
Introduction

Rice that is exposed to high temperature during ripening 
develops “chalky,” inferior grains. Grain quality is an im-
portant factor that determines the value of the product, so 
the decline in quality leads to a loss of income for rice farm-
ers. There are several types of chalky grains, including 
white-back (WB), basal-white (BW), white-belly, and 

milky-white grains, all caused by heat stress conditions dur-
ing ripening.

Nagato (1952) studied the environmental factors that 
caused the occurrence of white-core, white-belly, and 
milky-white grains, and reported that chalkiness was affect-
ed by various factors, including the quantity of solar radia-
tion, nutritional condition, and the location of kernels on the 
panicle. Furthermore, Nagato and Ebata (1965) and Tashiro 
and Ebata (1975) revealed that high temperature during rip-
ening increased the ratio of WB, BW, and milky-white 
grains of rice. They also observed variations in the ratio of 
WB grains among rice cultivars. Tsubone et al. (2008) and 
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There is increasing evidence that global warming affects the development of rice. High temperatures during 
ripening increase the ratio of undesirable chalky grains followed by deteriorating grain appearance quality. In 
order to detect quantitative trait loci (QTLs) controlling the occurrence of white-back and basal-white chalky 
grains of brown rice, QTL analysis was performed using recombinant inbred lines derived from a cross be-
tween two strains, ‘Tsukushiroman’ (sensitive to heat stress) and ‘Chikushi 52’ (tolerant of heat stress). The F7 
and F8 lines were exposed to heat stress during the ripening period in two locations, Fukuoka and Kagoshima, 
in Japan. QTLs for white-back grains and basal-white grains were detected on chromosomes 1, 3, and 8, and 
those for basal-white grains were detected on chromosomes 2, 3, and 12. QTLs on chromosome 8 for white-
back grains were shared in the plants grown in both locations. Near-isogenic lines (NILs), which harbored a 
segment from ‘Chikushi 52’ on chromosome 8 with the genetic background of ‘Tsukushiroman’, showed rela-
tively lower ratios of white-back grains than ‘Tsukushiroman’. Therefore, insertion of the ‘Chikushi 52’ 
genomic region of the QTL on chromosome 8 can improve the quality of rice when it is grown under heat 
stress conditions.
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Wakamatsu et al. (2004, 2005) revealed that the ratios of 
WB and BW grains increased when the average temperature 
during ripening exceeds 27°C; in addition, they noted that 
there was great variation in the ratio of chalky grains among 
japonica rice cultivars under high-temperature conditions. 
These observations suggest that the occurrence of chalky 
grains of rice is controlled partly by genetic factors and 
partly by environmental factors.

Several studies have been performed to detect chromo-
somal regions controlling the occurrence of grain chalki-
ness. Tabata et al. (2007) reported that quantitative trait loci 
(QTLs) on chromosomes (chr.) 1, 2, and 8 were involved in 
the occurrence of WB grains. They used recombinant inbred 
(RI) lines derived from a cross between two strains, 
‘Chiyonisihiki’ (sensitive to heat stress) and ‘Koshijiwase’ 
(tolerant of heat stress). Kobayashi et al. (2007) also detect-
ed QTLs for WB grains on chr. 3, 4, and 6, using F2 and F3 
populations derived from a cross between ‘Hanaechizen’ 
(tolerant of heat stress) and ‘Niigatawase’ (sensitive to heat 
stress). Using RILs derived from the same cross, they also 
detected the same QTLs as in the case of F2 and F3 popula-
tions, and identified another QTL for WB on chr. 9, fol-
lowed by the successful validation of the effects of the 
QTLs on chr. 6 and 9 using near-isogenic lines (NILs) 
(Kobayashi et al. 2013). Ebitani et al. (2008) detected QTLs 
for WB grains on chr. 2, 5, 6, 8, and 10 and QTLs for milky-
white grains on chr. 1 and 7 by using chromosome segment 
substitution lines derived from a cross between the japonica 
cultivar ‘Koshihikari’ and the indica cultivar ‘Kasalath’.

We previously developed a promising line named 
‘Chikushi 52 (CH)’, a japonica cultivar that is tolerant of 
high temperature during ripening. This line is derived from 
a cross between ‘Hitomebore’ (Sasaki et al. 1994) and 
‘Yumetsukushi’ (Imabayashi et al. 1995). These progenitors 
are not genetically closely related to ‘Koshijiwase’ or 
‘Hanaechizen’, which were analyzed by Tabata et al. (2007) 
and Kobayashi et al. (2007), respectively. Therefore, we 
wished to explore whether ‘Chikushi 52’ harbored a new 
genetic factor controlling grain quality. To date, no genetic 
study has been reported on the grain quality of CH.

