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Abstract
Four quantitative trait loci (QTLs) for rice (Oryza sativa L.) heading date were previously detected by 
QTL analysis of progeny derived from crosses between a japonica cultivar, Koshihikari, and an indica 
cultivar, Kasalath.  To enhance the cropping potential of Koshihikari, a leading cultivar in Japan, our 
team used marker-assisted selection to develop isogenic lines (ILs) with early and late heading dates.  
Several types of DNA marker were used to minimize the length of substituted chromosome segments 
containing target QTLs and to determine the genotype in the target QTL regions and in the back-
ground genome of the ILs.  We developed four new ILs—Koshihikari Kanto HD1 (Hd1), Wakei 370 
(Hd4), Kanto IL5 (Hd6), and Kanto HD2 (Hd5)—housing Kasalath chromosome segments of 560, 
7960, 170, and 625 kb, respectively.  The heading date of Koshihikari Kanto HD1 was 12 days earlier 
than that of Koshihikari in Ibaraki, and those of Wakei 370, Kanto IL5, and Kanto HD2 were 3, 10, 
and 11 days later, respectively.  Most of the traits, except the heading date of the four ILs, were the 
same as those of Koshihikari.
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Introduction

The japonica rice cultivar Koshihikari is cultivated in 
western and central Japan.  In 2008, its area of cultivation 
covered 604,000 ha, accounting for 36.4% of the total rice 
cultivation area in Japan28.  Koshihikari is characterized by 
its good eating quality and its cool-temperature tolerance at 
the booting stage.  In the market, it enjoys security of sup-
ply, brand recognition by consumers, and advantageous high 
prices because of the brand.  Koshihikari has been a leading 
cultivar for the last three decades.  However, because of its 
restricted heading and maturity dates, its commercial culti-
vation is limited to western and central Japan.  Modification 
of its heading date to both earlier and later dates is one of 
the breeding objectives to enhance its cropping potential.  
The development of isogenic lines (ILs) of Koshihikari with 
early and late heading dates would enable the expansion of 
its cultivation area.  

Genetic analysis of heading date 

The heading date of rice is a complex quantitative trait 
that is controlled by several genes and environmental sig-
nals, including photoperiod.  Many quantitative trait loci 
(QTLs) for the photoperiod response of heading date have 
been identified7,12,13,16,17,19,30,31,35,37.  In particular, 15 QTLs for 
heading date (Hd1–Hd3a, Hd3b–Hd14) have been identified 
in populations derived from crosses between a japonica cul-
tivar, Nipponbare, and an indica cultivar, Kasalath (Fig. 
1)37.  Ten of these QTLs (Hd1–Hd3a, Hd3b–Hd9) have been 
mapped as  s ingle  Mendel ian factors 14,15,20,24,32,33.  
Furthermore, five QTLs (Hd1, Hd3a, Hd5, Hd6, and Ehd1) 
have been isolated by map-based cloning2,10,23,36 
(Yamanouchi et al., unpublished data).  Hd1, on the short 
arm of chromosome 6, promotes heading under short-day 
conditions and inhibits it under long-day conditions36.  Hd5, 
on the short arm of chromosome 8, and Hd6, on the long 
arm of chromosome 3, both inhibit heading under long-day 
conditions23 (Yamanouchi et al., unpublished data).  Hd3a, 
on the short arm of chromosome 6, promotes heading under 
short-day conditions10.  Se5, on the long arm of chromosome 
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6, has been cloned by analysis of japonica Norin 8 mutant 
lines8.  Loss of function of Se5 causes early heading and 
complete loss of photoperiodic response.  Ehd1, on chromo-
some 10, has been isolated by analysis using a backcross 
population between japonica Taichung 65 and African rice 
(Oryza glaberrima Steud. acc. no. IRGC104038)2.  The O. 
glaberrima allele of Ehd1 confers early heading under short-
day conditions.  These studies have improved our under-
standing of the genetic control mechanisms underlying the 
photoperiodic response of heading date in rice.  

