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Abstract
Experiments were conducted to examine the ecophysiological traits of yield and ripening and the
genetic backgrounds of these traits in high-yielding semi-dwarf indica rice.  Field experiments were
performed over four years to examine the yield and growth characteristics of these traits.  A large sink
size with large numbers of spikelets per panicle and a high ripening ability in the background of a large
sink size were found to be two of the major ecophysiological traits that enhance the yield of semi-
dwarf indica.  High dry matter productivity after heading was suggested to be linked to a high ripening
ability.  To determine the genetic backgrounds that control these traits, quantitative trait locus (QTL)
analysis was conducted using two different semi-dwarf indica/japonica inbred lines: recombinant
inbred lines of Milyang23 (semi-dwarf indica)/Akihikari (japonica), and back-crossed inbred lines of
Sasanishiki (japonica)/Habataki (semi-dwarf indica)//Sasanishiki///Sasanishiki.  QTLs for larger sink
size, higher ripening ability, higher dry matter production, and larger nonstructural carbohydrate
(NSC) reserves in leaf sheaths and culms at heading within semi-dwarf indica alleles were detected.
The effects of these QTLs probably combine to express the large sink size and high ripening ability
traits, resulting in the high yields of the semi-dwarf indica rice varieties.
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Introduction

Rice (Oryza sativa L.) is one of the world’s most
important crops, especially in Asia.  Nearly 90% of glo-
bal rice production comes from Asia, since 32% of calo-
rie intake of Asian people depends on rice consumption2.
Yields of paddy rice in Asia have doubled in the past 40
years, from 1.9 (1961–1963) to 4.0 t ha-1 (2001–2003)2.
However, the increase in yield from 1990 to 2003 was
only 0.7% per year, much lower than the increase in the
human population (1.6%)2.  Therefore, it is still important
to enhance rice yields and production.

Semi-dwarf indica varieties have played important
roles in increasing the yield potential of rice plants.  Fol-
lowing the release of IR8 from IRRI, numerous pedigrees
have been developed and cultivated in many monsoon
Asian countries, contributing to the food security of these

countries.  Semi-dwarf indica varieties, which have also
been developed in Japan7, exhibit higher yields than
japonica varieties6.  Although much research has been
conducted on the ecophysiological factors associated
with the high yield of the semi-dwarf indica varieties6,8,11,
the genetic basis of the high yields has not yet been clari-
fied.  Such genetic information would be very useful for
the efficient production of high-yielding varieties in
breeding programs, as well as for analyzing the exact
nature of the processes that determine yield in the rice
plant.

This study examined ecophysiological traits related
to yield in high-yielding semi-dwarf indica rice varieties
in Japan.  Quantitative trait locus (QTL) analysis was
conducted using semi-dwarf indica/japonica cross popu-
lations to clarify the genomic regions linked to these
traits.
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Ecophysiological traits related to yield in high-
yielding semi-dwarf indica rice

Field experiments were conducted to elucidate the
traits that enhance yield in high-yielding semi-dwarf
indica rice13.  Japonica and semi-dwarf indica varieties
were cultivated from 1992 to 1995 at the Shikoku
National Agricultural Experiment Station (Kagawa,
Japan).  Seedlings were transplanted in late May, and the
plants were cultivated under conditions of high nitrogen
application, with a total of 12 g m-2 applied from 1992 to
1994, and 18 g m-2 in 1995.

The average yield of rough brown rice in the semi-
dwarf indica crop through the 4-year study was 836 g m-2,
30% higher than that of the japonica crop (Table 1).  The
highest yield, 1,035 g m-2, was produced by the semi-
dwarf indica variety Saikai198 in 1994.  In spite of bear-
ing fewer panicles per plant, the semi-dwarf indica pro-
duces a much larger number of spikelets per panicle,
leading to more spikelets and a larger sink size per land
area.  Although an increase in the sink size often results
in reduced ripening percentages in rice10,19, the ripening
percentages of the semi-dwarf indica did not show signif-
icant changes.  This result is also confirmed by Fig. 1,
which shows the relationship between sink size and rip-
ening.  In the japonica varieties, there was a clear nega-
tive correlation between the two traits throughout the
years tested.  In contrast, the semi-dwarf indica varieties
did not show such a reduction in the ripening percent-
ages, in spite of having larger sink sizes than the japonica
varieties.