The objective of this study was to identify the QTLs con-
trolling the occurrence of WB and BW grains in brown rice 
using RI lines (F7 and F8) derived from a cross between CH 
and ‘Tsukushiroman’ (TR), another japonica cultivar, under 
different levels of heat stress treatment, in two locations 
(Fukuoka and Kagoshima). We detected these QTLs and 
confirmed their effects on the appearance of WB grains by 
examining advanced backcrossed progeny, the BC4F3 and 
BC4F4 NILs.

Materials and Methods

Plant materials
TR is sensitive to heat stress and tends to show many 

chalky grains when it ripens under these conditions. On the 
other hand, CH is tolerant of heat stress and shows relative-

ly lower chalky grains than TR, even when it ripens under 
high temperature. We conducted a genetic analysis of 88 
RILs developed from a cross between TR and CH by means 
of single seed descent. QTLs were detected in the F7 lines 
and F8 lines in 2009 and 2010, respectively.

To validate allelic differences among detected QTLs, we 
developed NILs, such as BC4F3 and BC4F4. F1 plants pro-
duced by a cross between TR and CH were backcrossed 
with TR. We conducted foreground selection on BC3F1 
plants using simple sequence repeat (SSR) markers and 
cleaved amplified polymorphic sequences (CAPS) markers 
linked with the QTLs that we had detected (Supplemental 
Table 1). In addition to conducting foreground selection, 
after backcrossing, we also conducted background selection 
for the polymorphic DNA markers distributed on all chro-
mosomes to confirm the recovery of the genome of the re-
current parent, TR. Finally, we developed NILs (BC4F3 and 
BC4F4), which harbored a CH segment with the genetic 
background of TR.

Heat stress treatments
In order to detect stable QTLs for improvement of grain 

quality, four different heat stress treatments were applied in 
this study: hot water irrigation (Kasaneyama et al. 1999, 
Tsubone et al. 2008) (Fig. 1A), early transplantation in the 
field (Fig. 1B), cultivation in a greenhouse during midsum-
mer (Fig. 1C), and cultivation in a Temperature Gradient 
Chamber (TGC, Fig. 1D) (Horie et al. 1995). Irrigation with 
hot water (approximately 35°C) was known to increase the 
air temperature around each rice panicle 0.5 or 1 degrees 
higher than that of the ambient condition. Early transplanta-
tion in the field was done in the Kagoshima Prefectural In-
stitute for Agricultural Development, Japan (Lat: 31°28′N, 
Lon: 130°20′E). Stable high temperatures exceeding 27°C 
were maintained during the ripening stage in this treatment. 
Plants cultivated in a greenhouse at the Kagoshima Prefec-
tural Institute experienced even higher temperatures than 
those in the open field. Finally, in the TGC of Ishikawa Pre-
fectural University (Lat: 36°30′N, Lon: 136°36′E, Fig. 1D), 
specific air temperature gradients were generated in order to 
evaluate the heat stress tolerance shown by rice plants under 
different temperatures. Hot water irrigation and early trans-
plantation were used to detect QTLs influencing the ratios 
of WB and BW. All four heat stress treatments were em-
ployed to validate QTLs for WB grains using NILs.

Evaluation of grain quality of RILs field experiments
RI lines (F7, F8) were sown on April 23rd and April 23rd 

and transplanted on May 15th and May 12th in 2009 and 
2010, respectively, at Fukuoka Agricultural Research Center 
(Lat: 33°31′N, Lon: 130°30′E) in Japan. Four plants of each 
RILs were raised in the sandy paddy field of the hot water 
irrigation facility (Tsubone et al. 2008), using a randomized 
block design with two replications. The spacing was 30 cm 
between rows and 15 cm between plants in each row. The 
amount of applied basal nitrogen fertilizer was 5 g/m2; no 
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top dressing nitrogen was applied. Hot water irrigation was 
started after the first RIL headed (reached the stage at which 
half of the panicles were visible) and continued until 
20 days after the last RI line headed. Air temperature during 
ripening was measured with Data Logger TR-52 (T&D 
Corporation, Matsumoto, Nagano, Japan). Two plants in each 
row of RIL plants were harvested at maturity and examined 
for the occurrence of chalky grains.

In order to evaluate the effect of early transplantation in 
the field, seeds of RILs were sown on April 28th and April 
27th and transplanted on May 19th and May 20th in 2009 and 
2010, respectively, in the paddy field at Kagoshima Prefec-
tural Institute for Agricultural Development. Ten plants in 
each RIL were planted, using a randomized block design 
with two replications. Air temperature during ripening was 
measured with meteorological observatory equipment 
E-834 with hygrothermograph E-734 and pyrheliometers 
H0621 (Yokogawa, Denshikiki Co., Ltd., Shibuya, Tokyo, 
Japan). The spacing was 30 cm between rows and 15 cm 
between plants in each row. The amount of nitrogen applied 
was 2.5 g/m2. One plant in each row of RIL was harvested at 
maturity and examined for the occurrence of chalky grains.

