Theor Appl Genet (2011) 122:1199-1210
DOI 10.1007/s00122-010-1524-1

ORIGINAL PAPER

Uncovering of major genetic factors generating naturally
occurring variation in heading date among Asian rice cultivars

Kaworu Ebana - Taeko Shibaya - Jianzhong Wu - Kazuki Matsubara + Hiroyuki Kanamori -
Hiroko Yamane - Utako Yamanouchi - Tatsumi Mizubayashi - Izumi Kono - Ayahiko Shomura -
Sachie Ito - Tsuyu Ando - Kiyosumi Hori - Takashi Matsumoto - Masahiro Yano

Received: 3 September 2010/ Accepted: 11 December 2010/ Published online: 13 January 2011
© The Author(s) 2011. This article is published with open access at Springerlink.com

Abstract To dissect the genetic factors controlling nat-
urally occurring variation of heading date in Asian rice
cultivars, we performed QTL analyses using F, populations
derived from crosses between a japonica cultivar, Koshi-
hikari, and each of 12 cultivars originating from various
regions in Asia. These 12 diverse cultivars varied in
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heading date under natural field conditions in Tsukuba,
Japan. Transgressive segregation was observed in 10 F,
combinations. QTL analyses using multiple crosses
revealed a comprehensive series of loci involved in natural
variation in flowering time. One to four QTLs were
detected in each cross combination, and some QTLs were
shared among combinations. The chromosomal locations
of these QTLs corresponded well with those detected in
other studies. The allelic effects of the QTLs varied among
the cross combinations. Sequence analysis of several pre-
viously cloned genes controlling heading date, including
Hdl, Hd3a, Hd6, RFTI, and Ghd7, identified several
functional polymorphisms, indicating that allelic variation
at these loci probably contributes to variation in heading
date. Taken together, the QTL and sequencing results
indicate that a large portion of the phenotypic variation in
heading date in Asian rice cultivars could be generated by
combinations of different alleles (possibly both loss- and
gain-of-function) of the QTLs detected in this study.

Introduction

Heading date is one of crucial factors determining regional
and seasonal adaptation in rice and has been a major target
of selection in breeding programs. Heading date is a
complex trait that is governed by multiple genes and
environmental factors, such as daylength, temperature, and
soil conditions. A wide range of variation in heading date
has been observed among rice cultivars. During the last
decade, genetic studies using DNA markers have facilitated
the genetic dissection of heading date, and many quanti-
tative trait loci (QTLs) for heading date have been identi-
fied using several mapping populations (reviewed by Yano
et al. 2001; Hittalmani et al. 2003; Lin et al. 2002, 2003;
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Gu and Foley 2007; Uga et al. 2007; Nonoue et al. 2008;
Matsubara et al. 2008a; Maas et al. 2010).

The detection of QTLs for heading date has allowed
further genetic analyses, such as the development of nearly
isogenic lines (NILs), analysis of epistatic interactions
among QTLs, and map-based cloning. Hdl, a major QTL
for photoperiod sensitivity (daylength response), encodes a
protein with zinc finger and CCT motifs and is an ortholog
of CONSTANS, which is involved in long-day (LD) flow-
ering promotion in Arabidopsis (Yano et al. 2000). Hd6
and Hd3a, genes involved in photoperiod sensitivity,
encode a casein kinase 2 alpha and an Arabidopsis FT-like
protein, respectively (Takahashi et al. 2001; Kojima et al.
2002). Hd1 protein activates transcription of the rice flo-
rigen genes Hd3a and RFTI under short-day (SD) condi-
tions while repressing transcription of these genes under
LD conditions (Kojima et al. 2002; Tamaki et al. 2007;
Komiya et al. 2008, 2009). Early heading date 1 (Ehdl), a
promoter of heading, was detected on chromosome 10 by
using a BCF; population derived from a cross between
cultivar T65 and an accession of another cultivated species,
Oryza glaberrima; further analysis revealed that Ehdl
encodes a B-type response regulator and activates Hd3a
and RFTI under SD conditions independently of HdI (Doi
et al. 2004). Recently, Xue et al. (2008) demonstrated that a
major flowering repressor, Ghd7, encodes a protein with a
CCT motif that represses transcription of Ehdl, Hd3a, and
RFTI. These genetic and molecular studies have contrib-
uted substantially to our understanding of heading date in
rice (Izawa 2007; Tsuji et al. 2008).

Although knowledge about the genetic control of rice
heading has accumulated rapidly, the genetic mechanisms
underlying the wide range of heading date variation still
remain to be clarified. During the last decade, genetic
analyses have been performed on a limited number of cross
combinations to identify QTLs involved in heading date
(Yonemaru et al. 2010). Furthermore, it has been very
difficult to precisely compare QTLs detected in different
studies due to the different levels of mapping resolution in
each study (Yonemaru et al. 2010). In general, since QTLs
are detected based on the allelic differences between
parental lines, it is difficult to determine whether a par-
ticular QTL is shared among different cross combinations.
Therefore, to understand genetic factors controlling head-
ing date in diverse germplasm, a common parental line
should be wused for the development of mapping
populations.

