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Introduction

In recent years, the use of rice has expanded from a house-
hold staple to include uses in food service, food processing, 
and cattle feeding. Given the price gap with imported food-
stuffs such as wheat and maize, non-staple uses of rice criti-
cally depend on reducing production costs. One effective 
measure is to increase yields, which encourages the use of 
high-yielding varieties. Meanwhile, an upward trend in 
summer temperatures in Japan is significantly affecting the 
growth of rice plants. Exposure of rice plant to high temper-
atures during the grain filling stage reduces starch accumu-
lation and increases white immature grains, impairing ap-
pearance and quality (Nagato and Ebata 1960, Tashiro and 
Wardlaw 1991) in association with occasional yield losses 

(Morita 2008, Peng et al. 2004). High temperatures during 
the grain filling stage thus lead to a decline in the yield even 
of high-yielding varieties, thereby causing concerns about 
adverse effects on farmers’ income. Therefore, the utmost 
attention should be given to breeding varieties that guaran-
tee stable and high yields that are less sensitive to high tem-
peratures during the grain filling stage.

‘Hokuriku 193’ is an indica rice cultivar bred in the 
National Agricultural Research Center (NARC) in Japan 
(Goto et al. 2009). Its high-yielding potential, with a record 
yield of more than 1000 g/m2 (Kobayashi et al. 2014), is 
expected to contribute to the reduction of production costs. 
Indica cultivars such as Hokuriku 193 are also believed to 
be less susceptible to yield losses due to high temperatures 
than japonica cultivars (Nagata et al. 2012, 2015). These 
characteristics promise the extensive use of Hokuriku 193 
as a stable, high-yielding, multipurpose rice cultivar resis-
tant to yield losses due to high temperatures during the grain 
filling stage.

However, Hokuriku 193 has some disadvantages in com-
parison with common japonica cultivars, such as easy seed 
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shattering during the harvest stage and deep seed dormancy. 
Seed shattering during the harvest stage reduces yields and 
allows volunteer rice to emerge from dropped seeds. Deep 
seed dormancy prevents adequate stand establishment after 
sowing, with potential adverse effects on transplantation 
and subsequent growth. One way to break seed dormancy is 
dry heating (Jennings and Jesus 1964), but this approach re-
quires investment in equipment and is therefore unsuitable 
for general farm households. Accordingly, the seed shatter-
ing and dormancy in Hokuriku 193 are key traits to be im-
proved by breeding.

Information on the quantitative trait loci (QTLs) for the 
seed shattering and dormancy in Hokuriku 193 is indispens-
able for efficient cross breeding to improve these traits, but 
clear information is as yet unavailable.

This study aimed to clarify the genetic basis of the seed 
shattering and dormancy in Hokuriku 193 and breed a near 
isogenic line (NIL) improved these traits according to the 
obtained information.

Materials and Methods

Evaluation of seed shattering and investigation of genetic 
factors

The qSH1 locus on chromosome 1 is a major factor 
known to control seed shattering in indica cultivars (Konishi 
et al. 2006). We investigated the relationship between the 
genotype at the qSH1 locus and the seed shattering in 
Hokuriku 193. An F3 population derived from a cross be-
tween Hokuriku 193 and ‘Koshihikari’ was sown in a paddy 
field of the National Agricultural Research Center (NARC; 
Joetsu City, Niigata Prefecture: 37°6′59″N, 138°16′14″E) 
on April 23, 2008, and seedlings were transplanted on May 
21. The basal fertilizer consisted of 5 g/m2 each of N, P2O5, 
and K2O with no additional fertilizer. Around the maturation 
stage, leaves were collected from 54 individual plants with 
few sterile spikelets and subjected to DNA extraction ac-
cording to the method of Tabuchi et al. (2016). The collect-
ed DNA samples were genotyped according to the method 
of Hayashi et al. (2004): genotyping with single nucleotide 
polymorphism (SNP) markers at the qSH1 locus (Forward: 
AGCAGCGGTAGCACACTAGC; Reverse: GCATTTGG 
TGGTACGTGTATCAGGC, which specifically amplifies 
the Hokuriku 193 allele, or GCATTTGGTGGTACGTGT 
ATCAGGA, which specifically amplifies the japonica al-
lele). Forty-five individual plants with either the Hokuriku 
193 or japonica allele fixed at the qSH1 locus were tested 
for seed shattering according to Fukuta and Fukui (1995): a 
plant was considered to shatter if it dropped at least one 
grain when the panicle was grasped firmly.

