variety,
‘Kasalath’. Hd-1, Hd-2 and Hd-3 were estimated to be
located on the centromeric region of chromosome 6, on
the distal end of chromosome 7 and on the distal region
of chromosome 6, respectively. In the study presented
here, we selected desirable backcrossed plants, in which
only target QTLs would be segregated as the main
genetic factors, by a whole genome survey using restric-

tion fragment length polymorphism (RFLP) markers.
Successively, we tried to locate on the RFLP linkage
map not only the two major QTLs (Hd-1 and Hd-2) but
also one of the minor QTLs (Hd-3), as the first step in
detailed analysis, i.e. marker-assisted selection (MAS)
or map-based cloning.

Materials and methods

Selection of experimental materials by continuous backcrossing

The sequence developed to produce the experimental material is
shown in Fig. 1. The F; plants, derived from a cross between
‘Nipponbare’ and ‘Kasalath’, were backcrossed with ‘Nipponbare’
as the male parent. By self-pollination of the BC;F; plants, BC1F,
progeny were produced. The genotypes of each individual were
surveyed by RFLP analysis as described below, and plants whose
target QTL (Hd-1, Hd-2 or Hd-3) genotypes were homozygous for
‘Kasalath’ alleles were crossed with ‘Nipponbare’ again. From the
BC,F, generation, selections and backcrosses were carried out to
obtain suitable BC;F; plants for analysis. These BC3F; plants were
regarded as F; plants for fine mapping of target QTLs because the
putative QTL regions were heterozygous while almost all other
regions were homozygous for ‘Nipponbare’ alleles. However, we
could not obtain a suitable plant for Hd-3 mapping in the series of
BC3F; plants, so we selected an ideal individual (BC;F,-18-114)
from the self-pollinated progeny of one BC3;F; plant. In the pro-
cesses of developing each BC,F,, BC,F, and BC,F, plant, we used
about 50 RFLP markers uniformly distributed on the 12 rice chro-
mosomes, which were selected from the collection of genomic and
cDNA clones reported by Kurata et al. (1994), and surveyed the
genotype of each individual. The BC;F, plants derived from selected
BC,F; plants were surveyed again for 128 RFLP markers selected
from the same collection, and a graphical illustration of the genotype
of each plant was drawn based on the concept proposed by Young
and Tanksley (1989).

Field experiments

BC;F; or BC3F; populations were produced by self-pollination of
BC;F, or BCsF; plants (Fig. 1). For convenience, these populations
were called 94F2-5 (n = 145) for Hd-1, 94F,-13 (n = 94) for Hd-2
and 95F,-18 (n = 93) for Hd-3, respectively. In 1994 (1995 for 95F,-
18), these populations were cultivated in an experimental paddy field
at the National Institute of Agrobiological Resources, Tsukuba,
Ibaraki, Japan. At the tillering stage, 8 g of fresh leaves of each
individual was collected for DNA extraction. Days to heading (de-
fined as duration from sowing to emergence of the first panicle) was
scored, and self-pollinated seeds of these BC3F, or BC3F; plants
were collected. In 1995 (1996 for 95F,-18), the 50 progeny, of each
F, plant were cultivated in a field. The genotype of each F, plant for
their target QTLs was determined based on the status of segregation
of days to heading in their progeny lines. In both years, cultivation
was carried out in the natural season and according to standard
practice.

Southern hybridization analysis

Total DNA from fresh leaf tissue was extracted by the CTAB
method (Murray and Thompson 1980). Procedures for Southern
hybridization analysis followed those of Kurata et al. (1994).
For each sample, 2.4 micrograms of total DNA was digested with
each of the following eight restriction enzymes, BamHI, Bglll,
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Fig. 1 Plant material used for Nipponbare X Kasalath
|

controlling heading date in rice.
Populations used in this study

were derived from a cross
between ‘Nipponbare’ (japonica
variety) and ‘Kasalath’ (indica
variety). Primary QTL analysis F2
for heading date was carried out :
using an F, population (Yano et QTL analyS|s
al. 1997)
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EcoRV, Hindlll, Apal, Dral, EcoRI and Kpnl, followed by elec-
trophoresis in 0.6% agarose gel. DNAs were blotted onto a posit-
ively charged nylon membrane (Boehringer Mannheim) by capillary
transfer mediated by 0.4 N NaOH. These blotted filters were washed
with 2 x SSC, dried and baked at 120°C for 20 min. DNA clones for
Southern hybridization were selected from the existing RFLP link-
age map (Kurata et al. 1994), and insert DNAs were amplified by
polymerase chain reaction (PCR) using M 13 primers. DNA labeling,
hybridization and detection of chemiluminescence on X-ray film
were carried out using an ECL direct-labeling and detection system
(Amersham).