Development of Koshihikari ILs with early and 
late heading 

1. Development of ILs
Three QTLs—qDTH3, qDTH6, and qDTH8—were 

identified on chromosomes 3, 6, and 8, respectively, in one 
population derived from crosses between Koshihikari and 
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Fig. 1.  Chromosomal location of QTLs for heading date
The vertical bars represent the chromosomes, num-
bered at the top.  Hd1–Hd14, identified in Kasalath; 
Se5, in Norin 8 mutants; Ehd1, in O. glaberrima2,8,38.  
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Fig. 2.  Scheme for the development of isogenic lines of Koshihikari 



Developing Isogenic Lines of Koshihikari with Early and Late Heading

17

Kasalath (Fig. 3A)34.  An additional putative QTL, tenta-
tively designated qDTH7, was identified on chromosome 7 
through the use of chromosome segment substitution lines3.  
Their chromosomal locations suggest that the QTLs corre-
spond with Hd6, Hd1, Hd5, and Hd4, respectively, which 
have been detected in populations derived from crosses 
between Nipponbare and Kasalath3,34.  Fine-mapping and 
map-based cloning studies have provided information about 
the precise position of target QTLs and their tightly linked 
DNA markers, allowing us to embark on developing ILs of 
Koshihikari with modified heading dates15,23,36 (Yamanouchi 
et al., unpublished data).  

The scheme for developing ILs for heading date is 
shown in Fig. 2.  Koshihikari was crossed with Kasalath, 
and the resulting F1 plants were backcrossed to Koshihikari 
to obtain BC1F1 plants.  These plants were self-pollinated to 
develop 187 BC1F3 lines by the single-seed-descent method34.  
To develop ILs for each QTL, we selected four suitable 
BC1F3 lines in which a recombination had occurred on one 
side of the target QTL according to genotypes of 116 restric-
tion fragment length polymorphisms (RFLPs).  We succes-
sively backcrossed these plants with Koshihikari and used 
marker-assisted selection (MAS) to select desirable plants 
in which recurrent chromosome segments could be recov-
ered as Koshihikari homozygous (by negative selection) and 
the chromosomal region including the target QTL was 
maintained as heterozygous (by positive selection).  Four 
resulting secondary backcross progeny (SBC1F1) were self-
pollinated to obtain four SBC1F2 plants.  MAS was con-
ducted to select appropriate plants for further development 
of ILs.  Self-pollination of one selected SBC1F2 plant 
resulted in Koshihikari Kanto HD1 (Hd1).  A few chromo-
somal segments of Kasalath homozygous remained in the 
non-target regions of the other three SBC1F2 plants.  We 
additionally backcrossed the three SBC1F2 plants with 
Koshihikari to recover as Koshihikari homozygous in the 
non-target chromosomal regions.  The additional backcross-
ing of the other three SBC1F2 plants with Koshihikari pro-
duced three SBC2F1 lines.  We selected plants in which 
recombination occurred in the flanking region of the target 
QTLs (other side to first recombination).  One SBC1F2 (with 
Hd1) and three SBC2F2 (with Hd4, Hd5, and Hd6) plants 
with a minimum chromosomal segment containing each tar-
get QTL were selected from one SBC1F2 (175 SBC1F2 plants 
segregating Hd1 region) and three SBC2F2 (100 SBC2F2 
plants segregating Hd4 region, 245 SBC2F2 plants segregat-
ing Hd5, and 100 SBC2F2 plants segregating Hd6 region, 
respectively) populations, respectively.  Additional self-pol-
linations were required to select ILs.  We developed four 
ILs: Koshihikari Kanto HD1 (Hd1), Wakei 370 (Hd4), 
Kanto HD2 (Hd5), and Kanto IL5 (Hd6).  

2. Genotype survey of ILs selected 
Through the use of 28 PCR-based DNA markers, com-

prising sequence-tagged site (STS), cleaved amplified poly-
morphic sequence (CAPS), derived CAPS (dCAPS), and 
simple sequence repeat (SSR) markers25, recombination 
points were precisely determined.  Recombination occurred 
between markers C10915 and Y4836L and between 
P0456CT1 and P0456GC1 in Koshihikari Kanto HD1 (Fig. 
3B); between E4071 and R46, and between RM6449 and 
RM5481-1 in Wakei 370 (Fig. 3C); between OS0040CT1 
and RM416, and between cnt13I and G1015 in Kanto IL5 
(Fig. 3D); and between RM8266 and OS1590CCT1, and 
between R902 and RM1111 in Kanto HD2 (Fig. 3E).  If we 
assume that recombination occurred in the middle of each 
marker interval, then the substituted genomic fragments 
measured approximately 560 kb in Koshihikari Kanto HD1, 
7960 kb in Wakei 370, 170 kb in Kanto IL5, and 625 kb in 
Kanto HD2.  

