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Abstract During the diversification of cultivated rice
after domestication, rice was grown in diverse geographic
regions using genetic variations attributed to the combi-
nation of alleles in loci for adaptability to various envi-
ronmental conditions. To elucidate the key gene for
adaptation in rice cultivars to the northern limit of rice
cultivation, we conducted genetic analyses of heading date
using extremely early-heading cultivars. The Hd5 gene
controlling heading date (flowering time) generated varia-
tions in heading date among cultivars adapted to Hokkaido,
where is the northernmost region of Japan and one of the
northern limits of rice cultivation in the world. The asso-
ciation of the Hd5 genotype with heading date and genet-
ical analysis clearly showed that the loss-of-function Hd5
has an important role in exhibiting earlier heading among a
local population in Hokkaido. Distinct distribution of the
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loss-of-function Hd5 revealed that this mutation event of
the 19-bp deletion occurred in a local landrace Bouzu and
that this mutation may have been selected as an early-
heading variety in rice breeding programs in Hokkaido in
the early 1900s. The loss-of-function Hd5 was then intro-
duced into the rice variety Fanny from France and con-
tributed to its extremely early heading under the presence
of functional Ghd7. These results demonstrated that Hd5
plays roles not only in generating early heading in varia-
tions of heading date among a local population in Hokka-
ido, but also in extremely early heading for adaptation to
northern limits of rice cultivation.

Introduction

Heading date is a major determinant of rice adaptability to
regional and environmental conditions and has been a
major target in rice breeding programs. Due to its impor-
tance, many quantitative trait loci (QTLs) have been
identified using various kinds of cross combinations and
several genes have been identified by a positional cloning
strategy (Izawa 2007a, b; Alonso-Blanco et al. 2009;
Yamamoto et al. 2009; Miura et al. 2011; Tsuji et al. 2011).
Previously, a series of QTL mapping using 12 diverse rice
cultivars from Asia demonstrated that a large portion of the
phenotypic variations in heading date could be generated
by combinations of different alleles of QTLs for heading
date (Ebana et al. 2011). QTL analysis for extremely late
heading in an indica Nona Bokra revealed that its strong
photoperiod sensitivity was generated mainly by the
accumulation of additive effects of particular alleles at
QTLs (Uga et al. 2007). These studies demonstrated that
genetic variations can be attributed to the combination of
alleles in loci involved in heading date.
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Cultivated rice, Oryza sativa L., originating from a
tropical region is a short-day plant and an example of
adaptation to an extremely wide range of climatic condi-
tions, from 53°N to 40°S latitude. Hokkaido, 41°29'—
45°31’N latitude, is the northern-most region of Japan and
one of the northern limits of rice cultivation in the world.
Intensive selection on heading date by breeding programs
has allowed the cultivation of rice in such higher latitudes
with longer natural daylength and lower temperatures.
Only varieties with extremely low photoperiod sensitivity
were grown in such regions with long natural daylength
conditions (Tanisaka et al. 1992; Okumoto et al. 1996).
Furthermore, this unique heading behavior may contribute
to the genetic differentiation of the local population in
Hokkaido from those in other regions of Japan (Nagasaki
et al. 2010).

To understand the genetic architecture of extremely
early heading in rice, several studies have been performed
using cultivars adapted to the northern limits of rice cul-
tivation, such as Hokkaido and Europe (Fujino 2003; Fuj-
ino and Sekiguchi 2005a, b, 2008; Nonoue et al. 2008;
Shibaya et al. 2011; Fujino and Iwata 2011). These results
demonstrated that the loss of two photoperiod sensitivity
genes, gDTH7-1/Ghd7 and ¢gDTH7-2/Hd2, was significant
to this adaptation (Fujino and Sekiguchi 2005a, b; Nonoue
et al. 2008; Shibaya et al. 2011). Among the population
with such extremely early heading, variations in heading
date were observed. This variation is important to generate
different maturity types of rice cultivation in a local region.
Previously, we identified several QTLs controlling heading
date among varieties from Hokkaido (Fujino 2003; Fujino
and Sekiguchi 2008; Nonoue et al. 2008). However, their
roles on variations in heading date among the local popu-
lation were unclear.