Plant materials for QTL analysis for seed dormancy and 
heading trait

In 2009, an F2 population derived from a cross between 
‘[ms-bo] Nekken 2’ and Hokuriku 193 was cultivated in the 
paddy field of NARC. [ms-bo] Nekken 2 is a japonica rice 

cultivar bred by introducing cytoplasmic male sterility into 
‘Nekken 2’, which was derived from ‘Akihikari’ by incor-
porating a wide compatibility gene S-5n to overcome sterili-
ty in indica-japonica hybrids (Ikehashi 2009). Hybrid steril-
ity has been reported to be common in indica-japonica 
crosses (Kato 1930), which raised concerns that hybrid ste-
rility would reduce uniformity within populations and inter-
fere with the evaluation of crosses between Hokuriku 193 
and japonica rice cultivars. For this reason, Nekken 2, 
which carries the wide compatibility gene S-5n, was selected 
as the other parent for cross breeding. The F2 seeds were 
sown on April 22, and seedlings were transplanted on May 
20. The basal fertilizer consisted of 5 g/m2 each of N, P2O5, 
and K2O with no additional fertilizer. After maturation, 248 
individual plants were selected randomly.

In 2010, F3 lines derived from each F2 individual were 
cultivated in order to investigate heading trait, because seed 
dormancy is influenced by temperatures during the ripening 
period (Ikehashi 1973). Seeds were sown on April 26, and 
seedlings were transplanted on May 26. The fertilizer was 
treated similarly according to the previously described 
method. The day on which panicles had emerged on about 
50% of the plants belonging to a line was considered to be 
the heading date of the line. The number of days from the 
day of transplantation to the heading date was considered 
the days to heading, and used as indexes of heading trait.

Germination tests
Because most problems of seed dormancy are expected 

to manifest as poor stand establishment, the extent of re-
lease from dormancy at the sowing period in the next spring 
is crucial. Therefore, seeds were tested for dormancy in 
December, a time soon after harvest, and March, the time 
immediately before the sowing period. Harvested seeds 
were stored at room temperatures (10 ± 5°C) in a sealed 
desiccator with silica gel, and seeds from 221 individual 
plants that had produced enough seeds were tested for ger-
mination in December 2009 (the December test) and March 
2010 (the March test). Fifty seeds each were imbibed with 
distilled water on a filter paper in a petri dish, and placed in 
a dark incubator at 25 ± 0.5°C. As an indicator of dormancy, 
germination rate was calculated from the number of seeds 
that germinated 4 and 7 days after sowing to evaluate the 
ability, speed, and uniformity of germination.

QTL analysis
DNA was extracted from each individual F2 plant ac-

cording to the method of Monna et al. (2002) and genotyped 
with 115 simple sequence repeat (SSR) markers with a 
genome-wide distribution (IRGSP 2005, McCouch et al. 
2002). Linkage maps were constructed using MAPMAKER/
EXP 3.0 (Lander et al. 1987). Intermarker distances were 
estimated using the Kosambi mapping function (Kosambi 
1944). QTL analysis by composite interval mapping (CIM) 
was performed with Windows QTL Cartographer 2.5 (Wang 
et al. 2006). The logarithm of odds (LOD) threshold for 
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QTL detection was determined by 1000 permutations at a 
significance level of 5%. Before analysis, germination rates 
were transformed to arcsine square root values to normalize 
the variance.

Breeding and evaluation of an NIL
Hokuriku 193 was backcrossed 4 times to [ms-bo] 

Nekken 2. Mother plants were selected according to the 
genotypes of SSR markers used in the QTL analysis, SNP 
markers at the qSH1 locus, and sequence-tagged site (STS) 
markers at the semi-dwarf (sd1) locus (Forward: AGGATG 
GAGCCCAAGATCC, which specifically amplifies the 
Hokuriku 193 allele, or AAGCTCCCATGGAAGGAGAC, 
which specifically amplifies the Nekken 2 allele; Reverse: 
GGAGTTCCATGATCGTCAGC).

Individuals were selected from the BC4F2 generation in 
2012, and fixation for the aforementioned markers was 
started in 2013. In 2015, all genomic regions in the BC4F5 
generation were genotyped with 325 SNP markers (Ebana et 
al. 2010, Nagasaki et al. 2010). SSDo (Seed Shattering and 
Dormancy)_NIL, an NIL in which Nekken 2 alleles were 
introgressed only in genomic regions associated with seed 
shattering and dormancy, was selected and evaluated in 
terms of its agronomic characteristics by comparing them 
with those of Hokuriku 193. Seeds were sown on April 21, 
and seedlings were transplanted in the paddy field of NARC 
on May 20. The basal fertilizer consisted of 6 g/m2 each of 
N, P2O5, and K2O, and as the additional fertilizer, 3 g/m2 of 
N, 0.8 g/m2 of P2O5, and 3 g/m2 of K2O were applied about 
25 days before heading. After maturation, stem length, pani-
cle length, panicle number, brown rice yield, and 1000- 
brown grain weight were measured according to Sunohara 
and Horisue (1995) and Horisue (1995). Seed shattering 
was evaluated in the field in October 2015, by using the pre-
viously described method. Seed dormancy was assessed in 
seeds stored at room temperatures (10 ± 5°C) in a desiccator 
with silica gel, by the previously described 7-days germina-
tion test at 25 ± 0.5°C in March 2016.