Linkage mapping of putative QTLs

RFLP linkage maps in the QTL regions were constructed as follows:
53 RFLP markers were selected for 94F -5 (population for analysis
of Hd-1), 29 for 94F,-13 (population for analysis of Hd-2) and 23 for
95F,-18 (population for analysis of Hd-3). They were distributed on
heterozygous regions of the selected BC;F; or BC;F, plants. Link-
age analyses were performed by the MAPMAKER/EXP 3.0 pro-
gram (Lander et al. 1987) using genotype data from both RFLP
markers and target QTLs.

Results
Selection of experimental material

The genotypes of BC3F1 plants (BC3F1-5) selected for
analysis of Hd-1 were heterozygous for the Hd-/ and
Hd-3 regions and homozygous for other QTL regions
controlling heading date (Fig. 2A). According to Yano
et al. (1997), the genetic effect of Hd-3 is relatively much
smaller than that of Hd-1 (Hd-1 explained about 66%
of total phenotypic variation, while Hd-3 was only
detected in the secondary scanning analysis). Therefore,
we concluded that while BC3F1-5 was not completely
ideal experimental material, it could be used for the fine
mapping of Hd-1. BC3F1-13, which was selected for
analysis of Hd-2, has one heterozygous region (Hd-2
region) controlling heading date (Fig. 2B). BC3F2-18-
114, which was selected for analysis of Hd-3, has one
heterozygous region (Hd-3 region) controlling heading
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date; the other QTL regions are homozygous for ‘Nip-
ponbare’ alleles (Fig. 2C).

Mapping of Hd-1

The frequency distribution of days to heading in the
population 94F2-5 (n = 145) is bimodal, between 95
days and 126 days, with 103 days as the boundary
(Fig. 3A). The segregation of early and late types
seemed to be in accordance with the expected Men-
delian ratio (1:3). The QTLs that segregated in this
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Fig. 3A-C Frequency distributions of days to heading in selfed
progeny derived from selected backcrossed plants: 94F,-5 (A) is
derived from BC;F;-5 for analysis of Hd-1, 94F,-13 (B) is derived
from BC;3F;-13 for analysis of Hd-2, 95F,-18 (C) is derived from
BC;F,-18-114 for analysis of Hd-3. Three classified genotypes
(homozygous for the ‘Kasalath’ allele, heterozygous and
homozygous for ‘Nipponbare’) assessed by F3; progeny tests are as
indicated
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population were Hd-1 and Hd-3 based on the graphical
genotype (Fig. 2A). However, given the difference in
magnitude of their genetic effects, this large variation
was probably caused mainly by the segregation of
Hd-1.

In BCsF3 progeny testing, three different phenotypes
of heading — fixed lines of late heading, segregating lines
of both types and fixed lines of early heading — were
clearly visible. Therefore, it was easy to assess the
genotype at Hd-1 of each BC3F2 plant. The fixed lines
of late heading were considered to be homozygous for
‘Nipponbare’ alleles, segregating lines as heterozygous
plants and fixed lines of early heading as homozygous
for ‘Kasalath’ alleles. The numbers of plants in these
three groups were 33, 77 and 35, respectively, which
fitted the Mendelian ratio for single-gene segregation
(z* = 0.61). By means of linkage analysis using geno-
type data of both Hd-1 and RFLP markers, we located
Hd-1 between RFLP markers R1679 and P130 and
determined that it co-segregated with C235 (Fig. 4A).

Mapping of Hd-2

A large variation in days to heading was observed in
the population of 94F2-13 (n = 94). This variation,
which we attributed to the segregation of Hd-2, was
continuous, resulting in a normal distribution ranging
from 99 days to 113 days (Fig. 3B).

In the progeny testing, we found three different types
of heading — late-fixed (homozygous for ‘Nipponbare’
at Hd-2), segregated (heterozygous) and early-fixed
(homozygous for ‘Kasalath’). The numbers of lines
showing each phenotype were 22,45 and 27, respective-
ly. This pattern also fit the Mendelian ratio of single-
gene segregation (%> =0.70). By means of linkage
analysis, we determined that Hd-2 co-segregated with
four RFLP markers, S2267, R411, S1979 and C728 on
chromosome 7 (Fig. 4B).