To comprehensively dissect naturally occurring varia-
tion in rice heading date, we performed a QTL analysis in
12 populations derived from crosses of the japonica cul-
tivar Koshihikari, as a common parental line, with diverse
cultivars that originate from various regions in Asia. Some
of the QTLs detected in these populations were shared
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among several cross combinations, and their chromosomal
locations corresponded to those of QTLs reported in other
studies. In addition, we performed sequence analysis of
several heading date genes that had been previously cloned
by a map-based strategy, to examine the basis of the var-
iation detected as QTLs in these populations. Based on the
data from the QTL analysis and the sequence variation in
the cloned heading date genes, we concluded that a large
portion of the wide range of phenotypic variation for
heading date in Asian cultivars could be generated by
combinations of alleles with loss or gain of function in
those QTLs.

Materials and methods
Plant materials

Twelve Asian rice cultivars were selected based on their
geographical origins and cultivar groups (Kojima et al.
2005) (Table 1). We made crosses between those cultivars
and a japonica cultivar, Koshihikari, as a common parental
line to produce F;s. Those F;s were self-pollinated to
produce F, progeny. For each population used in QTL
mapping, 94 F, plants and the two parental lines (24 plants
of each) were raised in a paddy field at the National
Institute of Agrobiological Sciences (NIAS) in Tsukuba,
Japan, from April to November. The mean daylength
during the cultivation period was 13.1 h in mid-April,
14.1 h in May, 14.6 h in June, 14.4 h in July, 13.5 h in
August, and 12.4 h in September. Average temperature
during the cultivation period was 17°C in May, 21°C in
June, 24°C in July, 26°C in August, and 22°C in Septem-
ber. Cultivation management followed the standard pro-
cedures used at NIAS.

Scoring of days-to-heading (DTH)

We recorded the DTH of each F, plant as the number of
days from seeding to the appearance of the first panicle.
For the parental cultivars, DTH was scored in 10 plants per
line and mean values were calculated for each line.

DNA marker analysis

Total DNA of individual F, plants and parental lines was
extracted from leaves by the CTAB method (Murray and
Thompson 1980). Two types of DNA markers, simple
sequence repeat (SSR) and single-nucleotide polymor-
phism (SNP) markers, were used for linkage map con-
struction. For polymerase chain reaction (PCR) of the SSR
markers, we used a 10-pl reaction volume containing
0.5 pl template DNA (20 ng pl™"), 5 pl 2x Go-Taq Green
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Table 1 Geographical origin and heading date of rice accessions used in this study

Accession® Abbreviations Origin Cultivar group” Days-to-heading®
Koshihikari KSH Japan A 109 £ 0.9
Qiu Zhao Zong QZZ China C 91 £ 1.4
Tupa 121-3 TUP Bangladesh B 102 + 1.1
Muha MUH India B 106 £ 1.9
Davaol DAV Philippines C 111 £ 1.1
Toboshi TOB Japan C 112 £ 1.3
Basilanon BAS Philippines B 115 £ 2.0
Deng Pao Zhai DPZ China C 122 £ 1.8
Khau Mac Kho KMK Vietnam A 124 £ 1.2
Bei Khe BKH Cambodia C 125 +£ 2.6
Naba NAB India C 127 £ 1.6
Khao Nam Jen KNJ Laos A 186 + 3.4
Bleiyo BLE Thailand C 191 £ 1.5

% All accessions were selected from world rice collections (WRC) (Kojima et al. 2005)

® Cultivar group is based on the classification system of Kojima et al. (2005). Groups A, B, and C, correspond to japonica, Aus, and indica,

respectively

¢ Days to heading was scored at the Experimental Field of National Institute of Agrobiological Sciences, Tsukuba, Ibaraki, Japan (36°N). Days

to heading is shown as mean + SD

Master Mix (Promega, WI, USA) and 4.5 ul H,O.
Amplification was performed for 35 cycles (1 min at 94°C,
1 min at 55°C, and 2 min at 72°C), followed by 7 min at
72°C. The amplified products were separated by electro-
phoresis in a 3% agarose gel to detect polymorphisms. SSR
markers used in the primary F, analysis were selected from
those reported by McCouch et al. (2002). The 409 SNPs
used for genotyping were selected at a spacing of around
1,000 kb from genome wide SNP data (Ebana et al. 2010)
(Suppl Table S1). The SNPs were detected using the
BeadStation 500G system (illumina, San Diego, USA). All
experimental procedures for the SNP typing followed the
manufacturer’s instructions. To obtain additional SSR
markers showing polymorphism between Koshihikari and
the other lines, we surveyed further genomic regions con-
taining SSR motifs in the chromosomal regions of interest
(Temnykh et al. 2000; McCouch et al. 2002; International
Rice Genome Sequencing Project 2005). The resultant
informative SSR markers were used for genotyping of F,
plants. Gene-specific markers for Hdl and Hd6 were also
used in the QTL analysis (Suppl Table S2).

Construction of linkage maps and QTL analyses

QTL analysis of the F, populations was performed using
genotype information based on the SSR and SNP markers.
We used 86—-164 SSR markers and 180-312 SNP markers
distributed on the 12 rice chromosomes for the QTL
analysis of each F, population. Once a QTL was detected
in a particular region of the genome, additional SSR

markers were added to determine a more precise position
and to increase the reliability of the estimated parameters
for that putative QTL.