A single gene involved in photoperiod sensitivity con-
tributes to differences in heading date, early and medium
maturity types, among commercial rice cultivars from
Hokkaido (Fujino 2003; Nonoue et al. 2008). This gene
collocated with a QTL controlling heading date, Hd5,
which was identified in the population derived from the
cross between Nipponbare and Kasalath (Lin et al. 2003).
Results of map-based cloning of the genes DTH8 (QTL for
days to heading on chromosome 8) and Ghd8 (QTL for
grain yield, heading date, and plant height), which are
allelic to Hd5 (Shibaya et al. 2011), revealed that this gene
encodes the HAP3 subunit of CCAAT-box-binding tran-
scription factor (Wei et al. 2010; Yan et al. 2011).

Here, we report on the roles of Hd5 on generating
variations in heading date among cultivars in the northern
limit of rice cultivation. Hd5 plays a role on generating
early heading in variations of heading date among local
populations from Hokkaido and the loss-of-function Hd5
was selected as a spontaneous mutation during rice
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breeding programs in Hokkaido. In addition, loss-of-func-
tion Hd5 could contribute to extremely early-heading
behavior under the presence of functional Ghd7.

Materials and methods
Plant materials

A total of 204 rice varieties were used for analysis of the
distribution of Hd5 alleles. Core collections for 63 diverse
accessions (Kojima et al. 2005) and 37 landrace type
varieties from Japan (Ebana et al. 2008) were included for
the analysis (Table S1, S2). In addition, 85, 14, and 5 rice
varieties were used from Hokkaido (the northern-most
region of Japan), Honshu (the main island of Japan), and
Europe, respectively (Table S3, S4). These rice varieties
included landrace and modern varieties in each region. The
85 varieties from Hokkaido were selected to cover a wide
area of cultivation across Hokkaido from the late 1800s to
the present. Previously, we determined the population
structure among rice varieties from Japan (Nagasaki et al.
2010; Yonemaru et al. 2012). These results demonstrated
that varieties from Hokkaido were clearly assigned to a
single population, which was genetically distinct from
those from other regions of Japan. Eleven F, populations
(n = 76-100) derived from crosses between the nine
varieties were developed for the genetic analysis of head-
ing date. Seeds of rice varieties were provided by the
Genebank of the National Institute of Agrobiological Sci-
ence (Tsukuba, Japan) and Hokkaido Central Agricultural
Experiment Station (Takikawa, Japan).

To confirm the effect of Hd5 on heading date and photo-
period sensitivity, an advanced backcrossed progeny for Hd5
was developed. First, a japonica Kitaibuki was crossed with a
Jjaponica Hoshinoyume. The resultant F; plants were back-
crossed with Kitaibuki to obtain BCsF; seeds. Among the
BC;sF, population derived from the self-pollination of BCsF,
plants carrying heterozygous of Hd5, a plant carrying
homozygous for the functional Hd5 was selected as a near
isogenic line (designated as KTm). In each generation, mar-
ker assisted selection (MAS) for Hd5 was conducted using the
PCR primer set 19DEL to detect the 19-bp deletion found in
Hayamasari; TCACATGAAGAGTAGGAAGAGCT and
TGATGAACTCCGACACGCAC.

All rice varieties and F, populations were cultivated in
an experimental paddy field at HOKUREN Agricultural
Research Institute (Naganuma, Hokkaido, Japan, 43°03'N
latitude) in 2003, 2004, and 2006. Cultivation conditions
were described in Fujino and Sekiguchi (2005a, b, 2008).
Sowing and transplanting were performed in late April and
late May, respectively. Days to heading (DTH) of the
earliest heading panicle among individuals was recorded
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for each plant as the number of days required from sowing
to heading. Leaf samples of each plant were collected for
DNA extraction.

Complementation test

To test the function of Hd5 on heading date, an approxi-
mately 4.2-kb genomic fragment of Nipponbare, which was
digested by HindIll and Eagl, was transformed into the
pPZP2H-lac binary vector (Fuse et al. 2001). The resultant
plasmid was then introduced into Hayamasari by means of
Agrobacterium-mediated transformation (Toki et al. 2006).
The Nipponbare and Hayamasari alleles of Hd5 are func-
tion and loss-of-function, respectively (Shibaya et al.
2011). Two T, homozygous lines were raised under LD
conditions (14.5-h light) and scored their DTH.