To verify the genotype of the background genome in 
each candidate IL, we used 116 RFLP markers5,11.  We 
detected no introgression of chromosome segments from 
Kasalath at the marker points.  

3. Evaluation of ILs for heading date and other 
traits with agronomic value 

The four ILs were grown in a paddy field at the 
National Agricultural Research Center, Yawara, Ibaraki, 
Japan (36°N), in 2003 and 2004 (Fig. 4).  They were sown 
on 18 April, 2003, and 22 April, 2004, and transplanted on 
14 and 18 May, respectively.  The mean heading date of 
Koshihikari was 6 August (Table 1).  The heading date of 
Koshihikari Kanto HD1 was 24 July, 12 days earlier than 
that of Koshihikari; the heading date of Kanto IL5 was 15 
August, 10 days later; the heading date of Kanto HD2 was 
16 August, 11 days later.  The heading date of Wakei 370 
was also 8 August, 2 days later than that of Koshihikari, 
although there was no significant difference to the heading 
date of Koshihikari.  Most of the morphological traits of the 
four ILs, including ripening period, panicle number, 1000-
grain weight, grain quality, and lodging degree were the 
same as those of Koshihikari (Table 1).  However, the culm 
length and panicle length of Koshihikari Kanto HD1 were 
shorter, which could result in a slight reduction in brown 
rice yield.  The culm length and panicle length of the other 
three lines were almost the same as those of Koshihikari 
(Table 1). 

The eating quality of Koshihikari Kanto HD1 was infe-
rior to that of Koshihikari in Ibaraki in 2003, but not in 2004 
(Table 1).  No clear difference in the other three ILs was 
found.  The eating quality is largely affected by environ-
mental conditions, in particular temperature during ripen-
ing18.  In Ibaraki, the average temperature of the ripening 
period was notably cooler in 2003 than in 2004, and the 
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temperature was abnormally low from the end of July to the 
middle of August 2003.  This low temperature might have 
caused the lower eating quality of Koshihikari Kanto HD1. 

Koshihikari Kanto HD1 was grown in a paddy field at 
Miyazaki Agricultural Research Institute, Sadowara, 
Miyazaki, Japan (32°N), in 2003; it was sown on 21 
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Fig. 3.  Graphical representation of the genotypes of Koshihikari Kanto HD1, Wakei 370, Kanto IL5, and Kanto HD2 
A: QTLs for heading date detected in previous studies3,34 are indicated by triangles.  B–E: Graphical representations of 
each genotype.  White blocks, chromosomal regions derived from Koshihikari; black blocks, Kasalath.  RFLP, STS, 
CAPS, dCAPS, and SSR markers are shown on the right.  PCR-based STS, CAPS, dCAPS, and SSR markers are indi-
cated in bold.  The positions of markers are derived from a high-density RFLP linkage map5.  



Developing Isogenic Lines of Koshihikari with Early and Late Heading

19

February and transplanted on 25 March.  The heading date 
of Koshihikari was 18 June, and that of Koshihikari Kanto 
HD1 was 17 June, only 1 day earlier (Table 1).  All other 
traits, including culm length, panicle length, panicle num-
ber, 1000-grain weight, grain quality, degree of lodging, 
yield of brown rice, and eating quality, were also the same 
or nearly the same as those of Koshihikari.  

The phenotypic performances of the three ILs, Wakei 
370, Kanto IL5, and Kanto HD2, were almost the same as 
those of Koshihikari except heading date.  However, the 
culm length and panicle length of Koshihikari Kanto HD1 
in Ibaraki were also modified (Tables 1).  A shorter culm 
length and panicle length may improve lodging resistance, 
but may reduce yield potential.  We propose that the 
Kasalath Hd1 allele has pleiotropic effects on culm length 
and panicle length.  Kawai and Sato9 reported that most 
early-heading mutant strains had short culms.  Li et al.12 and 
Yu et al.38 found a significant positive correlation between 
heading date and plant height.  Using progeny of the same 
cross-combination as used in this study, Yamamoto et al.34 
identified a QTL controlling internode length in the same 
region as Hd1.  In addition, in our trial in Miyazaki, where 
the heading date of Koshihikari Kanto HD1 was similar to 
that of Koshihikari, culm length, panicle length, and yield 
were also nearly the same as those of Koshihikari.  Thus, it 
is likely that the Hd1 gene has pleiotropic effects on culm 
length and panicle length.  