Examination of growth traits showed that the semi-
dwarf indica had a shorter culm length, a longer panicle

length, a higher dry weight at maturity, and longer growth
periods for both the days from transplanting to heading
and the grain-filling duration (Table 2).  The longer
growth period of the semi-dwarf indica could contribute
to the greater dry weight.  In Fig. 1, data plots of the
growth of the semi-dwarf indica variety Kanto147 and
those of the semi-dwarf indica obtained in the 1993
experiment did not show the high ripening abilities.
These results are likely to be due to the highly unfavor-
able conditions in 1993, including low temperatures and
low solar irradiations through the growing period, and the
low dry matter production of Kanto147 during the ripen-

Table 1.  Yield and its components of japonica and semi-dwarf indica rice varieties tested during 1992–1995

Type Rough brown rice 
yielda) (g m-2)

Brown rice 
yielda) (g m-2)

Panicle no.
( m-2)

Spikelets per 
panicle 

Spikelet no.
( ×103 m-2)

1,000 grains
weighta) (g)

Sink sizeb)

(g m-2)
Ripeningc) 

(%)

Japonica max 815 700 454 138 52.0   39.1e) 1,052 89.8 
(n = 10) min 549 531 285 72 21.5 19.8 617 58.8 

ave 643 609 370 92 34.0 25.0 829 75.7 
Semi-dwarf max 1,035 979 380 183 55.9 24.4 1,167 87.9 
indica min 621 579 294 124 40.4 19.1 939 53.7 
(n = 13) ave 836 799 330 149 48.9 21.8 1,061 75.9 

t-testd)  *** *** * *** *** ns ** ns 

Data of the early season transplanting cultivation obtained in Nagata et al.13 was summarized.  “Japonica” includes the varieties 
Fukuhibiki (Ouu331), Ouu342, Oochikara, Kanto158, Kanto176, Hokuriku153, and Nipponbare.  “Semi-dwarf indica” includes the 
varieties Kanto147, Takanari, Kou266, Saikai198, and Saikai203.
a): Water content was adjusted to 15% of dry weight. 
b): Calculated by multiplying the number of spikelets m-2 by 1,000 grains weight. 
c): Selected by water soaking.
d): ***, ** and * indicate that the averages are different significantly at 0.1, 1 and 5% levels, respectively;  ns, not significant.
e): Including big grain varieties such as Oochikara and Hokuriku153.
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Sink size was calculated by multiplying the number
of spikelets m-2 by 1,000 grains weight.
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ing period due to rapid leaf senescence after heading12.
These facts indicate that the source supply during the rip-
ening period is an important factor in the high ripening
ability of the semi-dwarf indica.  Therefore, higher dry
matter production after heading could be responsible for
high yields.

These experiments indicate that the high-yielding
semi-dwarf indica rice achieves high yields in Japan due
to the following traits:
  • Large sink size with a large number of spikelets per

panicle
  • High ripening ability under large-sink-size conditions
The high dry matter productivity after heading, with or
without a long growth duration, was suggested to be
linked to the high ripening ability when the source supply
is sufficient during the ripening period.

QTL analysis for sink size, ripening and source
ability of semi-dwarf indica rice

To determine the genomic regions responsible for
the traits of enhanced yield and ripening ability of semi-
dwarf indica rice, QTL analysis was conducted with two
semi-dwarf indica/japonica inbred lines14.  Recombinant
inbred lines (RILs) of Milyang23 (semi-dwarf indica)/
Akihikari (japonica)4 as well as back-crossed inbred lines
(BILs) of Sasanishiki (japonica)/Habataki (semi-dwarf
indica)//Sasanishiki///Sasanishiki (Sasanishiki × Habata-
ki)5 were cultivated in the Hokuriku National Agricultural
Experiment Station (Niigata, Japan) for two years, in
1997 and 1998 for the RILs, and in 1998 and 1999 for the
BILs, respectively.  The results of interval mapping for
the QTL analysis of the RILs and the BILs for the sink
size and ripening ability are shown in Figs. 2 and 3,