Mapping of Hd-3

In the population 95F2-18 (n = 93), continuous and
normal distribution of days to heading was observed
(Fig. 3C). The range was 113127 days and was shifted
slightly towards late heading compared with ‘Nippon-
bare’. Judging from the graphical genotype in Fig. 2C
and the direction of shifting, which is, reverse of those
of Hd-1 and Hd-2 (Yano et al. 1997), most of this
variation was due to allelic differences at the Hd-3
locus.

Progeny testing was performed, and the 93 progeny
lines were classified into three groups: 20 lines for early
heading (homozygous for ‘Nipponbare’ at Hd-3), 44
heterozygous, and 29 for late heading (homozygous for
‘Kasalath’), respectively (7> = 2.01). On the basis of the
genotype data for the Hd-3 and RFLP markers, Hd-3
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Fig. 4A-C Linkage maps of regions of chromosomes 6 and 7 show-
ing the locations of three QTLs Hd-I (A), Hd-2 (B) and Hd-3 (C)
controlling heading date. In each map, the left vertical bar indicates
an RFLP linkage map constructed from the F, population of
‘Nipponbare’ and ‘Kasalath’ (Kurata et al. 1994). The right vertical
bar represents the linkage map constructed in this study. The map
distances (cM) were calculated by the Kosambi function and are
shown on the left side of each map, while the names of markers and
QTLs are shown on the right side. Nearest marker loci, which were
estimated by MAPMAKER/QTL from analysis of the F, popula-
tion (Yano et al. 1997), are indicated by arrows

was located between RFLP markers R1952 and C1032
and co-segregated with R2749, R1962, R2967 and C764
on chromosome 6 (Fig. 4C).

Discussion
Fine mapping of QTLs as Mendelian factors

Dorweiler et al. (1993) and Doebley et al. (1995) re-
ported the linkage mapping of QTLs controlling ear
shape, which is a key character in the differentiation of
maize and teosinte. Alpert and Tanksley (1996) made
a high-resolution genetic dissection of QTLs related to
fruit weight in tomato for map-based cloning of the
gene responsible. These studies clearly indicated that
some major QTLs could be treated as single Mendelian
factors in linkage mapping.
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In this study, we precisely located as single Men-
delian factors on the RFLP linkage map, three, Hd-1,
Hd-2 and Hd-3, of five QTLs controlling heading
date in F2 populations between ‘Nipponbare’ and
‘Kasalath’ that had been detected in a previous study
(Yano et al. 1997). Hd-1 was mapped on the cen-
tromeric region of chromosome 6; Hd-2 was mapped
on the distal end of chromosome 7; Hd-3 was mapped
on the distal region of chromosome 6. Though Hd-/
and Hd-2 were detected by a first scanning analysis in
MAPMAKER/QTL, Hd-3 was only detected by a mul-
tiple QTL model analysis. Additionally, the estimated
additive effect of the ‘Kasalath’ allele at this QTL was
only about 2 days in the F2 population (Yano et al.
1997). This result clearly indicates that even a QTL
with small allelic difference can be dealt with as a single
Mendelian locus. Although only a case study, this find-
ing provides a reasonable answer to the first question
raised earlier; that is, whether a QTL corresponds to
one locus or to a chromosomal region with a cluster of
genes, each of which has relatively small genetic effect.
It means that putative QTLs, including minor ones
detected only by statistical analysis, have the same
genetic basis and are amenable to the same genetic
analysis as that used for known major genes.

Construction of QTL-NILs as analytical material

We consider that the successful fine mapping of QTLs
was due to the use of suitable backcrossed progeny that



had been selected carefully by RFLP markers. Genetic
analysis using NILs is a powerful method to estimate
the chromosomal location and gene action of QTLs.
Law (1966) clearly demonstrated that inter-varietal
chromosomal substitution lines are useful for the map-
ping of QTLs in wheat. The recent development of
molecular markers has allowed us to make just such
substitutions of chromosome or chromosomal seg-
ments even in diploid species. Yamamoto et al. (1997),
using continuously backcrossed progeny and RFLP
analysis, detected the locus controlling spreading stub
in rice, even though the phenotypes were too variable
to allow categorization of the genotypes in the
F2 population. This strategy can be applied to the
analysis of quantitative traits; that means, constructing
NILs with target QTLs (QTL-NILs) based on the
results of primary QTL analysis. After the advent of
molecular markers to facilitated whole genome surveys,
four studies (Dorweiler et al. 1993; Doebley et al. 1995;
Alpert and Tanksley 1996; Tanksley et al. 1996) were
carried out based on this concept. However, there have
not been any examples in rice. Our study has demon-
strated that QTL-NILs for rice heading date can be
constructed rapidly using a whole genome survey with
RFLP markers and that effective linkage mapping has
been accomplished.