Field resistance to leaf blast was assessed in an upland 
field at the National Agricultural Research Center, Tsukuba, 
Ibaraki, in 2003 and 2004.  In all four ILs it was almost the 
same as that of Koshihikari (data not shown).  Therefore, 
the ILs appears to possess no major gene for resistance to 

leaf blast.  
Cool-temperature tolerance of ILs at the booting stage 

was also tested in running cold-water paddy fields at the 
Miyagi Prefectural Furukawa Agricultural Experiment 
Station, Furukawa, Miyagi, Japan (38°N), and the Nagano 
Agricultural Experiment Station Haramura Branch, Suwa, 
Nagano, Japan (35°N), in 2003.  The cool-temperature toler-
ance of Koshihikari Kanto HD1 at the booting stage was 
also tested in a glass house at the Miyazaki Agricultural 
Research Institute, Sadowara, Miyazaki, Japan (32°N), in 
2005.  The ILs and five reference cultivars—Chubo 35 
(highly tolerant) ,  Koshihikar i  (highly tolerant) , 
Akitakomachi (tolerant), Hourei (tolerant), and Mutsunishiki 
(moderately tolerant)—were irrigated with cool water (about 
19°C).  The degree of cool-temperature tolerance at booting 
was measured as floret sterility at maturity.  The cool-tem-
perature tolerance of the three ILs, Wakei 370, Kanto IL5, 
and Kanto HD2, was similar to that of Hourei or Koshihikari 
(Table 2).  The tolerance of Koshihikari Kanto HD1 was 
similar to that of Mutsunishiki and inferior to that of Chubo 
35 in Miyagi and Nagano.  On the other hand, the cool-tem-
perature tolerance of Koshihikari Kanto HD1 at the booting 
stage was similar to that of Akitakomachi in Miyazaki in 
2005.  In general, the degree of cool-temperature tolerance 
of particular cultivars or lines should be evaluated by com-
parison with reference cultivars with the same heading date.  
In Miyagi and Nagano, where heading dates were different, 
we could not directly compare the cool-temperature toler-
ance of Koshihikari with that of early-heading Koshihikari 
Kanto HD1, which was inferior.  On the other hand, in 
Miyazaki, where heading date was the same, the cool-tem-
perature tolerance of Koshihikari Kanto HD1 was either the 
same as that of Koshihikari or only slightly less than that of 
Koshihikari.  These results suggest that the cool-temperature 
tolerance of Koshihikari Kanto HD1 may be the same as 
that of Koshihikari (pleiotropic effect).  However, it is diffi-
cult to exclude two other possibilities: (1) the effect of 
another gene for cool-temperature tolerance linked to Hd1 
(linkage drag), and (2) the effect of other genes in the back-
ground genome.  (1) Even though we tried to minimize the 
length of the introgressed chromosome segment from the 
donor parent in the target QTL region, the 560-kb region in 
Koshihikari Kanto HD1 contains about 40 genes4.  Thus, it 
is difficult to rule out the possibility of two tightly linked 
genes.  (2) A graphical genotype of each IL determined by 
using 116 RFLP markers covering the 12 rice chromosomes 
showed that only one heading QTL region was substituted 
from Kasalath in the genetic background of Koshihikari.  
However, it is difficult to exclude the possibility that tiny 
chromosome segments of Kasalath were substituted in non-
target regions.  Further analysis, such as QTL analysis and 
further fine mapping using progeny of a cross between 
Koshihikari Kanto HD1 and Koshihikari, and mutant lines 

A B C D E

Fig. 4.  Four ILs and their isogenic control, Koshihikari
A: Koshihikari Kanto HD1 (Hd1); B: Koshihikari; 
C: Wakei 370 (Hd4); D: Kanto IL5 (Hd6); E: Kanto 
HD2 (Hd5).  
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development and the mutant analysis will be required to test 
these possibilities.  