respectively.
The sink size is almost determined by the number of

spikelets per plant, which is the product of the number of
spikelets per panicle and the number of panicles per
plant.  In semi-dwarf indica, a higher number of spikelets
per panicle had a strong positive impact on the sink size,
as shown above (Table 1).  Two and four QTLs for the
number of spikelets per panicle, indica (Milyang23 or
Habataki) alleles which increased the trait, were detected
in the RILs and the BILs, respectively.  Among them, an
important region was found on the short arm of chromo-
some 1 that increased the number of spikelets per panicle
and the sink size (Figs. 2 & 3).  The effect of this QTL on
the number of spikelets per panicle was very strong and
was also consistent in the two different populations of the
RILs and the BILs; the percentage of variance explained
was 29.5–37.2% for the RILs and 31.3–34.3% for the
BILs.  Therefore, this locus appears to be ubiquitous in
high-yielding semi-dwarf indica varieties and has been
used to increase the number of spikelets in recently bred
high-yielding indica-japonica crossed varieties in Japan20.

Despite the strong positive effect on the number of
spikelets per panicle, this QTL on chromosome 1 had
pleiotropic effects, reducing the number of panicles per
plant and the ripening percentages.  In contrast, a QTL on
chromosome 6 detected in the BILs increased the number
of spikelets per panicle with little or no influence on other
traits, including the number of panicles per plant and the
ripening percentages (Fig. 3).  The differing effects of the
QTLs on chromosomes 1 and 6 on ripening abilities may
be due to morphological differences in the panicles.  The
higher number of spikelets per panicle in plants contain-
ing the indica allele of the chromosome-1 QTL is related
to increased numbers of secondary rachis branches (Figs.

Table. 2  Growth characteristics of japonica and semi-dwarf indica rice varieties tested during 1992–1995

Type Days to 
headinga)

Days to 
maturitya)

Culm length 
(cm)

Panicle 
length (cm)

Dry weight at 
maturityb) (g m-2) 

Lodging
(0–4)c)

Harvest 
indexd)

Japonica max 81 127 88.9 25.5 1,992 2.4 0.51 
(n = 10) min 62 97 66.2 18.6 1,221 0.0 0.33 

ave 73 115 79.8 21.7 1,653 0.8 0.39 
Semi-dwarf max 90 144 75.0 27.5 2,403 1.0 0.45 
indica min 73 114 65.9 22.1 1,535 0.0 0.30 
(n = 13) ave 82 131 70.7 25.3 2,083 0.1 0.40 

t-teste) ** *** ** *** *** ns ns 

Data of the early season transplanting cultivation obtained in Nagata et al.13 was summarized.  Details are described in Table 1.
a): Days after transplanting.
b): Air-drying.
c): 0; no lodging to 4; complete lodging.
d): Ratios of the rough brown rice yield to the dry weight at maturity. 
e): *** and ** indicate that the averages are different significantly at 0.1 and 1% levels, respectively;  ns, not significant.
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Fig. 2. RFLP linkage map showing the locations of quantitative trait loci (QTLs) for the traits related to sink size and ripening
for the RILs of rice derived from the cross Milyang23/Akihikari 

Markers are shown on the right side of the chromosomes.  A LOD score of 3.0 was used to detect putative QTLs.  Arrow-
heads indicate the peak positions of the LOD, and gray and black bars indicate the regions with one LOD support interval
in the 1997 and 1998 experiments, respectively.  Trait designations are abbreviated as follows: npp, number of panicles per
plant; nsp, number of spikelets per panicle; spl, number of spikelets per plant; rp, ripening percentage; tdw, total dry
weight at maturity; ss, percentage of sterile spikelets; ifs, percentage of insufficiently filled spikelets; rb1, number of pri-
mary rachis branches; and rb2, number of secondary rachis branches.  Abbreviations enclosed in boxes indicate the traits
that increased in the Milyang23 alleles and the others in the Akihikari alleles.  The chromosomes are arranged so that the
short arm is at the bottom.  Details for the locations and the effects of each QTL are described in Nagata et al.14.
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2 & 3).  In contrast, the QTL on chromosome 6 mainly
acts to increase the number of primary rachis branches
(Fig. 3).  This observation might explain the different
effects of the two QTLs on ripening, since the spikelets
on secondary rachis branches often show poorer ripening
ability than those on primary rachis branches1,19.  Indica
alleles of QTLs that were found on chromosome 7 in the
RILs and on chromosome 5 in the BILs increased both
the number of spikelets per panicle and the number of
primary rachis branches (Figs. 2 & 3).  However, these

QTLs had little effect on the sink size because their effect
on the number of spikelets per panicle was relatively
small, and they also reduced the number of panicles per
plant.