Evaluation of photoperiod sensitivity

Kitaibuki, Hoshinoyume, Fanny, and KTm were grown
under three different daylength conditions: 16-h day (16D;
16-h light; 27°C for 12 h and 23°C for 12 h), 14-h day
(14D; 14-h light; 27°C for 12 h and 23°C for 12 h), and
10-h day (10D; 10-h light; 27°C for 12 h and 23°C for
12 h) in a controlled growth cabinet (Nihonika, Japan).
DTH required from sowing to heading was scored for ten
plants per lines.

DNA analysis

Total DNA was extracted from the leaves of each plant
individually according to the CTAB method (Murray and
Thompson 1980). Genotyping with SSR and STS markers
was performed as described in Fujino et al. (2004). For
QTL analysis for heading date, SSR and STS markers
listed in Table S5 were used, which were linked to the ten
known QTLs for heading date (Yano et al. 1997; Lin et al.
1998, 2002; Yamamoto et al. 2000; Yano et al. 2000; Yano
2001; Doi et al. 2004; Xue et al. 2008).

The sequence of the Hd5 region including 1.3 kb of the
5" upstream, 0.9 kb of the coding, and 1.0 kb of the 3’
downstream regions were determined in Kitaibuki and
Hoshinoyume from Hokkaido, Italica Livorno from Italy,
Arroz Da Terra from Portugal, and Dunghung Shali from
Hungary. Amplified DNA fragments from genomic DNA
with specific primers were purified and sequenced with the
Sanger dideoxy terminator method on capillary sequencers
(Applied Biosystems, USA). The sequences of Hd5 in
these varieties were deposited in GenBank as Accession
Nos. AB693200-AB693204.

In addition to the functional nucleotide polymorphism
(FNP) of the 19-bp deletion, the genotype of three FNPs,
the 1, 8, and 1,116-bp deletions (Wei et al. 2010; Yan et al.

2011), were determined in 45 varieties from Hokkaido and
32 varieties in the Japanese landrace core collection. To
detect these FNPs, specific primer sets were designed for
1DEL (F: AAGGAGACGGTGCAGGAGT and R: TTGAT
GGTCTTCCGCTTCTC), 8DEL (F: CCGCTCAAGTCCT
ACCTCAA and R: TGACCATGGTGTGAGTGTGA), and
1116DEL (F: GTCAGGGAACAAGGCGTACT and R:
AGGGCAGTACAACAGCATCO).

Statistical analysis

The association of the genotype of Hd5 with heading date
among 67 varieties from Hokkaido was calculated by
ANOVA. The genotype of Hd5 was determined using the
PCR primer set 19DEL to detect the 19-bp deletion,
deletion (Del) or non-deletion (Nd). For QTL analysis of
heading date, the mean value of DTH in F, populations was
compared between each homozygous genotype class of
parental type by ANOVA according to the procedure
described in Fujino and Sekiguchi (2005a, b, 2008). The
detection threshold for QTLs in this study was P < 0.001.

Results
Hd5 controls heading date

Previously, we mapped a gene controlling heading date on
the chromosomal region near Hd5 on the short arm of
chromosome 8 using the F, population derived from the
cross between Hayamasari and Hoshinoyume (Nonoue
et al. 2008). It was also reported that the difference in DTH
between Kitaibuki and Hoshinoyume was controlled by a
single gene (Fujino 2003). Sequence analysis clearly
revealed that Kitaibuki carries the loss-of-function Hd5
with the 19-bp deletion (GenBank accession number
AB693201), the same as that of Hayamasari, while
Hoshinoyume carries the functional Hd5 (GenBank
accession number AB693200). In addition, the frequency
distribution of DTH in the F, population derived from the
cross between Kitaibuki and Hoshinoyume showed con-
tinuous variation that could be explained by the genotype
of Hd5 (Fig. 1).

Differences in heading date and photoperiod sensitivity
were observed between KTm and its recurrent parent
Kitaibuki (Fig. 2). DTH of KTm (110.3 and 91.9) was
larger than that of Kitaibuki (99.2 and 86.8) in both years
(2003 and 2004, respectively). Kitaibuki showed no clear
delay in heading due to increased daylength, while KTm
showed delayed heading depending on daylength condi-
tions, similar to Hoshinoyume (Fig. 2).