Results

Relationship between seed shattering traits and genotypes 
at the qSH1 locus

QTL analysis for seed shattering is challenging because 
it requires quantitation of the extent of seed shattering, 
which is time-consuming and largely changes by environ-
mental factors (Fukuta and Yagi 1998). Therefore, we con-
sidered it advisable to start by studying the effects of genet-
ic loci known to be associated with seed shattering.

Table 1 shows seed shattering traits assessed for each 
genotype at the qSH1 locus. Fisher’s exact test showed no 
significant difference between seed shattering traits and 
genotypes at the qSH1 locus.

QTL analysis for seed dormancy and heading trait
In contrast with seed shattering, numerous QTLs for seed 

dormancy have been reported from genetic analyses thus far 
conducted by making full use of diverse materials. Screen-
ing these QTLs for candidates that govern seed dormancy in 
Hokuriku 193 is difficult. Hence, we considered QTL analy-
sis of Hokuriku 193 itself to be a better approach to identify 
chromosomal regions for modification. QTL analyses on 
seed dormancy reported thus far have often been carried out 
under conditions in which the difference was greatest be-
tween parents, and chronological analysis of the same sam-
ples has rarely been performed. Given that seed dormancy 
has its greatest practical impact during the sowing period in 
spring, the best genes to target are those at QTLs for dor-
mancy that lasts into the next spring; as such, we placed 
importance on identifying chromosomal regions for modifi-
cation through analysis of time-dependent QTL effects. In 
other words, we expected that by identifying QTL regions 
for seed dormancy that lasts into the next spring and by in-
trogressing japonica alleles in these regions, the seed dor-
mancy in Hokuriku 193 would be improved to a practically 
acceptable level.

Fig. 1 shows the frequency distribution of germination 
rates and days to heading obtained by the December and 
March tests. All traits showed continuous distributions. 
However, germination rates showed continuous transgres-
sive segregation towards a rate lower than that of Hokuriku 
193. Statistically significant positive correlations were 
shown among germination rates and days to heading ob-
tained under different test conditions (Table 2).

In the March test, the 7-days germination rate was 90% 
or higher in most samples and showed no clear differences 
(Fig. 1). Therefore, QTL analysis was based on December 
4- and 7-days germination rates and March 4-days germina-
tion rates. The LOD threshold for CIM analysis determined 
by 1000 permutations at a significance level of 5% was 3.51 
for December 4-days germination rates, 3.71 for December 
7-days germination rates, 3.63 for March 4-days germina-
tion rates, and 3.51 for days to heading, and the number of 
QTLs identified was 6, 6, 5, and 6, respectively (Fig. 2, 
Table 3). QTLs on chromosomes 1, 3, and 6 were detected 
by all three germination tests and designated as qSDo1 
(Seed Dormancy 1), qSDo3, and qSDo6, respectively 
(Fig. 2).

Table 1. Relationship between seed shattering trait and genotype at 
the qSH1 locus in the F3 population from Hokuriku 193 × Koshihikari

Genotype

Seed shattering

Total

Significance

Shattering Non- 
shattering

Between 
50%:50%

Between 
100%:0% or 

0%:100%
Hokuriku 193 19 1 20 ** ns
Koshihikari 2 23 25 ** ns
Total 21 24 45

** and ns: Significant at a level of 1% and not significant at a level of 
5%, respectively, according to Fisher’s exact test.
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Evaluation of an NIL improved with respect to seed shat-
tering and dormancy

Fig. 3 shows the graphical genotype of SSDo_NIL. 
Nekken 2 alleles were introgressed at the qSH1 locus and in 
the qSDo1 region, whereas Hokuriku 193 alleles were found 
in other regions including qSDo3, qSDo6, and the sd1 locus.

The agronomic characteristics, seed dormancy, and seed 
shattering trait of SSDo_NIL are shown in Table 4. SSDo_
NIL did not shatter, and its germination rate was significant-

ly higher than that of Hokuriku 193. Stem length, panicle 
length, panicle number, brown rice yield, and 1000-brown 
grain weight did not differ significantly between SSDo_NIL 
and Hokuriku 193.

Discussion

In this study, we aimed to clarify the genetic basis of the 
seed shattering and dormancy in Hokuriku 193—the dis-
advantageous traits of this cultivar—by using genetic infor-
mation and breed an NIL by introgression in chromosomal 
regions encoding these traits.