In the Milyang23/Akihikari RILs, QTLs for the
decreased percentages of insufficiently filled spikelets
with indica alleles that were independent of the sink size
were detected on chromosomes 11 and 12 (Fig. 2).
Although they were observed less consistently and
require further investigation, these loci could be candi-

Fig. 3. RFLP linkage map showing the locations of QTLs for the traits related to sink size and ripening in the BILs developed
from the cross Sasanishiki/Habataki//Sasanishiki///Sasanishiki 

The black and gray bars indicate the regions with one LOD support interval obtained in the 1998 and 1999 experiments,
respectively.  Abbreviations enclosed in boxes indicate the traits that increased in the Habataki alleles and the others in the
Sasanishiki alleles.  Other explanations are the same as those in Fig. 2.
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dates for traits that enhance the ripening ability of semi-
dwarf indica rice varieties.

QTLs for dry matter accumulation were detected on
chromosomes 2 and 8 in the RILs and chromosome 1 in
the BILs (Figs. 2 & 3).  However, indica alleles of each of
these loci showed negative effects on dry weight at matu-
rity.  To determine the chromosome regions that increase
the dry matter productivity in indica genotypes, the accu-

mulation of dry matter before and after heading was eval-
uated in 1998 and 2000 using the Sasanishiki × Habataki
BILs.  From this analysis, a QTL for increased total dry
weight both at heading and at maturity with an indica
allele was detected on chromosome 12 in 2000 (Fig. 4).
The effect of this QTL for dry matter accumulation might
be due to the pleiotropic effect on the number of days to
heading (Fig. 4), suggesting that a longer growth duration

Fig. 4. RFLP linkage map showing the locations of QTLs for the traits related to dry matter production, NSC accumulation
and the number of days to heading for the BILs of rice derived from the cross Sasanishiki/Habataki//Sasanishiki///
Sasanishiki 

The black and gray bars indicate the regions with one LOD support interval in the 1998 and 2000 experiments, respec-
tively.  Trait designations are abbreviated as follows: tdwh, total dry weight at heading; tdwm, total dry weight at maturity;
nscc, NSC content; nscp, total amount of NSCs per plant; nscs, amount of NSCs per spikelet; and dh, number of days to
heading.  Abbreviations enclosed in boxes indicate the traits that increased in the Habataki alleles and the others in the
Sasanishiki alleles.  Details for the locations and the effects of each QTL are described in Nagata et al.15.  Other explana-
tions are the same as those in Fig. 2.
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causes a greater dry matter accumulation.  In addition to
this QTL, there were several regions that resulted in
increased dry weight accumulation when the regions
were derived from indica, although the effects were rela-
tively small (Fig. 5).  Among them, a region on chromo-
some 5 was detected consistently; this region might be
responsible for the high dry matter accumulation of the
semi-dwarf indica rice.

Nonstructural carbohydrates (NSCs) accumulated in
leaf sheaths and culms at heading are translocated to pan-
icles and used in grain development after heading, which
have been reported to play important roles in ripening
abilities as source supply during ripening period in
rice17,18.  Analysis using the Sasanishiki × Habataki BILs
in 1998 and 200015 revealed several significant regions
that affect NSC accumulation at heading, located on
chromosomes 1, 4, 5, 7, 11, and 12 (Fig. 4).  The QTLs
that affect NSC accumulation on chromosomes 7 and 12
coincide with QTLs for the number of days to heading

(Fig. 4), strongly suggesting that these QTLs have pleio-
tropic effects.  The indica alleles of these loci increased
NSC accumulation with delayed heading, suggesting that
a longer period of vegetative growth before heading
might cause higher NSC accumulation.  In contrast, the
QTLs on chromosomes 1, 4, 5, and 11 had no effect on
the number of days to heading.  Of these, the japonica
allele of the QTL on chromosome 1 increased NSC accu-
mulation (Fig. 4); this QTL might be identical to the QTL
for which the indica allele drastically increased the num-
ber of spikelets per plant and reduced the ripening per-
centage (Figs. 2, 3 & 6, A1 & B1).  This suggests that the
increase in the number of spikelets per panicle in the
indica allele due to this locus results in decreased NSC
accumulation, probably because some of the NSCs are
used in the production of larger panicles during the pani-
cle-development period before heading.  In addition, the
low NSC accumulation might be one of the reasons for
the poor grain filling in plants containing the indica allele