To confirm that this gene is identical to Hd5, the func-
tional Hd5 was introduced into Hayamasari by means of
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Fig. 1 Frequency distribution of days to heading in the F, population
(n = 95) derived from a cross between Kitaibuki (KT) and Hoshi-
noyume (HS). Horizontal and vertical lines represent ranges and
mean values for the parents, respectively. Three classified genotypes
assessed by the marker 19DEL for the Hd5 gene were indicated:
white, black, and hatched were homozygous for Kitaibuki and
Hoshinoyume, and heterozygous
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Fig. 2 Days to heading of rice varieties under three different
daylength conditions, 10D (white), 14D (gray), and 16D (black) in
a growth chamber. Data are mean values and SD (n = 10). KTm is
the advanced backcrossed progeny of Kitaibuki with the functional
Hd5

Agrobacterium-mediated transformation. Hayamasari is
one of the parents for Kitaibuki and carries the 19-bp
deletion in Hd5 (Shibaya et al. 2011). Transgenic T, plants
exhibited more delayed DTH than that of Hayamasari
under LD conditions (Table S6). These results clearly show
that allelic variations in Hd5 such as functional and loss-of-
function are major determinants of differences in heading
date in Hoshinoyume with Kitaibuki and Hayamasari.

Distribution of the 19-bp deletion in Hd5

To elucidate the distribution of the 19-bp deletion causing
loss-of-function of Hd5, a total of 204 rice varieties from
different populations with wide diversity were surveyed by
PCR analysis to detect the deletion (Table 1). Among 85
varieties from Hokkaido, 15 carried the loss-of-function
Hd5 (Table S3), while it was rare in other populations
including varieties from Honshu and Japanese landraces
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Table 1 Summary of the distribution of the loss-of-function Hd5
among different populations

Population No. of varieties  Genotype
Del Nd
Hokkaido, Japan 85 15 70
Honshu, Japan 14 0 14
Europe 5 1 4
Japanese landrace core collection 37 0 37
Rice core collection 63 1 62
Total 204 17 187

Genotypes of Del and Nd indicate 19-bp deletion and non-deletion
alleles, respectively

(Table S2, S4). The pedigrees of these varieties from
Hokkaido were well characterized because these were
breeding materials. In the late 1800s, rice cultivation begun
in Hokkaido using the variety Akage carrying the func-
tional Hd5 (Fig. S1). Then, the variety Bouzu was selected
by a pure-line selection from the Akage population as a
spontaneous awnless mutant. From the Bouzu population,
several pure lines were selected as varieties adapting to
local environmental conditions in the early 1900s. These
varieties carry the functional Hd5, while only Bouzu No. 6
carries the loss-of-function Hd5, which was known to be an
early-heading type at that time (Fig. SIA). These results
indicated that the 19-bp deletion in Hd5 was generated as a
spontaneous mutant during rice breeding programs in
Hokkaido and was selected as an earlier heading variety.

The loss-of-function Hd5 was found in only two varie-
ties other than a local population in Hokkaido. Dianyul
from China carries the loss-of-function Hd5 in the rice core
collection over the world (Table S1). Dianyul is the pro-
genitor of Jianjing6 carrying the loss-of-function Hd5 (Wei
et al. 2010). Norin No. 34 is the progenitor of Dianyul and
carries the loss-of-function Hd5, indicating that the loss-of-
function Hd5 was introgressed into these varieties in China
from Norin No. 34 in Hokkaido (Fig. S1B, C). Fanny from
France carries the loss-of-function Hd5 among varieties
from Europe (Table S4), in whom the pedigree was
unknown. Because the same mutation rarely occurs several
times within 10,000 years, we can consider this mutation to
be a single event in rice evolution. These results strongly
suggested that the loss-of-function Hd5 generated in
Hokkaido was introduced into varieties from China and
France by rice breeding programs.

Role of Hd5 on variations in heading date among rice
varieties from Hokkaido

To elucidate the role of Hd5 on variations in heading date
among rice varieties from Hokkaido, the association of the
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Table 2 Relationships between the genotypes of Hd5 and heading
date among rice varieties from Hokkaido

Year Genotype No. of Days to heading Probability
varieties —_—
Mean Range
2003 Del 10 99.9 84.6-102.2 0.0100
Nd 15 108.9 95.1-122.9
2004 Del 13 87.5 77.9-93.6  0.0039
Nd 54 91.0 82.8-104.7

Genotypes of Del and Nd indicate 19-bp deletion and non-deletion
alleles, respectively

Probability indicates the difference between the two genotypes cal-
culated by ANOVA

Hd5 genotype, the 19-bp deletion and non-deletion, with
heading date was evaluated. This study was replicated in
2 years: 25 varieties in 2003 and 67 varieties in 2004.