Here we investigated whether the seed shattering in 
Hokuriku 193 was affected by the qSH1 locus, a major fac-
tor known to regulate seed shattering in indica cultivars. 
Analysis of the F3 population derived from Hokuriku 193 ×  
Koshihikari revealed a general correspondence between seed 
shattering trait and genotype at the qSH1 locus (Table 1). 
This suggested that the seed shattering in Hokuriku 193 
is largely controlled by the qSH1 locus. Accordingly, we 
surmised that the seed shattering could be improved by 
introgressing alleles from non-shattering japonica cultivars 
in this region. However, there were a few individuals which 

Fig. 1. Frequency distribution of germination rates in the F2 population and days to heading in the F3 lines from [ms-bo] Nekken 2 × Hokuriku 
193. Y axes denote number of F2 individuals or F3 lines. Arrows indicate the values of parents.

Table 2. Correlation coefficients among germination rates and days to 
heading

4-Days test, 
December 2009

7-Days test, 
December 2009

4-Days test, 
March 2010

7-Days test, 
March 2010

7-Days test, 
December 2009 0.85***

4-Days test, 
March 2010 0.70*** 0.70***

7-Days test, 
March 2010 0.48*** 0.61*** 0.76***

Days to heading 0.27*** 0.20*** 0.40*** 0.30***

*** and **: Significant at a level of 0.1% and 1%, respectively.
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seed shattering traits did not correspond with genotype at 
the qSH1 locus (Table 1). We speculated that this resulted 
from errors or the effects of other genetic factors, but we are 
not able to discuss details in this study. It may be necessary 
to investigate the internal structure of rachis-branches.

In this study, QTL analysis for seed dormancy was based 
on germination tests in December 2009, the time soon after 
harvest, and March 2010, the time immediately before the 
sowing period. In both the December and March tests, ger-
mination rates of the F2 population from [ms-bo] Nekken 

Fig. 2. Regions containing QTLs for seed dormancy and days to heading in Hokuriku 193. Important SSR markers are shown on the right side 
of each chromosome. Bars and triangles on the left side indicate intervals where LOD scores exceeded the threshold and corresponding LOD 
peaks, respectively. Closed and open triangles represent peaks of QTLs that additive effect was positive for Nekken 2 and Hokuriku 193 alleles, 
respectively. Hatched up/down arrows indicate regions thought to contain important QTLs for seed dormancy. Chromosomes with no QTLs de-
tected are omitted.

Table 3. QTLs for the seed dormancy and days to heading in Hokuriku 193 detected by CIM analysis

Chr. Nearest marker Peak position 
(cM) LOD Additive effecta PVEb (%) QTL renamed 

in this study LOD threshold

4-Days test, 
December 2009

1 RM7266 95.0 5.60 7.76 12.0

3.51

1 RM3403 142.2 9.37 7.80 15.9 qSDo1
3 RM3413 0.0 8.56 –9.44 15.3 qSDo3
3 RM1022 43.8 4.18 6.67 7.7
4 RM7279 16.5 4.22 5.33 6.8
6 RM1340_1 96.5 5.56 8.38 11.0 qSDo6

7-Days test, 
December 2009

1 RM5638 84.0 4.41 4.78 6.0

3.71

1 RM3403 143.2 10.69 7.65 17.6 qSDo1
3 RM3413 0.0 10.81 –8.91 16.1 qSDo3
3 RM1022 42.8 4.60 5.99 7.2
4 RM3839 86.3 7.42 –5.51 10.3
6 RM7193 79.9 6.56 7.42 11.4 qSDo6

4-Days test, 
March 2010

1 RM3709 140.2 5.57 5.01 8.4 qSDo1

3.63
3 RM3413 0.0 9.16 –7.04 12.5 qSDo3
3 RM1350_1 148.9 4.03 –4.59 7.2
6 RM7193 78.9 9.52 7.95 15.6 qSDo6
7 RM5481_1 54.0 7.53 –7.01 11.0

Days to heading

3 RM3413 8.0 9.16 –2.11 13.9

3.51

3 RM3434 46.8 5.37 –1.37 6.9
3 RM6090_1 156.9 5.55 –1.59 8.9
7 RM7273 49.7 23.52 –3.14 29.5
9 RM5899 2.7 3.88 –1.11 4.5

10 RM25895 82.2 4.12 2.04 10.0
a Additive effect (%) was positive for Nekken 2 alleles.
b Percentage of phenotypic variation explained by each QTL.
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2 × Hokuriku 193 showed continuous segregation, and 
December 7-days and March 4-days germination rates, in 
particular, showed transgressive segregation towards rates 
lower than that of Hokuriku 193 (Fig. 1). These results sug-
gested the involvement of multiple genes in seed dormancy 
in Hokuriku 193 and the possibility that Nekken 2 might 
carry genes that promote seed dormancy. The statistically 
significant positive correlation between December and 
March germination rates (Table 2) suggested the existence 
of common factors that strongly control seed dormancy in 
December and March. Indeed, germination rates significant-
ly correlated with days to heading (Table 2), suggesting that 
heading trait affects seed dormancy.