Potential utility of ILs 

ILs are developed to introduce a small chromosomal 
segment containing a favorable gene from a donor cultivar 
into an elite cultivar.  Since the development of DNA mark-
ers as tools for mapping major genes, such as those for dis-
ease and insect resistance, and QTLs, MAS has been used to 
develop new cultivars with particular traits27.  However, few 
examples of MAS have been reported in rice so far, being 
limited to bacterial blight resistance, blast resistance, plant 
height, and seed number per panicle1,6,21,22,29.  

To enhance the utility of Koshihikari by modifying its 
heading date so as to expand its cultivation area, we used 
MAS to develop ILs with early and late heading dates25,26.  
We developed three ILs—Koshihikari Kanto HD1, Kanto 
IL5, and Kanto HD2—with a very small Kasalath chromo-
some segment (170–625 kb) including a heading-date QTL 
in the genetic background of Koshihikari by MAS.  Wakei 
370 had a larger integrated chromosome segment of 
Kasalath than the other ILs.  Because Hd4 has been only 
roughly mapped on chromosome 7, we could not design any 
DNA marker that was tightly linked to the QTL.  This pre-
vented us from selecting plants with recombination near 
Hd4.  We demonstrated that DNA markers tightly linked to 
the QTLs for heading date were very effective tools for 

Line Year Head-
ing 
date 
(m.d)

Days-
to-

heading 
(days)

Matur-
ing 
date 
(m.d)

Ripen-
ing 

period 
(days)

Culm 
length 
(cm)

Panicle 
length 
(cm)

No. of 
panicles 
(No./m2)

Yield of 
brown 

rice
(kg /a)

1,000-
grain 

weight 
(g)

Grain 
quality1)

Lodg-
ing 

degree2)

Eating 
quality3)

National Institute of Crop Science, Ibaraki, Japan4)  
Koshihikari Kanto HD1 2003 7.28 101 ** 8.31 34 74.4 ** 16.7 348 47.8 20.6 4.0 1.0 -1.26 **

2004 7.20 89 ** 8.25 36 88.8 ** 17.0 ** 484 60.4 ** 21.6 5.7 9.0 -0.09
Average 7.24 95 8.28 35 81.6 16.8 416 54.1 21.1 4.9 5.0 -0.68

Wakei 370 2003 8.12 116 9.23 42 87.0 18.1 350 52.4 21.0 4.0 2.0 -0.17
2004 8.04 104 9.15 42 95.4 19.7 426 62.3 21.4 ** 6.0 9.0 0.48 **

Average 8.08 110 9.19 42 91.2 18.9 388 57.3 21.2 5.0 5.5 0.16

Kanto IL5 2003 8.18 122 ** 9.29 43 93.9 18.4 349 54.0 ** 21.0 ** 4.4 2.5 0.09
2004 8.12 112 ** 9.23 43 99.9 19.5 430 60.7 20.5 6.1 ** 8.0 0.30

Average 8.15 117 9.26 43 96.9 18.9 389 57.3 20.8 5.3 5.3 0.20

Kanto HD2 2003 8.21 125 ** 10.02 42 89.4 18.6 367 ** 54.1 20.8 ** 3.6 3.0 0.04
2004 8.11 111 ** 9.22 42 102.0 18.9 432 60.8 21.4 5.3 9.0 0.22

Average 8.16 118 9.27 42 95.7 18.8 399 57.4 21.1 4.5 6.0 0.13

Koshihikari 2003 8.10 114 9.18 40 88.7 18.5 328 48.8 20.1 4.1 2.0 -0.17
2004 8.01 101 9.09 39 100.8 18.7 498 64.3 21.0 4.9 9.0 0.09

Average 8.06 107 9.14 40 94.8 18.6 413 56.6 20.6 4.5 5.5 -0.04

Akitakomachi 2003 7.31 104 ** 9.07 38 78.5 ** 17.5 367 ** 47.3 20.0 3.3 ** 0.0 ** -0.91 **
2004 7.25 94 9.08 46 90.3 19.2 408 ** 59.6 21.4 4.3 8.0 0.09

Average 7.28 99 9.08 42 84.2 18.4 388 53.5 20.7 3.8 4.0 -0.41

Asanohikari 2003 8.13 117 9.20 39 71.8 ** 18.7 367 ** 44.6 21.2 ** 3.0 ** 0.0 ** -1.48 **

Nipponbare 2004 8.12 112 ** 9.22 41 82.1 17.8 420 59.0 22.4 3.7 0.0 ** -0.35

Miyazaki Agricultural Research Institute, Miyazaki, Japan5)   

Koshihikari Kanto HD1 2003 6.17 116 7.22 35 76.2 15.7 442 46.6 21.6 3.7 0.0 0.17

Koshihikari 2003 6.18 117 7.23 35 74.7 16.2 463 46.2 20.6 4.0 0.0 0.00

1)  Grain quality was estimated in comparison with ordinary rice varieties and classified into nine grades (1: excellent to 9: especially bad) 
based on appearance. 