A wide variation in DTH was observed among the 67
varieties from Hokkaido, ranging from 77.9 of Norin No.
11 to 104.7 of Kudoumochi in 2004 (Table S3). A signif-
icant difference in DTH was detected between the two Hd5
groups of the 19-bp deletion and non-deletion, 87.5 and
91.0, respectively (P = 0.0039) (Table 2). In addition to
the FNPs of the 19-bp deletion, three FNPs have been
identified in Hd5/DTHS8/GHDS (Wei et al. 2010; Yan et al.
2011). Only the 1-bp deletion was found in four varieties
among the Japanese landrace core collection (Table S2),
while no FNP was found in a local population in Hokkaido
other than the 19-bp deletion. Results strongly suggested
that the loss-of-function Hd5 has a major role on generat-
ing early heading in variations of heading date among this
local population.

Results of genetical analysis also indicated that the loss-
of-function Hd5 is a major determinant of early heading
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of days to heading in eight F, 30 - 70 - —— AK
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Fig. 4 Frequency distributions of days to heading in F, populations
of Fanny. a Kitaibuki (KT)/Fanny (FA), n = 77. b Hoshinoyume
(HS)/Fanny (FA), n = 90. Horizontal and vertical lines represent
ranges and mean values for the parents, respectively. Three classified
genotypes assessed by the markers RM3859 (a) and 19DEL (b) for
Ghd7 and Hd5 genes, respectively, were indicated: white, black, and
hatched were homozygous for KT/HS and FA, and heterozygous.
Arrowhead indicates the mean values of F; plants (n = 6)

among this local population. The frequency distribution of
DTH was narrow and within the ranges of the parents in the
F, population of Bouzu/Akage, both of whose Hd5 is non-
deletion, (Fig. 3b). Although a late transgressive segrega-
tion was observed in the F, population of Akage/Bouzu
No. 6, three genotype classes of Hd5 were clearly corre-
lated with DTH; the homozygous of the loss-of-function
and the functional Hd5 showed early and late heading,
respectively (Fig. 3c). Only a single QTL corresponding to
Hd5 was detected in this F, population (Table S5, S6).
These results strongly supported that the loss-of-function
Hd5 occurred in Bouzu and had been selected as the variety
Bouzu No. 6 with earlier heading (Fig. S1A).

In an F, population of Bouzu No. 6/Kitaibuki, both with
the 19-bp deletion of HdS5, no early transgressive segre-
gation was observed, indicating that the loss-of-function
Hd5 contributed to early heading in both varieties
(Fig. 3a). The same results were also obtained in four F,
populations derived from crosses between landrace and
modern varieties (Fig. 3d—g). QTL analysis revealed that
only two loci corresponding to Hdl and Hd5 contributed to
variations in heading date (Table S5, S7). The loss-of-
function Hd5 decreased DTH in these four populations
(Table S7), and almost all of the early transgressive
segregants carried the loss-of-function Hd5. Furthermore,
bimodal distribution of DTH was clearly correlated with
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Hd5 genotypes in the F, population of Sasahonami/Kitai-
buki (Fig. 3h).

Role of Hd5 in the rice variety Fanny from France

Although Fanny carries the loss-of-function Hd5, Fanny
showed a similar photoperiod sensitivity to Hoshinoyume
(Fig. 2) and DTH of Fanny (104.4) was later than that of
Hoshinoyume (99.8) in natural field conditions. To eluci-
date the role of the loss-of-function Hd5 in the heading date
of Fanny, QTL analysis of DTH was conducted. The fre-
quency distribution of DTH in the F, population of Kitai-
buki/Fanny was bimodal (Fig. 4a). Only a single QTL
corresponding to Ghd7 was detected (Table S5, S8). The
Fanny allele of QTL increased DTH. In contrast, a wide
variation in DTH including early and extremely late
heading transgressive segregations was observed in the F,
population of Hoshinoyume/Fanny (Fig. 4b). Three QTLs
corresponding to Hdl, Hd5, and Ghd7 were detected
(Table S5, S8). The Fanny alleles at QTLs for Ghd7
increased DTH, while the Hoshinoyume alleles at QTLs for
Hd1 and Hd5 increased DTH.