QTL analysis based on December 4-days, December 
7-days, and March 4-days germination rates identified 6, 6, 
and 5 QTLs for seed dormancy, respectively (Fig. 2, 
Table 3). QTLs on chromosomes 1, 3, and 6 (qSDo1, 
qSDo3, qSDo6) were detected by all three germination tests 
and were therefore thought to have effects lasting into the 
sowing period. Among these, qSDo1 and qSDo6 were QTLs 
at which Hokuriku 193 alleles reduced germination rates, 
and therefore considered to be key regions that needed mod-
ification to improve the seed dormancy in Hokuriku 193. 

Thus, these QTLs should be unrelated to the condition dur-
ing the ripening period, because no QTL associated with 
days to heading was detected in these regions (Fig. 2, 
Table 3).

QTLs associated with seed dormancy have been report-
ed, such as qSdn-1 (Wan et al. 2006), in a region containing 
qSDo1, and Sdr10 (Marzougui et al. 2012), in a region con-
taining qSDo6, but differences in the materials and markers 
used preclude direct comparison with our results. Mean-
while, qLTG3-1, a gene for low-temperature germinability 
and viviparity identified in japonica cultivars (Fujino et al. 
2008, Hori et al. 2010), has been reported in a region corre-
sponding to qSDo3. The qLTG3-1 gene may have variations 
because its effect has also been detected in non-japonica 
cultivars (Fukuda et al. 2014, Satoh et al. 2016). On the 
other hand, the detection of qSDo3 may be the secondary 
effect of conditions during the ripening period, because a 
QTL associated with days to heading was detected in the 
same region (Fig. 2, Table 3). Anyhow, qSDo3, at which 
the Hokuriku 193 allele reduces seed dormancy, was con-
sidered to be less important than qSDo1 and qSDo6 in im-
provement of the seed dormancy in Hokuriku 193.

QTLs detected only by the December test and not by the 

Fig. 3. Graphical genotype of SSDo_NIL. Important SNP markers are shown on the right side of each chromosome. The positions of qSDo1, 
qSDo3, qSDo6, and the qSH1 and sd1 loci are shown on the left side. Hatched up/down arrows indicate regions thought to contain QTLs. The 
position of each marker is according to the International Rice Genome Sequencing Project (IRGSP) Ver1.0.

Table 4. Agronomic characteristics, seed dormancy, and shattering habit of SSDo_NIL

Heading date 
(M/D)

Culm length 
(cm)

Panicle length 
(cm)

Panicle number 
(/m2)

Brown rice 
yield (g/m2)

1000-brown 
grain weight (g)

Germination 
rate (%) Seed shattering

SSDo_NIL 8/16 86.0 ns 29.4 ns 290 ns 827 ns 23.1 ns 81.3 * Non-shattering
Hokuriku 193 8/17 85.9 28.8 282 794 23.4 46.7 Shattering

* and ns: Significant at a level of 5% and not significant at a level of 5%, respectively, according to t-test.
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March test included one locus each on chromosomes 1 and 
3 and two loci on chromosome 4. These QTLs, whose effect 
thus disappears by the next spring, were therefore excluded 
from factors to consider in improvement of seed dormancy. 
QTLs detected by the December 4- and 7-days germination 
tests shared generally the same position, suggesting that the 
ability, speed, and uniformity of germination are controlled 
by generally the same genetic factors.

QTLs detected only by the March test on chromosomes 3 
and 7 may be responsible for the time-dependent decrease 
in germination rate, but this decrease occurred when they 
carried Nekken 2 alleles, and these QTLs were therefore 
dismissed as posing no obstacle to improvement of seed 
dormancy in Hokuriku 193. The detection of these QTLs 
may be the secondary effect of conditions during the ripen-
ing period, because QTLs associated with days to heading 
were detected in these regions (Fig. 2, Table 3). Moreover, 
in the regions corresponding to these two QTLs, the pres-
ence of QTLs for seed storability has also been reported 
(Hang et al. 2015, Li et al. 2012), but whether they have any 
effect on seed storability of Hokuriku 193 cannot be as-
sessed from the results of this study.