2) Lodging degree was classified into ten degrees (0: standing to 9: lodged).
3)  Eating quality shows aggregate evaluation and was classified into eleven degrees (5: excellent to -5: especially bad). Koshihikari was 

used as the standard variety.  ** showed significant differences at the 1% level.
4) Sowing dates: 18 April, 2003, and 22 April, 2004; Transplanting dates: 14 May, 2003, and 18 May, 2004, respectively.
5) Sowing dates: 21 February, 2003; Transplanting date: 25 March, 2003.

Table 1.  Agronomic characteristics of Koshihikari Kanto HD1, Wakei 370, Kanto IL5, Kanto HD2, and their isogenic 
control, Koshihikari
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minimizing the length of substituted chromosome segments.   
It is very important to maintain the same phenotypic 

performance of the ILs as that of Koshihikari.  Independent 
of the size of introgressed chromosome segments, Kanto 
IL5, Wakei 370, and Kanto HD2 showed almost the same 
phenotypic performance as Koshihikari.  These ILs will be 
very important materials for breeding new cultivars to 
achieve several practical objectives, such as expanding the 
northern limit of cultivation of Koshihikari, avoiding labor 
concentration during harvest time, and avoiding high-tem-
perature damage during the ripening period.  On the other 
hand, Koshihikari Kanto HD1 exhibited a slightly lower 
cool-temperature tolerance.  Cool-temperature damage 
should be considered a potential risk if Koshihikari Kanto 
HD1 is introduced into northern Japan.  

Once we develop ILs for each QTL, it becomes easier 
to pyramid the QTLs.  We are developing new ILs in which 
two QTLs are combined by crossing our ILs and using 
MAS.  Combining two or more late-heading genes may 
enable us to develop extremely late-heading ILs.  This pyra-
miding strategy will allow us to perform further fine-tuning 
of heading date.  Furthermore, it might be used to shift the 
heading date of a cultivar and so avoid periods of environ-
mental stress, such as flood and drought.  

Recently, a semi-dwarfing gene, sd1, from indica cul-
tivar IR24 was introduced into Koshihikari by MAS29.  
Grain number 1 (Gn1a), involving the number of spikelets 
per panicle, was cloned by a map-based strategy and has 
been introduced into Koshihikari1.  Once further Koshihikari 
ILs with single QTLs are developed, it will be possible to 
combine several target genes by simple crossing and MAS.  

Koshihikari ILs will be useful resources for the improve-
ment of Koshihikari.  

Acknowledgments 

This work was supported by a grant from the Ministry 
of Agriculture, Forestry and Fisheries of Japan (Rice 
Genome Project DM-1806, Green Techno Project GB-1007 
and IP-1001, and Genomics for Agricultural Innovation 
RGB-2301).  

References

 1. Ashikari, M. et al. (2005) Cytokinin oxidase regulates rice 
grain production. Science, 309, 741–745.  

 2. Doi, K. et al. (2004) Ehd1, a B-type response regulator in 
rice, confers short-day promotion of flowering and controls 
FT-like gene expression independently of Hd1. Genes Dev., 
18, 926–936.  

 3. Ebitani, T. et al. (2005) Construction and evaluation of chro-
mosome segment substitution lines carrying overlapping 
chromosome segments of indica rice cultivar ‘Kasalath’ in a 
genetic background of japonica elite cultivar ‘Koshihikari’. 
Breed. Sci., 55, 65–73.  

 4. GRAMENE (2006) Oryza_sativa. http://www.gramene.org/
Oryza_sativa/.

 5. Harushima, Y. et al. (1998) A high-density rice genetic link-
age map with 2275 markers using a single F2 population. 
Genetics, 148, 479–494.  

 6. Hayashi, K. et al. (2004) Development of PCR-based SNP 
markers for rice blast resistance genes at the Piz locus. Theor. 
Appl. Genet., 108, 1212–1220.  