Linkage maps were constructed from the genotype data
by using MAPMAKER/EXP 3.0 (Lander et al. 1987). The
Kosambi map function was used to calculate genetic dis-
tances (Kosambi 1944). QTL analyses were performed
using composite interval mapping (CIM) and interval
mapping (IM) as implemented by the Zmapqtl program
(model 6) provided in version 2.5 of Windows QTL Car-
tographer (Basten et al. 2005). Genome-wide threshold
values (a = 0.05) were used to detect putative QTLs based
on the results of 1,000 permutations. The additive and
dominant effects and phenotypic variance explained by
each QTL were estimated at the peak LOD score.

Sequence analysis

All exon regions of the Hdl, Hd3a, RFTI, and Ghd7 genes
were amplified by PCR from the genomic DNA of each
rice variety with unique primers, using AmpliTaq poly-
merase (Applied Biosystems, Foster, CA, USA) or LA Taq
polymerase (TaKaRa, Kyoto, Japan) and a PTC-100 PCR
machine (MJ Research, Waltham, MA, USA). Amplifica-
tion was performed by using 35 cycles at 94°C for 30 s,
55°C for 30s, and 72°C for 1 min, unless a different
annealing temperature was determined (Suppl Table S3). In
the case of Hd6, sequencing was conducted only for the
third exon, in which a functional nucleotide polymorphism
(FNP) was reported to exist within O. sativa (Yamane et al.
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2009). Amplified DNA fragments were purified and
sequenced with the Sanger dideoxy terminator method on
capillary sequencers (Applied Biosystems, Foster City,
CA, USA). To ensure that the sequence data were of high
quality (phred score > 30), re-sequencing was performed
when necessary. Each sequence read was individually
mapped onto the Nipponbare reference coding region
sequences to ensure that all exons of each gene were
covered.

Results
Variations in heading date in 12 F, populations

DTH of the 12 diverse cultivars and the common Koshi-
hikari (KSH) parent varied from 91 (extremely early) to
191 (extremely late) under natural field conditions
(Table 1). Among the accessions tested in this study, Qiu
Zhao Zong (QZZ) showed the earliest heading. Four
accessions, Deng Pao Zhai (DPZ), Khau Mac Kho
(KMK), Bei Khe (BKH), and Naba (NAB), were rela-
tively late heading, and two accessions, Khao Nam Jen
(KNJ) and Bleiyo (BLE), showed extremely late heading
(Table 1).

Frequency distributions of DTH for the 12 F, popula-
tions are shown in Fig. 1. All 12 populations showed a
wide range of DTH and a continuous distribution (Fig. 1).
The segregation patterns were roughly classified into sev-
eral categories. In the QZZ population, transgressive se-
gregants for both early and late heading were observed
(Fig. 1). In four F, populations (TUP, MUH, DAV, and
TOB), a wide range of variation was observed even though
the parents of each population had very similar DTH under
field conditions. In particular, the TOB F, population
showed an extreme amount of transgressive segregation
toward late heading. In the BAS, DPZ, and KMK F,
populations, bimodal and transgressive segregation pat-
terns were observed. In the BKH and NAB populations,
both non-KSH parental lines showed relatively late head-
ing, and extreme transgressive segregation toward late
heading was observed in the F, population. The most
extreme transgressive segregation toward late heading was
observed in the F, population derived from BKH. In con-
trast, DTH of the two populations derived from parents
with the longest DTH under field conditions (KNJ and
BLE) were between those of the parental lines, and no
transgressive segregation was observed.

QTLs involved in natural variation for heading date

QTLs detected in the 12 F, populations are summarized in
Table 2, Fig. 2, Suppl Figs. S1 and S2. Based on the CIM
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analysis, in the QZZ population, QTLs were detected on
chromosome 7 (one near RM3670, another near RM5720),
and chromosome 8 (RM5556); at each QTL, the KSH
allele increased DTH. In the TUP population, QTLs were
detected on chromosomes 2 (RM3789_1), 3 (RM5801),
6 (Hdl), and 8 (RM5432). The KSH allele increased DTH at
the QTL on chromosome 6 and decreased DTH at the other
three QTLs. In the MUH population, DTH variation could
be explained by four QTLs: two on chromosome 3 (P1220
and P1710_1), one on chromosome 6 (RM3431), and one
on chromosome 7 (P0388). The KSH alleles increased
DTH at the QTL on chromosome 6 and at one of the two
QTLs on chromosome 3 (P1220); at the other two QTLs,
the KSH alleles decreased DTH. In the DAV population,
variation for DTH could be explained by QTLs on chro-
mosomes 6 (AH06000195 and P0013) and 8 (RM5556).
The KSH allele decreased DTH at the QTL on chromo-
some 6 near AH06000195 and increased DTH at the other
two QTLs. In the TOB population, we detected QTLs on
chromosomes 6 (RM3805) and 8 (RM3374). The KSH
allele at the QTL on chromosome 6 decreased DTH,
whereas the KSH allele for the QTL on chromosome 8
increased DTH. In the BAS population, QTLs were map-
ped to chromosome 3 (Hd6) and chromosome 6
(RM6836_1). The KSH allele at the QTL on chromosome
3 decreased DTH, whereas the KSH allele at the QTL on
chromosome 6 increased DTH. In the DPZ population, a
single QTL was detected on chromosome 8 (RM5556); at
this QTL, the KSH allele increased DTH. In the KMK
population, QTLs were detected on chromosomes 2
(RM450), 3 (RM3867), and 6 (RM3431A). The KSH allele
at the QTLs on chromosomes 2 and 3 decreased DTH; the
KSH allele at the QTL on chromosome 6 increased DTH.
In the BKH population, QTLs were detected on chromo-
somes 6 (RM3805) and 8 (RM5556). The KSH allele at the
QTL on chromosome 6 decreased DTH; the KSH allele at
the QTL on chromosome 8 increased DTH. In the NAB
population, QTLs were detected on chromosomes 3
(RM6970), 6 (HdI), 7 (RM5436), and 8 (RM3791); at
these loci, only the KSH allele of the QTL on chromosome
6 increased DTH. In the KNJ population, QTLs were
detected on chromosome 3 (RM6970) and chromosome 6
(RM3431A); at both QTLs, the KSH allele decreased DTH.
In the BLE population, QTLs were detected on chromo-
some 2 (RM3316), chromosome 3 (RM6970), chromosome
6 (RM3805) and chromosome7 (RM1362_2); at all four
QTLs, the KSH allele decreased DTH.