Because [ms-bo] Nekken 2 does not possess Rf-1, a fer-
tility restorer gene that is located on chromosome 10 
(Komori et al. 2004), almost all genotypes around this gene 
may be Hokuriku 193 type or hetero in F2 individuals. 
Therefore, the accuracy of detection of QTLs around this 
region should be decreased. However, that not a problem in 
improvement of seed dormancy in Hokuriku 193, because 
the additive effects and PVEs of qSDo1 or qSDo6 should be 
sufficient to improve seed dormancy in Hokuriku 193, and 
no QTL associated with seed dormancy have been reported 
around this region.

The above findings led to the idea that in Hokuriku 193, 
introgression of japonica alleles at the qSH1 locus and into 
a region containing qSDo1 and/or qSDo6 would improve 
seed shattering and dormancy, respectively, in the Hokuriku 
193 genetic background. The chromosomal positions of 
markers and genes revealed a very close genetic linkage be-
tween qSDo1 and the qSH1 locus. Therefore, an introgres-
sion across an entire region containing qSDo1 and the qSH1 
locus would improve both seed shattering and dormancy 
simultaneously. On the other hand, qSDo6 had a peak of 
LOD based on December 4-days germination rates separat-
ed from other peaks, and had a large interval where LOD 
scores exceeded the threshold, indicating that the results of 
this study were insufficient to narrow down the exact region 
to be introgressed. In light of these issues, this study aimed 
to derive an NIL from Hokuriku 193 by introgressing 
Nekken 2 alleles only at qSDo1 and the qSH1 locus.

However, the qSH1 locus is closely linked to the sd1 lo-
cus in indica cultivars (Oba and Kikuchi 1993). The allele at 
the sd1 locus in Nekken 2 has its origin in Akihikari, i.e., the 
‘Reimei’ (Sato 1982) allele. Consequently, in backcrossing, 
an attempt to introgress Nekken 2 alleles at qSDo1 and the 
qSH1 locus would also introgress the Reimei allele at the 

sd1 locus in many individuals. Given that the Reimei sd1 
allele is less dwarfing than the indica sd1 allele (Irie et al. 
2009), the concern arose that the introgression of the Reimei 
allele at the sd1 locus would increase stem length with re-
sulting lodging. For this reason, in developing an NIL, an 
active effort was made to conserve the Hokuriku 193 allele 
at the sd1 locus with the aid of DNA markers.

In SSDo_NIL, an NIL derived from Hokuriku 193, 
Nekken 2 alleles were introgressed only in the region con-
taining qSDo1 and the qSH1 locus, and Hokuriku 193 al-
leles were conserved in other regions (Fig. 3). The absence 
of seed shattering in SSDo_NIL (Table 4) demonstrated 
that the seed shattering in Hokuriku 193 could be improved 
by introgression at the qSH1 locus. Moreover, the germina-
tion rate measured in March 2016 was significantly higher 
in SSDo_NIL than in Hokuriku 193, showing that introgres-
sion at qSDo1 alone could substantially improve the seed 
dormancy in Hokuriku 193. However, because the germina-
tion rate of SSDo_NIL was approximately 80%, it was con-
sidered desirable to further reduce seed dormancy to stabi-
lize a high germination rate, benefiting from the use of a 
narrowed down region in qSDo6. Nevertheless, there are 
concerns that insufficient seed dormancy would cause 
pre-harvest sprouting, thereby reducing seed quality in-
stead. Future studies are needed to investigate not only the 
individual effect of qSDo6 but also the necessity of combin-
ing qSDo1 and qSDo6.

Agronomic characteristics were similar between SSDo_
NIL and Hokuriku 193 (Table 4) and indicated that intro-
gression at qSDo1 and the qSH1 locus would not affect 
yield and other agronomic traits.

Acknowledgement

This study was partially supported by grants from the com-
missioned project study of The Ministry of Agriculture, 
Forestry and Fisheries of Japan.

Literature Cited

Ebana, K., J. Yonemaru, S. Fukuoka, H. Iwata, H. Kanamori, N. Namiki, 
H. Nagasaki and M. Yano (2010) Genetic structure revealed by a 
whole-genome single-nucleotide polymorphism survey of diverse 
accessions of cultivated Asian rice (Oryza sativa L.). Breed. Sci. 
60: 390–397.

Fujino, K., H. Sekiguchi, Y. Matsuda, K. Sugimoto, K. Ono and M. Yano 
(2008) Molecular identification of a major quantitative trait locus, 
qLTG3-1, controlling low-temperature germinability in rice. Proc. 
Natl. Acad. Sci. USA 105: 12623–12628.

Fukuda, A., T. Kataoka, H. Shiratsuchi, A. Fukushima, H. Yamaguchi, 
H. Mochida and H. Ogiwara (2014) QTLs for seedling growth of 
direct seeded rice under submerged and low temperature condi-
tions. Plant Prod. Sci. 17: 41–46.

Fukuta, Y. and K. Fukui (1995) Rice breeding manual: V.6. Seed shat-
tering. Misc. Pub. Natl. Agric. Res. Cent. 30: 114–115.