Fig. 5. Interval mapping of QTL analysis on chromosomes 1, 2, 5, 6, 7, 11, and 12 for the traits related to dry matter produc-
tion for the BILs from the cross Sasanishiki/Habataki//Sasanishiki///Sasanishiki

A: Total dry weight at heading,  B: Total dry weight at maturity,  C: Dry weight increase from heading to maturity.  Black
and gray lines indicate the LOD scores for the 1998 and 2000 experiments, respectively.  LOD scores of loci showing
positive and negative additive effects with the Habataki allele are indicated above and below, respectively.  Chromosomes
are arranged so that the short arm is on the left side.  Thin lines indicate significant levels for LOD score = 3.0.
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of this locus (Figs. 3 & 6, C1).  In contrast, the QTLs for
NSC accumulation on chromosomes 5 and 11 had little
effect on the sink size (Fig. 6, A5 & A11), but did have
some effect on the number of insufficiently filled spike-
lets (Fig. 6, B5 & B11).  The higher amount of NSCs
accumulated before heading, resulting from the indica
alleles of these loci, reduced the percentage of insuffi-
ciently filled spikelets.  Therefore, these QTLs for NSC
accumulation might provide an important contribution to
the high ripening ability of semi-dwarf indica rice variet-
ies.  The QTL detected on chromosome 4 might also be
useful, but its effects were not consistent and need to be
confirmed.

Sd1, a major gene for semi-dwarfism in rice, has
been mapped3,9 to the long arm of chromosome 1 near the
marker C86 and cloned16.  In this study, higher numbers
of panicles per plant were observed in plants containing
the indica allele of this region (Fig. 3).  However, lower

numbers of spikelets per panicle and lower dry matter
accumulation, which might have detrimental effects on
yield, were also observed in plants containing this region
(Figs. 2, 3 & 4).  Although a more precise analysis of the
linkage between these traits and semi-dwarfism should be
performed, the high yield of the semi-dwarf indica rice
varieties used in this analysis appears to be due to
genomic regions other than the sd1 locus.

Conclusions and perspectives

The results obtained in this study are summarized in
Fig. 7.  The QTL analysis indicates that the large sink
size and the high ripening ability in the high-yielding
semi-dwarf indica rice varieties result from the controls
of many genetic loci.  In the future, it will be important to
investigate the precise physiological functions of each
QTL.  Research in this area is underway using chromo-

Fig. 6. Interval mapping of QTL analysis on chromosomes 1, 5 and 11 for the traits related to sink size, incompletely filled
spikelets and total amount of NSCs for the BILs from the cross Sasanishiki/Habataki//Sasanishiki///Sasanishiki 

A: Number of spikelets per plant,  B: Percentage of incompletely filled spikelets,  C: Total amount of NSCs per plant.  The
suffixes 1, 5 and 11 denote chromosomes 1, 5 and 11, respectively.  A and B were plotted using data obtained in Fig. 3,
whereas C was plotted using data obtained in Fig. 4.  Solid and broken lines in A and B indicate the LOD scores for the
1998 and 1999 experiments, whereas those in C indicate the LOD scores for the 1998 and 2000 experiments, respectively.
LOD scores of loci showing positive and negative additive effects with the Habataki allele are indicated above and below,
respectively.  Chromosomes are arranged so that the short arm is on the left side.  The locations of the markers on each
chromosome are shown at the bottom.  Thin lines indicate significant levels for LOD score = 3.0.  Ticks on the x-axis rep-
resent 20 cM.
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some-segment substitution lines developed from the BILs
used in this study.

Interestingly, the japonica alleles of several regions
resulted in increased dry matter accumulation (Figs. 2, 3,
4 & 5).  In addition, no changes in the harvest index
between semi-dwarf indica and japonica varieties were
obtained in our field experiments, as shown in Table 2.
These facts might be important keys to the increased
yields of the semi-dwarf indica, and it is worth investigat-
ing the functions and the effectiveness of these loci in
relation to high yields in rice.
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