 7. Hittalmani, S., et al. (2003) Identification of QTL for growth- 
and grain yield-related traits in rice across nine locations of 

Line Miyagi Pref. Furukawa 
Agr. Exp. Sta.1)

Nagano Agr. Exp. Sta. 
Haramura Branch2)

Miyazaki Agr. Res. 
Inst.3)

Heading date 
(m.d)

Floret sterility 
(%)

Heading date 
(m.d)

Floret sterility 
(%)

Heading date 
(m.d)

Floret sterility 
(%)

Koshihikari Kanto HD1 8.10 89.2 8.21 84.5 6.20 56.4 

Wakei 370 9.06 60.2 9.01 55.3 – –

Kanto IL5 9.09 46.1 8.30 53.7 – –

Kanto HD2 9.15 69.9 9.09 32.0 – –

Chubo 35 8.05 61.8 8.21 44.8 – –

Mutsunishiki 8.07 94.7 – – – –

Koshihikari 9.02 52.3 8.30 64.7 6.20 44.5 

Hourei 9.07 56.2 – – – –
Akitakomachi – – – – 6.19 55.9 

1) Sowing date: 17 April 2003; Transplanting date: 15 May 2003. 
2) Sowing date: 16 April 2003; Transplanting date: 27 May 2003. 
3) Sowing date: 21 February 2005; Transplanting date: 25 March 2005. 

Table 2.   Cool-temperature tolerance of Koshihikari Kanto HD1, Wakei 370, Kanto IL5, Kanto HD2, and their isogenic 
control, Koshihikari



Y. Takeuchi

JARQ  45 (1)  201122

Asia. Theor. Appl. Genet., 107, 679–690.  
 8. Izawa, T. et al. (2000) Phytochromes confer the photoperi-

odic control of flowering in rice (a short-day plant). Plant J., 
22, 391–399.  

 9. Kawai, T. and H. Sato (1969) Studies on early heading muta-
tions in rice. Bull. Nat. Inst. Agric. Sci., D20, 1–33 [In 
Japanese with English summary].  

 10. Kojima, S. et al. (2002) Hd3a, a rice ortholog of the 
Arabidopsis FT gene, promotes transition to flowering down-
stream of Hd1 under short-day condition. Plant Cell Physiol., 
43, 1096–1105.  

 11. Kurata, N. et al. (1994) A 300 kilobase interval genetic map 
of rice including 883 expressed sequences. Nature Genet., 8, 
365–372.  

 12. Li, Z.K. et al. (1995) Identification of quantitative trait loci 
(QTLs) for heading date and plant height in cultivated rice 
(Oryza sativa L.). Theor. Appl. Genet., 91, 374–381.  

 13. Lin, H.X. et al. (1996) Mapping of major genes and minor 
genes for heading date in several rice varieties (Oryza sativa 
L.). Chin. J. Genet., 23, 107–114.  

 14. Lin, H.X. et al. (2002) Identification and characterization of a 
quantitative trait locus, Hd9, controlling heading date in rice. 
Breed. Sci., 52, 35–41.  

 15. Lin, H.X. et al. (2003) Fine mapping and characterization of 
quantitative trait loci Hd4 and Hd5 controlling heading date 
in rice. Breed. Sci., 53, 51–59.  

 16. Lin, S.Y., T. Sasaki and M. Yano (1998) Mapping quantita-
tive trait loci controlling seed dormancy and heading date in 
rice, Oryza sativa L., using backcross inbred lines. Theor. 
Appl. Genet., 96, 997–1003.  

 17. Matsubara, K. et al. (2008) Novel QTLs for photoperiodic 
flowering revealed by using reciprocal backcross inbred lines 
from crosses between japonica rice cultivars. Theor. Appl. 
Genet., 117, 935–945.  

 18. Matsue, Y. et al. (1991) Studies on palatability of rice grown 
in northern Kyushu. I. Effects of transplanting time and lodg-
ing time on palatability and physicochemical properties of 
milled rice. Jpn. J. Crop Sci., 60, 490–496 [In Japanese with 
English summary].  

 19. Mei, H.W. et al. (2005) Gene actions of QTLs affecting sev-
eral agronomic traits resolved in a recombinant inbred rice 
population and two backcross populations. Theor. Appl. 
Genet., 110, 649–659.  