Of the 34 QTLs detected across the 12 F, populations, 19
each explained more than 15% of the phenotypic variance
in the populations where they were detected, indicating that
those QTLs harbor genes with major effects. All 34 QTLs
mapped within eight chromosomal regions (Fig. 2) corre-
sponding to previously identified heading-date QTLs such
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Fig. 1 Frequency distributions of days to heading (DTH) in F,
populations derived from crosses between Koshihikari and 12 diverse
Asian cultivars. DTH was scored at the Experimental Field of

as Hdl (Yano et al. 2001), Hd2 (Yamamoto et al. 1998),
Hd3a/RFTI (Kojima et al. 2002), Ghd7 (Xue et al. 2008),
Hd5 (Lin et al. 2003), Hd6/Hd16 (Takahashi et al. 2001;
Matsubara et al. 2008a), Hd7 (Yamamoto et al. 2000), and
Hd9 (Lin et al 2002) (Fig. 2; Table 2). It should be noted
that three genomic regions (those containing Hd1, Hd5, and
Hd6/Hd16) were each associated with DTH variation in
seven populations (Fig. 2).

To examine validity of QTL detected in the CIM anal-
ysis, we also performed IM analysis to know a potential
risk of a false positive detection of the QTLs. Based on IM
analysis, several QTL, which were detected in the CIM
analysis, were not detected (Table 2, Suppl Fig. S2). Of 34
QTLs detected in CIM, 11 QTLs on chromosome 2, 3, 6, 7
and 8 were not detected in IM analysis. Among them, only
one QTL showing a relatively a large phenotypic

National Institute of Agrobiological Sciences, Tsukuba, Ibaraki,
Japan (36°N). Arrows show the mean DTH in the parental lines.
Parental lines are denoted by the abbreviations given in Table 1

contribution in the CIM analysis (more than 10% PVE)
was not detected in the IM analysis (Table 2);

Sequence analysis of genes for heading date

Our QTL analyses strongly suggested that several previously
cloned genes for heading date could explain a large portion of
the phenotypic variation in each F, population, indicating
that there should be allelic differences for gene function at
these loci. Therefore, to search for functional differences in
these heading date genes, we sequenced the genomic regions
of candidate genes HdI, Hd6, Hd3a, RFTI, and Ghd7, which
were located near many of the QTLs detected in this study.
KSH is presumed to have a functional allele for each of these
genes since it contains the same sequences as are found in the
Nipponbare genome (Nonoue et al. 2008).

@ Springer
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Table 2 Heading date QTLs detected in 12 F2 populations derived from crosses between Koshihikari and Asian rice cultivars