Reliability of QTL mapping and allelism with respect
to known major genes

The five putative QTLs, Hd-1 to Hd-5, detected earlier
by QTL analysis based on a high-density linkage map
comprised 857 DNA markers in which the average
genetic distance between adjacent markers was 1.8 cM
(Yano et al. 1997). These putative positions were almost
the same as those mapped in this study (Fig. 4). We had
previously tried QTL analyses in each backcrossed
population (94F2-5, 94F2-13 or 95F2-18) and had con-
firmed that the putative QTLs were located close to
their previously reported positions (data not shown).
These results clearly indicate that QTL analysis using
a high-density RFLP linkage map provides reliable
information for mapping QTLs.

The relationships between many putative QTLs and
known major genes are uncertain. In maize, Beavis et
al. (1991) hypothesized the possibility of coincidence
between major genes determined by classical genetic
analyses and QTLs estimated using molecular markers.
Based on this hypothesis, Huang et al. (1996) verified
some associations between QTLs for plant height and
some dwarfing genes in rice. Yano et al. (1997) also
indicated that some of the QTLs detected for heading
date in rice were coincident with known major genes
based on a comparison of their map locations. How-
ever, it is difficult to clarify the relationship between
known major genes and QTLs because the experi-
mental material or conditions used in each type of
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study were different. Allelism tests using NILs with the
same genetic background or high-resolution fine map-
ping using the same DNA markers will make it possible
to clarify this relationship. The closely linked RFLP
markers, for example C235, C728 and R2967, will help
to clarify the relationships between Hd-1, Hd-2 or Hd-3
and other candidate QTLs or major genes. However,
the characterization of Hd-I1, Hd-2 and Hd-3 still
remains to be carried out. Yano et al. (1997) indicated
that Hd-1 and Hd-3 might correspond to the photo-
period-sensitivity genes, Se-/ and En-Se-1. In order to
clarify the relationship between these photoperiod-sen-
sitivity genes and QTLs, we need to investigate whether
or not the QTLs involve an element of photoperiod
sensitivity. The development of NILs for these QTLs in
order to be able to analyze their functions is currently
in progress (Yano and Sasaki 1997).

Application to marker-assisted selection (MAS)
and map-based cloning

Mapping QTLs as single Mendelian factors will have
a strong impact on breeding programs using MAS.
Since a QTL can be a single locus, as demonstrated
here, it will be possible to remove positively deleterious
alleles in the vicinity of target QTLs (linkage drag) by
MAS. High-density linkage mapping can make this
feasible. By developing MAS of mapped QTLs, we will
be able to perform QTL pyramiding, i.e. combining
some QTLs having different gene actions into one
variety. QTL pyramiding is an attractive method for
both breeding strategies and basic research on epistatic
interaction.

Recently, chromosomal substitution lines (introgres-
sion lines) covering the whole genome have been
developed in tomato (Eshed and Zamir 1995) and
Brassica species (Howell et al. 1996). Also, the concept
of “advanced backcross QTL analysis” (AB-QTL anal-
ysis) was proposed by Tanksley and Nelson (1996) and
used in tomato by Tanksley et al. (1996). These devices
make QTL analysis and backcross breeding more effec-
tive and will provide suitable experimental material for
the fine mapping of QTLs. In rice, similar lines were
reported as preliminary-near-isogenic lines (PILs) for
QTL analysis of blast resistance (Wang et al. 1994) and
as backcross inbred lines (BILs) for QTL analysis of the
regeneration ability of seed callus (Taguchi-Shiobara
et al. 1997).

We have identified the precise location of QTLs by
ordinary linkage mapping, which has become a stan-
dard starting point for map-based cloning (Tanksley
et al. 1995). In plants, several economically important
genes have been isolated by map-based cloning, includ-
ing a photoperiod-sensitivity gene (flowering gene) in
Arabidopsis (Putterill et al. 1995). The cloning of genes
identified as QTLs has not been reported yet, although
several groups are working in this area.
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