Based on the QTL analysis with the sequence of Hdl,
Hd5, and Ghd7 or FNPs typing for Hd5 (the 19-bp dele-
tion) and Ghd7 (a premature stop codon), the genotypes of
these genes in Kitaibuki (HdIlhd5ghd7), Hoshinoyume
(HdIHd5ghd?7), and Fanny (hdlhd5Ghd7) were identified.
Due to the low resolution of QTL analysis including pop-
ulation size and epistatic interactions of QTLs, QTL could
not be detected on the Hdl locus in the F, population of
Kitaibuki (Hdl) and Fanny (hdl) (Table S8). Extremely
late heading transgressive segregation was observed in the
F, population of Fanny with Hoshinoyume, but not in that
with Kitaibuki (Fig. 4). These results revealed that extre-
mely early heading in Fanny was dependent on the loss-of-
function Hd5 under the presence of functional Ghd7.

Discussion

Agronomic traits have been the targets of selection during
crop domestication and diversification processes and
breeding programs. Identification of the genes that control
the range of these trait variations could present opportu-
nities to study phenotypic diversification among cultivated
crops. This study can give us some insights into the
diversification of the traits in breeding programs for
shaping adaptability to local regions. This study demon-
strated that Hd5 has a role in generating early heading in
variations of heading date among local populations from
Hokkaido and loss-of-function Hd5 could contribute to
extremely early-heading behavior under the presence of
functional Ghd7.
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QTLs for heading date including Hd5 have been iden-
tified using several populations between landrace and
modern varieties from Hokkaido (Fujino and Sekiguchi
2008; Nonoue et al. 2008). However, it was difficult to
understand how these QTLs contributed to variations of
heading date among the local population due to the limited
number of populations examined. QTL analysis can iden-
tify genes by differences between parental varieties.
Therefore, once the corresponding gene to QTL has been
identified at the molecular level, it would be possible to
elucidate the role of the gene in the variation of traits
among populations. A series of genetic analyses and a
survey of the Hd5 genotype in this study clearly demon-
strated that Hd5 has a role in generating early heading in
variations of heading date among this local population.

Distribution of the loss-of-function Hd5 revealed that
the mutation event of the 19-bp deletion occurred in the
landrace Bouzu in the early 1900s. This spontaneous
mutation exhibiting earlier heading has been selected as the
variety Bouzu No. 6 (Fig. S1A). Cultivation areas of Bouzu
were limited within south and south-western regions of
Hokkaido, while Bouzu No. 6 could be grown in northern
and eastern regions of Hokkaido, where rice never grew at
that time. Human demands that enlarge rice cultivation
areas had selection pressure for such mutations exhibiting
earlier heading. In the process of shaping the adaptability
to unique environmental conditions, desirable genes may
have accumulated into the local population using standing
alleles and newly occurred alleles. These varieties with
unique adaptability would be useful in identifying novel
genes for adaptability.

This study also demonstrated that the utility of the loss-
of-function Hd5 selected in Hokkaido takes a new genotype
for heading date under a different local population, France.
Previously, we identified genes for extremely early heading
and for variations in heading date among a local population
in Hokkaido. Loss-of-function of gDTH7-1/Ghd7 has been
shown to be important for extremely early heading in
varieties from both Hokkaido and Europe (Fujino and
Sekiguchi 2005b; Nonoue et al. 2008; Xue et al. 2008;
Shibaya et al. 2011). Allelic variations in Hd5 are important
for variations in heading date among a local population in
Hokkaido, which carries the loss-of-function Ghd7, ghd7
(Fujino 2003; Nonoue et al. 2008). In this study, we iden-
tified a new genotype exhibiting extremely early heading
other than ghd7. Under the presence of functional Ghd?7,
Fanny showed extremely early heading due to the loss-of-
function Hd5. Because Hd5 exhibited epistatic interactions
with Hdl and Ghd7, Hd5 showed these different effects on
heading date (Lin et al. 2003; Gu and Foley 2007; Nonoue
et al. 2008; Xue et al. 2008; Yan et al. 2011).

For the adaptation of rice to the northern limits of rice
cultivation, Hd5 has these roles in different genetic

backgrounds. The understanding of genetic bases for
adaptation to the local region and for controlling heading
date in rice can design new genotypes with desirable
heading dates. On the other hand, genes for heading date
regulate agronomic traits including plant height and yield
potentials (Xue et al. 2008; Wei et al. 2010; Yan et al.
2011; Endo-Higashi and Izawa 2011). Different genotypes
for extremely early heading have the possibility to develop
varieties with different agronomic traits and heading habits.
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