Population =~ Marker ~ Chr  Nearest Physical position =~ LOD®  Additive = Dominance = PVE QTL*® mf
type marker of QTL (Mbp) effect® effect® (%)d
QzzZ SSR 7 RM3670 14.94 19.40 9.73 9.42 4332  Ghd7
7 RM5720 29.33 4.19 5.66 1.56 853  Hd2 n.d.
8 RM5556 4.59 8.82 8.24 4.18 19.29  Hd5
TUP SSR 2 RM3789_1 34.77 4.35 —4.12 —0.33 295  Hd7 n.d.
3 RM5801 33.57 11.85 —7.83 1.02 9.40  Hd6/HdI6 n.d.
6 Hd1l 9.96 41.65 19.37 4.52 70.21 Hdl
8 RM5432 4.07 7.67 —6.10 0.72 589  Hd5 n.d.
MUH SNP 3 P1220 2.08 4.28 2.41 7.78 454  Hd9 n.d.
3 P1710_1 34.28 6.72 —7.30 1.32 9.33  Hd6/Hd16
6 RM3431 8.64 28.55 19.06 7.01 63.87  Hdl
7 P0388 28.22 4.12 —4.60 5.72 479  Hd2 n.d.
DAV SNP 6 AHO06000195 3.05 6.34 -9.00 —6.32 1698  Hd3a/RFTI n.d.
6 P0013 8.32 8.75 9.39 5.99 19.06  Hdl
8 RMS5556 4.59 12.12 12.12 5.54 2896  Hd5
TOB SNP 6 RM3805 2.79 8.21 —10.69 —7.68 1429  Hd3a/RFTI
8 RM3374 3.75 28.83 23.24 12.97 59.88  Hd5
BAS SSR 3 Hd6 32.37 8.38 —5.14 7.21 12.59  Hd6/Hd16 n.d.
6 RM6836-1 9.31 24.71 14.67 4.40 58.33 Hdl
DPZ SNP 8 RMS5556 4.59 17.12 22.18 17.25 53.62  HdS
KMK SSR 2 RM450 30.61 6.87 —6.92 —1.69 9.31 Hd7 n.d.
3 RM3867 32.79 14.02 —9.85 0.21 2236  HA6/HdI6
6 RM3431A 8.72 17.94 12.34 —0.54 33.14  Hdl
BKH SSR 6 RM3805 2.85 7.54 —13.59 —13.06 11.64  Hd3a/RFTI
8 RMS5556 5.41 23.45 23.51 21.37 42.01 Hd5
NAB SSR 3 RM6970 33.60 8.49 -9.15 3.78 9.52  Hd6/HdI6
6 Hd1 9.33 30.90 19.93 10.90 43.25 Hdl
7 RM5436 9.11 6.24 —7.90 4.50 6.13 Ghd7 n.d.
8 RM3791 4.52 9.48 —9.01 4.06 1032 HdS
KNJ SSR 3 RM6970 33.71 21.37 —13.16 4.44 54.11 Hd6/Hd16
6 RM3431A 8.74 12.36 —8.90 431 22.18  HdI
BLE SSR 2 RM3316 32.31 4.55 —5.49 —-0.41 9.56  Hd7 n.d.
3 RM6970 32.99 5.51 —4.87 4.50 9.70  Hd6/Hdl6
6 RM3805 3.19 14.53 —-9.49 —6.11 28.13 Hd3a/RFTI
7 RM1362_2 2991 9.34 —7.88 —1.01 18.23  Hd2

All genetic parameters were calculated by Composit Interval mapping function (CIM) in QTL Cartographer ver. 2.5 (Basten et al. 2005)

SSR simple sequence repeat, SNP single-nucleotide polymorphism
* Log-likelihood value
® Additive effect of Koshihikari allele on days-to-heading

¢ Dominance effect of Koshihikari allele

9 Percent of phenotypic variance explained by QTL. LOD threshold to detect QTLs was determined in each F2 population (Figure S1)

¢ Previously identified QTL(s) corresponding with the QTLs detected in this study based on their physical positions

f

Within HdI, a number of mutations were observed that
would be expected to cause amino acid substitutions in the
Hd1 protein. In addition, single-nucleotide polymorphisms
(SNP) or indels (insertion/deletion mutations) that

@ Springer

Results of Interval Maping (IM) analysis. QTLs not detected in IM analysis are indicated by n.d.

generated a premature stop codon in the exon region were
observed in DAV, BAS, KMK, MUH, NAB, TUP, and
QZZ (Fig. 3). These mutations would result in a full or
partial deletion of the NLS domain at the C-terminus of the
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Hd1 protein. The most extreme case was found in QZZ, in
which the amino acid sequences within the zinc finger
motif were changed due to a frameshift caused by an indel.
Based on these results, these seven accessions appear to
contain alleles with a loss of function at Hd/.

In the predicted amino acid sequence of Hd3a, only one
amino acid substitution (near the C-terminus) could be
detected in TOB, NAB, DVA, DPZ, MUH, TUP, and BLE,
as compared with the KSH allele (data not shown). In the
RFTI gene, on the other hand, a number of SNPs corre-
sponding to amino acid substitutions were observed in
KMK, DAV, TOB, BKH, NAB, DPZ, MUH, and TUP
(Fig. 3). It should also be noted that DAV, TOB, BKH,
BLE appear to have one allele; and NAB, DPZ, MUH, and
TUP appear to have another (Fig. 3).

In Ghd7, several SNPs corresponding to amino acid
substitutions were found in BLE, TOB, BKH, NAB, DAV,
and DPZ, as compared with the KSH allele (Fig. 3); all of
these except for DPZ had the same predicted amino acid
sequence. In QZZ, no PCR fragments could be amplified
from any Ghd7 exon region. Based on PCR examination of
the regions flanking Ghd7 by using QZZ BAC clones
covering the corresponding genomic region, it appeared
that the genomic segment (~40 kb) normally harboring
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Ghd7 was completely deleted, as reported previously for
the Chinese rice variety Zhenshan 97 (Xue et al. 2008).

For Hdb6, it has been previously reported that the coding
sequence is highly conserved and that natural mutations
have been suppressed during its evolution in the genus
Oryza (Yamane et al. 2009). A non-synonymous base
substitution generating a premature stop codon was found
in a limited number of Japanese japonica varieties,
including KSH (Takahashi et al. 2001; Matsubara et al.
2008a; Yamane et al. 2009). Sequencing a 500-bp genomic
region including the non-synonymous substitution site in
the 12 other cultivars used in this study demonstrated that
this functional nucleotide polymorphism (FNP) was not
present in any of the lines (data not shown), suggesting that
all of the cultivars except for KSH carry a functional allele
at the Hd6 locus.