 20. Monna, L. et al. (2002) Genetic dissection of a genomic 
region for a quantitative trait locus, Hd3, into two loci, Hd3a 
and Hd3b, controlling heading date in rice. Theor. Appl. 
Genet., 104, 772–778.  

 21. Singh, S. et al. (2001) Pyramiding three bacterial blight resis-
tance genes (xa5, xa13 and Xa21) using marker-assisted 
selection into indica rice cultivar PR106. Theor. Appl. Genet., 
102, 1011–1015.  

 22. Sugiura, N. et al. (2004) Molecular marker-assisted selection 
in a recurrent backcross breeding for the incorporation of 
resistance to rice stripe virus and panicle blast in rice (Oryza 
sativa L.). Breed. Res., 6, 143–148 [In Japanese with English 

summary].
 23. Takahashi, Y. et al. (2001) Hd6, a rice quantitative trait locus 

involved in photoperiod sensitivity, encodes the alpha subunit 
of protein kinase CK2. Proc. Natl. Acad. Sci. USA, 98, 7922–
7927.  

 24. Takeuchi, Y. et al. (2003) Fine linkage mapping enables dis-
section of closely linked quantitative trait loci for seed dor-
mancy and heading in rice. Theor. Appl. Genet., 107, 
1174–1180.  

 25. Takeuchi, Y. et al. (2006) Development of isogenic lines of 
rice cultivar Koshihikari with early and late heading by 
marker-assisted selection. Breed. Sci., 56, 405–413.  

 26. Takeuchi, Y. et al. (2008) Breeding of ‘Koshihikari Kanto 
HD1’, an isogenic line of the rice cultivar Koshihikari with 
early heading. Bull. Natl. Inst. Crop Sci., 9, 1–25 [In Japanese 
with English summary].  

 27. Tanksley, S.D. et al. (1989) RFLP mapping in plant breeding: 
new tools for an old science. Biotechnology, 7, 257–264.  

 28. The Ministry of Agriculture Forestry and Fisheries of Japan 
(2009) Rice cultivation area in Japan in 2008. http://www.
maff.go.jp/www/info/index.html. 

 29. Wang, Z.X. et al. (2005) Breeding of semi-dwarf Koshihikari 
by using genomic breeding method. Breed. Res., 7 (Suppl. 1 
& 2), 217 [In Japanese].  

 30. Xiao, J. et al. (1995) Dominance is the major genetic basis of 
heterosis in rice as revealed by QTL analysis using molecular 
markers. Genetics, 140, 745–754.  

 31. Xiao, J. et al. (1996) Identification of QTLs affecting traits of 
agronomic importance in a recombinant inbred population 
derived from a subspecific rice cross. Theor. Appl. Genet., 
92, 230–244.  

 32. Yamamoto, T. et al. (1998) Fine mapping of quantitative trait 
loci Hd-1, Hd-2 and Hd-3, controlling heading date of rice, 
as single Mendelian factors. Theor. Appl. Genet., 97, 37–44.  

 33. Yamamoto, T. et al. (2000) Identification of heading date 
quantitative trait locus Hd6 and characterization of its epi-
static interaction with Hd2 in rice using advanced backcross 
progeny. Genetics, 154, 885–891.  

 34. Yamamoto, T. et al. (2001) Mapping quantitative trait loci for 
days-to-heading, and culm, panicle and internode lengths in a 
BC1F3 population using an elite rice variety, Koshihikari, as 
the recurrent parent. Breed. Sci., 51, 63–71.  

 35. Yano, M. et al. (1997) Identification of quantitative trait loci 
controlling heading date in rice using a high density linkage 
map. Theor. Appl. Genet., 95, 1025–1032.  

 36. Yano, M. et al. (2000) Hd1, a major photoperiod sensitivity 
quantitative trait locus in rice, is closely related to the 
Arabidopsis flowering time gene CONSTANS. Plant Cell, 12, 
2473–2484.  

 37. Yano, M. et al. (2001) Genetic control of flowering time in 
rice, a short-day plant. Plant Physiol., 127, 1425–1429.  

 38. Yu, S.B. et al. (2002) Identification of quantitative trait loci 
and epistatic interactions for plant height and heading date in 
rice. Theor. Appl. Genet., 104, 619–625.  