Fukuta, Y. and T. Yagi (1998) Mapping of a shattering resistance gene 
in a mutant line SR-5 induced from an indica rice variety, Nan-



Nagaoka, Sasahara, Tabuchi, Shigemune, Matsushita, Maeda, Goto, Fukuoka, Ando and Miura
Breeding Science 
Vol. 67 No. 3BS

180

jing11. Breed. Sci. 48: 345–348.
Goto, A., H. Sasahara, A. Shigemune and K. Miura (2009) Hokuriku 

193: A new high-yielding indica rice cultivar bred in japan. JARQ 
43: 13–18.

Hang, N.T., Q. Lin, L. Liu, X. Liu, S. Liu, W. Wang, L. Li, N. He, Z. Liu, 
L. Jiang et al. (2015) Mapping QTLs related to rice seed storability 
under natural and artificial aging storage conditions. Euphytica 
203: 673–681.

Hayashi, K., N. Hashimoto, M. Daigen and I. Ashikawa (2004) Devel-
opment of PCR-based SNP markers for rice blast resistance genes 
at the Piz locus. Theor. Appl. Genet. 108: 1212–1220.

Hori, K., K. Sugimoto, Y. Nonoue, N. Ono, K. Matsubara, 
U. Yamanouchi, A. Abe, Y. Takeuchi and M. Yano (2010) Detection 
of quantitative trait loci controlling pre-harvest sprouting resis-
tance by using backcrossed populations of japonica rice cultivars. 
Theor. Appl. Genet. 120: 1547–1557.

Horisue, N. (1995) Rice breeding manual: V.10. 1000 grain weight. 
Misc. Pub. Natl. Agric. Res. Cent. 30: 123.

Ikehashi, H. (1973) Studies on the environmental and varietal differ-
ence of germination habits in rice seeds with special references to 
plant breeding. J. Cent. Agric. Exp. Stan. 19: 1–60.

Ikehashi, H. (2009) Studies on rice improvement for tropical and sub-
tropical regions. Trop. Agric. Res. 2: 56–58.

IRGSP (International Rice Genome Sequencing Project) (2005) The 
map-based sequence of the rice genome. Nature 436: 793–800.

Irie, K., K. Koshio, H. Fujimaki and F. Kikuchi (2009) Character ex-
pression of semidwarfing multiple alleles at the sd1 locus in rice: 2. 
Relationship between culm length and number of panicles among 3 
isolines. Jpn. J. Crop Sci. 78 (Suppl. 2): 124–125.

Jennings, P.R. and J.D. Jesus Jr. (1964) Effect of heat on breaking dor-
mancy in rice. Crop Sci. 4: 530–533.

Kato, S. (1930) On the affinity of the cultivated varieties of rice plants, 
Oryza sativa L. J. Agr. Kyushu Univ. 2: 241–276.

Kobayashi, H., M. Chiba and K. Nagata (2014) Relationship between 
nitrogen accumulation and spikelet number in high-yield rice culti-
vars under the condition of high nitrogen application. Jpn. J. Crop 
Sci. 83: 374–379.

Komori, T., S. Ohta, N. Murai, Y. Takakura, Y. Kuraya, S. Suzuki, 
Y. Hiei, H. Imaseki and N. Nitta (2004) Map-based cloning of a fer-
tility restorer gene, Rf-1, in rice (Oryza sativa L.). Plant J. 37: 
315–325.

Konishi, S., T. Izawa, S.Y. Lin, K. Ebana, Y. Fukuta, T. Sasaki and 
M. Yano (2006) An SNP caused loss of seed shattering during rice 
domestication. Science 312: 1392–1396.

Kosambi, D.D. (1944) The estimation of map distances from recombi-
nation values. Ann. Eugen. 12: 172–175.

Lander, E.S., P. Green, J. Abrahamson, A. Barlow, M.J. Daly, S.E.  
Lincoln and L. Newburg (1987) MAPMAKER: an interactive com-
puter package for constructing primary genetic linkage maps of 
experimental and natural populations. Genomics 1: 174–181.

Li, L., Q. Lin, S. Liu, X. Liu, W. Wang, N.T. Hang, F. Liu, Z. Zhao, 
L. Jiang and J. Wan (2012) Identification of quantitative trait loci 
for seed storability in rice (Oryza sativa L.). Plant Breed. 131: 
739–743.

Marzougui, S., K. Sugimoto, U. Yamanouchi, M. Shimono, T. Hoshino, 
K. Hori, M. Kobayashi, K. Ishiyama and M. Yano (2012) Mapping 
and characterization of seed dormancy QTLs using chromosome 
segment substitution lines in rice. Theor. Appl. Genet. 124: 893–
902.