Discussion
Heading date in rice has been intensively analyzed over the
last two decades. These efforts have contributed to our

understanding of the genetic and molecular control of this
trait (Izawa 2007; Tsuji et al. 2008). In particular, cloning
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Fig. 3 Substitutions (boxed) and indels (-) of amino acids observed
in heading date genes HdI, RFTI, and Ghd7. The known domains
within each gene are indicated as light-colored regions with labels
above them. Numbers under the gene bars indicate sites of sequence

of genes involving heading date has provided a unique
opportunity to compare genetic control mechanisms
between an LD plant, Arabidopsis, and an SD plant, rice
(Izawa et al. 2003; Hayama and Coupland 2004); these
analyses demonstrated the presence of unique genes and
mechanisms for heading date regulation in rice (Izawa
2007). In spite of these achievements, the genetic factors
underlying the wide range of naturally occurring variation
in heading date among rice cultivars were not fully
understood. This is partly due to the complex diversifica-
tion of genetic control of heading date in rice accessions.
Moreover, different accessions have been used to detect
QTLs for heading date in different studies, making it dif-
ficult to systematically compare QTLs across studies.

In this study, we conducted QTL and sequence analyses
using diverse Asian rice cultivars. We selected 12 diverse
lines that originated from different geographical areas and
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changes; numbers on the right show the total length of each predicted
amino acid sequence. The regions with amino acid changes due to
frameshifts are labeled with an asterisk. Stop stop codon

compared them with the common japonica variety KSH.
These 12 cultivars exhibited a wide range of DTH under
natural field conditions at Tsukuba, Japan (Table 1). QTL
analyses using F, populations from 12 different crosses
(KSH by each of the 12 diverse cultivars) revealed that one
to four QTLs with major effects were involved in natural
variation in heading date in each population. The chro-
mosomal locations of these major genetic factors corre-
sponded well with previously identified QTLs: Hdl, Hd2,
Hd3a/RFTI1, Ghd7, Hd5, Hd6/Hd16, Hd7, and Hd9.
Although it could not be ruled out that other tightly linked
genes controlling DTH exist in these chromosomal regions,
we suggest that the majority of natural variation in flow-
ering time is generated by the actions of multiple alleles at
the QTLs detected in this study. Furthermore, we suggest
that at least some of the QTLs detected in this study are
identical to the previously identified QTLs.
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More than 65% of the total phenotypic variance in 10 of
the 12 populations could be explained by the QTLs
detected in this study. However, less than 60% of the
variance in F, populations derived from DPZ and BKH
could be explained by the QTLs detected in this study. In
particular, although only one QTL was detected in the DPZ
population, clear transgressive segregation for late heading
was observed. This transgressive segregation could not be
explained by the effect of a single QTL, indicating that
additional QTLs must be involved in the variation in
heading date in the DPZ population.

Transgressive segregation was observed in most of
populations; the exceptions were the populations derived
from crosses with the latest-heading cultivars, KNJ and
BLE. The transgressive segregation could be explained by
the combination of KSH and other parental alleles having
both positive and negative effects on DTH. In fact, both
directions of effect were detected in the 10 F, populations
that showed transgressive segregation. In the KNJ and BLE
F, populations, a decrease in DTH was associated with the
KSH allele for all QTLs detected in those populations. On
the other hand, although an increase in DTH was associated
with the KSH alleles of all three QTLs detected in QZZ,
transgressive segregation was observed toward both late
and early heading. This segregation pattern could not be
clearly explained by the QTLs detected in the QZZ F,
population.

In two F, populations (TOB and BKH), the same pat-
terns of allelic differences were detected at Hd3a/RFT1 and
Hd5: the TOB and BKH parents both contributed late-
heading alleles at Hd3a/RFTI and early-heading alleles at
Hd5. These two populations showed a very wide range of
DTH, and extremely late transgressive segregants were
observed. However, variation in DTH was different
between the two populations: BKH showed late heading
compared with that of TOB, and the distribution of DTH
was shifted toward late heading in the BKH population
compared with that of TOB. This observation may imply
that additional unknown late-heading factors in BKH or
early-heading alleles in TOB might be involved in the
variation observed in each population.

In the DAV and TOB F, populations, two of the same
QTLs, Hd3a/RFTI and Hd5, were detected. The additive
effects of RFTI were almost same between DAV and TOB,
and both accessions harbored an early allele at Hd5,
although different magnitudes of additive effects for Hd5
were observed. The main difference detected between the
cultivars was that the DAV population contained an early-
heading allele of Hdl (contributed by DAV), whereas no
QTL was detected near Hd! in the TOB population.

In a comparison between KNJ and BLE, both F, pop-
ulations showed a similar pattern of non-transgressive
segregation. However, the only QTL in common between

the populations was that detected near Hd6/Hd16. These
results indicated that the strong daylength response in each
cultivar was controlled by a different combination of
alleles at QTLs for heading date.

For QZZ, extremely early-heading plants were observed
in the F, population. This segregation pattern was very
similar to that of an F, population derived from a cross
between Hayamasari and Kasalath (Nonoue et al. 2008).
The same two QTLs involved in early heading were
detected in both analyses. It has also been reported that
allelic variation in the Hd2 region on the distal end of the
long arm of chromosome 7 could be involved in extremely
early heading in rice (Fujino and Sekiguchi 2005; Gu and
Foley 2007). In our study, a QTL near Hd2 was detected in
the QZZ population, with the QZZ allele contributing to
early heading (Table 2; Fig. 2). Therefore, we conclude
that Ghd7, Hd2, and Hd5 play important roles in the
genetics of extremely early heading.

The Hd6 QTL is located in the distal end of the long arm of
chromosome 3. KSH possesses a loss-of-function allele at
Hd6 (Matsubara et al. 2008a). Recently, a new QTL, Hd16,
was also detected near Hd6. In this region, it was difficult to
distinguish between Hd6 and Hd 16 due to their close linkage.
However, two LOD peaks were detected in BAS and KNJ,
suggesting that both loci might contribute to the variation for
heading date. This assumption will need to be tested by
performing high-resolution mapping of this region.

In QTL analysis, QTLs are detected based on the effects
of different alleles on the target traits being measured. At
each QTL detected in this study, we could compare the
effects of alleles from different cultivars by using the allele
of KSH, a common parent, as a standard. For example,
KSH has a functional allele of Hd! that is the same as that
found in Nipponbare, with a 36-bp deletion in the exon
(Yano et al. 2000; Nonoue et al 2008). Depending on
whether the effect of the KSH allele was positive or neg-
ative in a given population, one could predict whether the
Hd] allele in the other parent would have reduced or ele-
vated function, respectively. Based on this assumption, we
speculated that TUP, MUH, DAV, BAS, KMK, and NAB
would possess a reduced-function or loss-of-function allele
at Hdl, and that KNJ would possess an Hd! allele with an
enhanced level of function. Sequence analysis of Hdl
strongly supports the above assumption. A premature stop
codon was detected in the HdI alleles of TUP, MUH,
DAV, BAS, KMK, and NAB, indicating that these are very
likely to be loss-of-function alleles. On the other hand, it is
difficult to explain how the amino acid changes seen in the
KNI allele would lead to a gain-of-function compared with
the KSH allele.

Xue et al. (2008) identified a repressor of heading,
Ghd7: loss of Ghd7 function results in early heading. In
QZZ, we detected a large deletion that appeared to include
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the entire Ghd7 sequence. The allelic effect of the KSH
allele at the QTL near Ghd7 was positive in the QTL
analysis of the QZZ F, population (Table 2), consistent
with loss of function of Ghd7 in QZZ.

Recently, Hagiwara et al. (2009) reported that an amino
acid change (E105 K) in the coding region of RFTI was
involved in a significant loss of function in some Asian
cultivated rice and its wild relatives, resulting in late
heading. In the present study, QTLs with a large effect
were detected in the region of Hd3a/RFTI in four popu-
lations (DAV, TOB, BKH, and BLE). In each case, the
KSH allele decreased DTH, suggesting that the function of
RFTI in the four diverse parents might have been
decreased or lost. We could not detect any clear poly-
morphism affecting the function of Hd3a (data not shown),
whereas functional polymorphism (loss-of-function muta-
tion E105 K) was detected in the predicted RFT1 protein
sequence in DAV, TOB, BKH, and BLE. These results
clearly suggest that RFTI may have a significant role in
generating natural variation for heading date.

For Hd2 and Hd5, additive effects of the KSH alleles
were seen in both directions (i.e., toward either increased
or decreased DTH), depending on the F, population. As
mentioned above, this range of additive effects must reflect
the functional status of gene(s) located within the QTLs.
Unfortunately, neither Hd2 nor Hd5 have been cloned yet.
The functional status of these genes will need to be tested
by the cloning and sequencing of these two important
QTLs for heading date.

Based on a previous sequence analysis, KSH has a non-
functional allele at Hd6, which can be identified by a SNP
(Matsubara et al. 2008a). In this study, it was revealed that
none of the 12 other cultivars had this SNP at Hd6 (data not
shown), suggesting that all 12 cultivars may have a func-
tional allele at Hd6. Based on this sequence polymorphism,
we expected to detect a QTL near Hd6 in all of the pop-
ulations. However, no QTL was detected in the Hd6 region
of QZZ, DAV, TOB, DPZ, or BKH (Fig. 2; Table 2). It is
interesting to note that a KSH allele at Hd5 with a large
positive effect on DTH was detected in all populations in
which no QTL was detected in the Hd6 region. This indi-
cates that genetic interaction between Hd6/HdI16 and Hd5
is likely to be involved in the expression of heading date.
Alternatively, segregation of a large phenotypic effect of
Hd5 may mask the action of Hdb6.