McCouch, S.R., L. Teytelman, Y. Xu, K.B. Lobos, K. Clare, M. Walton, 

B. Fu, R. Maghirang, Z. Li, Y. Xing et al. (2002) Development and 
mapping of 2240 new SSR markers for rice (Oryza sativa L.). 
DNA Res. 9: 199–207.

Monna, L., N. Kiazawa, R. Yoshino, J. Suzuki, H. Masuda, Y. Maehara, 
M. Tanji, M. Sato, S. Nasu and Y. Minobe (2002) Positional cloning 
of rice semidwarfing gene, sd-1: rice ‘green revolution gene’ en-
codes a mutant enzyme involved in gibberellin synthesis. DNA 
Res. 9: 11–17.

Morita, S. (2008) Prospect for developing measures to prevent high- 
temperature damage to rice grain ripening. Jpn. J. Crop Sci. 77: 
1–12.

Nagasaki, H., K. Ebana, T. Shibaya, J. Yonemaru and M. Yano (2010) 
Core single-nucleotide polymorphisms—a tool for genetic analysis 
of the Japanese rice population. Breed. Sci. 60: 648–655.

Nagata, K., A. Ohsumi, S. Yoshinaga and R. Sasaki (2012) Evaluation 
of climatic potential quantity of ripening in high-yielding rice culti-
vars. Jpn. J. Crop Sci. 81 (Suppl. 1): 36–37.

Nagata, K., A. Ohsumi, S. Yoshinaga and H. Nakano (2015) Regional 
differences in the agro-climatic index on quantity of ripening in 
high-yielding rice cultivars. Jpn. J. Crop Sci. 84 (Suppl. 1): 26.

Nagato, K. and M. Ebata (1960) Effect of temperature in the ripening 
periods upon the development and qualities of lowland rice ker-
nels. Jpn. J. Crop Sci. 28: 275–278.

Oba, S. and F. Kikuchi (1993) Linkage relationship between semi-
dwarfing gene sd-1 and shattering gene in rice (Oriza sativa L.) 2. 
Linkage analysis between semidwarfness and shattering habit of a 
Chinese native semidwarf cultivar “Dee-Geo-Woo-Gen”. Jpn. Soc. 
for Trop. Agr. 37: 115–119.

Peng, S., J. Huang, J.E. Sheehy, R.C. Laza, R.M. Visperas, X. Zhong, 
G.S. Centeno, G.S. Khush and K.G. Cassman (2004) Rice yields 
decline with higher night temperature from global warming. Proc. 
Natl. Acad. Sci. USA 101: 9971–9975.

Sasaki, A., M. Ashikari, M. Ueguchi, H. Itoh, A. Nishimura, D. Swapan, 
K. Ishiyama, T. Saito, M. Kobayashi, G.S. Khush et al. (2002) A 
mutant gibberellin-synthesis gene in rice: New insight into the rice 
variant that helped to avert famine over thirty years ago. Nature 
416: 701–702.

Sato, H. (1982) Since Reimei: Its use for rice breeding. Gamma Field 
Symposia 21: 1–6.

Satoh, T., K. Tezuka, T. Kawamoto, S. Matsumoto, N. Satoh-Nagasawa, 
K. Ueda, K. Sakurai, A. Watanabe, H. Takahashi and H. Akagi 
(2016) Identification of QTLs controlling low-temperature germina-
tion of the East European rice (Oryza sativa L.) variety Maratteli. 
Euphytica 207: 245–254.

Sunohara, Y. and N. Horisue (1995) Rice breeding manual: V.1. Testing 
methodology of yield in transplanting culture. Misc. Pub. Natl. 
Agric. Res. Cent. 30: 97–100.

Tabuchi, H., K. Hayashi, I. Ashikawa and H. Yoshida (2016) Multiplex 
PCR with SNP, STS and SSR markers for discriminating 114 
Japanese rice cultivars. Bull. NARO Agric. Res. Cent. 26: 23–37.

Tashiro, T. and I.F. Wardlaw (1991) The effect of high temperature on 
kernel dimensions and the type and occurrence of kernel damage in 
rice. Aust. J. Agric. Res. 42: 485–496.

Wan, J.M., L. Jiang, J.Y. Tang, C.M. Wang, M.Y. Hou, W. Jing and 
L.X. Zhang (2006) Genetic dissection of the seed dormancy trait in 
cultivated rice (Oryza sativa L.). Plant Sci. 170: 786–792.

Wang, S., C.J. Basten and Z.B. Zeng (2006) Windows QTL Cartogra-
pher 2.5. Department of Statistics, North Carolina State University, 
Raleigh, NC. http://statgen.ncsu.edu/qtlcart/WQTLCart.htm. Cited 
23 Oct. 2006.