Temperature and rainfall are major determinants of rice
growing season, and DTH is important characteristic of
rice cultivars. Natural or artificial selection of DTH has
affected not only specific genes but also combinations of
genes/QTLs. On the other hand, rice is an autogamous
(self-fertilizing) crop in which natural crossing events
among cultivars are extremely rare. Allele combinations at
different QTLs that determine DTH and daylength
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response are expected to be characteristic of specific cul-
tivar groups. The 12 cultivars used in this study have been
classified into three cultivar groups, A, B, and C, which
correspond to japonica, Aus, and indica, respectively
(Table 1) (Kojima et al. 2005). The japonica cultivars
studied here were KMK, KNJ, and KSH. The difference in
DTH of KMK and KNI is largely explained by the effect of
the QTL near Hdl, with an early allele in KMK and a late
allele in KNJ, and may reflect the needs of their respective
growing environments. KMK is grown in mountainous
areas of Vietnam, which may require photoperiod insen-
sitive rice adapted to a relatively short growth period. On
the other hand, KNJ seems to be grown in plains areas of
tropical regions and a long growth period allows to raise
high photoperiod sensitive rice. Three cultivars (TUP,
MUH, and BAS) classified into group B by Kojima et al.
(2005), exhibited relatively early heading among the cul-
tivars in this study. This result is consistent with the typical
Aus characteristics of photoperiod insensitivity and short
growing period. The F, populations derived from the three
group B cultivars showed similar segregation patterns for
DTH; the QTL and sequence analyses suggested that these
patterns were mainly determined by allelic differences in
HdI and Hd6/HdI6. On the other hand, although the seven
cultivars classified into group C (QZZ, DAV, TOB, DPZ,
BKH, NAB, KMK, KNIJ, and BLE) showed a wide range
of DTH under the natural field conditions (Table 1), less
polymorphism was detected in Hdl and Ghd7 in group C
(indica) than within groups A or B. In addition, based on
the QTL analysis, allelic differences in RFTI and Hd5
were more likely to be involved in generation of natural
variation in DTH among cultivars in group C than among
the other two groups. Garris et al. (2005) suggested that
cultivar groups Aus and Aman, other cultivar’s group in
indica, had narrow and wide genetic diversity, respectively,
based on SSR analysis. A similar result was observed in
cultivar groups B and C (which correspond to Aus and
Aman) based on their RFLPs (Kojima et al. 2005). Based
on results in this study, it is likely that there is a relation-
ship between allele combinations for the QTLs and cultivar
groups or geographical distribution. However, the limited
number of accessions in this study representing each cul-
tivar group and geographical origin did not allow us to
draw a clear conclusion. Future studies with more rice
accessions will be needed to allow us to clearly establish
the relationships between cultivar groups and genetic var-
iation in QTLs for heading date.

Takahashi et al. (2009) demonstrated that variations in
Hd1 proteins, Hd3a promoters, and Ehdl expression levels
largely contributed to the diversity of flowering time in
cultivated rice. In this study, we confirmed that Hd/ could be
one of the major factors determining heading date in Asian
cultivars; moreover, RFTI, rather than Hd3a, contributed to
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heading date diversity in the rice cultivars included in this
study. Furthermore, Ghd7, Hd5, and Hd6/Hd16 appeared to
be important genetic factors for the determination of heading
date in these rice cultivars. It should be noted that we did not
detect any QTLs in the region of EhdI (chromosome 10) in
this study. This finding implies that, despite its important role
for the promotion of flowering (Doi et al. 2004; Xue et al.
2008, Matsubara et al. 2008b; Park et al. 2008), the Ehdl
gene does not contribute very much to heading date diversity
in rice. Presumably, several of the QTLs detected in this
study, such as Ghd7, Hd2 and Hd5, might modulate the
expression of Ehdl, and consequently modify expression of
florigen genes Hd3a and RFTI (Xue et al. 2008).

Taking together the allelic differences found in the QTL
analyses and the sequence variation at genes for heading
date, our data strongly suggest that a large portion of the
wide range of phenotypic variation in heading date and
daylength response could be generated by combinations of
different alleles, possibly both loss and gain of function, of
QTLs Hdl, Hd2, RFTI, Ghd7, Hd5, and Hd6/HdI6. In
general, it is difficult to detect all QTLs, particularly QTLs
with minor effects, in primary mapping populations such as
F, populations (Ebitani et al. 2005; Uga et al. 2007; Takai
et al. 2007; Ando et al. 2008). Although we successfully
detected several major QTLs by using F, populations, it is
very likely that some QTLs with minor effects might be
also involved in the phenotypic variation seen in these F,
populations. On the other hand, we also need to verify the
effect of QTLs with relatively minor effects, which were
not detected in the IM analysis. Therefore, it will be nec-
essary to search again for heading date QTLs by using
advanced progeny. In addition, DTH in the F, plants was
scored only under a single environment, natural field
conditions at Tsukuba, Japan. It is possible that additional
novel QTLs might be involved in differences in DTH under
diverse environmental conditions, such as temperature and
daylength, including artificial SD and LD conditions.
Currently, we are developing populations of chromosome
segment substitution lines (CSSLs) for 10 of the accessions
(Fukuoka et al. 2010). It would be interesting to discover
additional QTLs with minor or epistatic effects under
diverse environmental conditions using these CSSLs,
resulting in understanding more comprehensively the
genetic factors that induce natural variation in heading date
of Asian cultivated rice.
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