In both experiments, the number of days to heading 
(DTH) was counted, starting from the date of transplantation.

Validation of detected QTLs in WB grains
To test the effects of heat stress in the hot water irrigation 

facility in Fukuoka, seeds of NILs were sown on May 23rd 
and April 30th and transplanted to 1/5000 a Wagner pots that 
contained 5 g/m2 nitrogen in each pot, on June 10th and May 
21st in 2012 and 2013, respectively. One “plant” consisted 
of three seedlings, and two plants of each line were trans-
planted to each Wagner pot for each experiment. After the 
flowering of most spikelets had occurred, the plants were 
moved to the hot water irrigation facility and exposed to 
heat stress. Air temperature was measured with the same 
equipment as in the evaluation of RILs. At maturity, all the 
plants were harvested in order to measure the occurrence of 
chalky grains.

To evaluate the effects of heat treatment in the paddy 
field and greenhouse at Kagoshima, seeds of NILs were 
sown on April 22nd and transplanted on May 17th in the open 
paddy field and in soil in the greenhouse of Kagoshima Pre-
fectural Institute for Agricultural Development in 2013. The 
amount of nitrogen applied was 4 kg/10 a. Ten plants in 
each line were raised, using a randomized block design with 
two replications. The spacing was 30 cm between rows and 
15 cm between plants in each row. Air temperature and 
amount of solar irradiation were measured with the same 
equipment as in the evaluation of RILs. One plant in each 
row of NIL was harvested at maturity and the grain quality 
was measured.

To examine the effects of heat treatment in the TGC, 
seeds of NILs were sown on April 25th and transplanted on 

Fig. 1. High temperature treatment through (A) hot water irrigation, (B) early transplantation, (C) greenhouse cultivation, and (D) Temperature 
Gradient Chamber (TGC).
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May 22nd to 1/5000 a Wagner pots, each of which contained 
25 g/m2 nitrogen in 2013. One “plant” consisted of three 
seedlings, and eight plants of each line were used. Before 
heading occurred, topdressing fertilizer containing 15 g/m2 
nitrogen was applied to each pot. After heading of all lines 
had occurred, all the pots were moved into the TGC at 
Ishikawa Prefectural University and exposed to heat stress. 
Air temperature during ripening was measured with Data 
Logger RTR-53 (T&D Corporation, Matsumoto, Nagano, 
Japan). All the plants of NILs were harvested at maturity.

Evaluation of grain quality
In each experiment, grains of each RILs and NILs were 

dried and husked. The samples were sieved with 1.6-mm 
sifter. The ratio of chalky grains was determined from ex-
amination of 100 grains from each plant. The classification 
of immature grains was based on the criteria of Nagato and 
Ebata (1965). Grains with a white portion on the back side 
that exceeded half the total grain in length were considered 
WB grains. Grains with a white portion on the basal side 
were considered BW grains.

DNA isolation and genotyping
Genomic DNA was extracted from fully developed 

leaves of a single plant of each RILs (F7) and NILs (BC4F3) 
by the cetyltrimethylammonium bromide (CTAB) method 
(Murray and Thompson 1980). We screened more than 
2,000 SSR markers from those reported by IRGSP (2005) 
and McCouch et al. (2002) to obtain polymorphic markers 
between the parental lines. PCR amplification of SSR mark-
ers used 40 ng DNA, 0.4 μM of each primer, 100 μM of 
each dNTP, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM 
MgCl2, and 0.5 units of Go Taq DNA polymerase (Promega 
Corporation, Fitchburg, Wisconsin, USA) in 20 μL of reac-
tion mixture. The amplification profile was as follows: 
5 min at 94°C; 35 cycles of 1 min at 94°C, 1 min at 50°C, 
and 2 min at 72°C; and a final 5 min at 72°C. PCR was 
performed in a T1 thermocycler (Biometra, Goettingen, 
Germany). Amplified products were electrophoresed in 
3.0% agarose gel or 12.0% polyacrylamide non-denaturing 
gel. Agarose gels were stained with ethidium bromide, and 
polyacrylamide gels were stained with Gel Red (Biotium, 
Hayward, California, USA).

Single nucleotide polymorphism (SNP) markers showing 
polymorphism between the parental lines were selected 
from the genome-wide information about SNPs from 
Nagasaki et al. (2010). The genomic DNA of both parental 
lines was genotyped using these SNPs under Illumina 
GoldenGate BeadArray platform (Illumina, Inc.). Poly-
morphic SNPs were converted to CAPS or derived cleaved 
amplified polymorphic sequences (dCAPS) markers (Sup-
plemental Table 1). Amplified products of these CAPS 
and dCAPS markers were digested with the corresponding 
restriction enzymes (Supplemental Table 1) and electro-
phoresed in 3.0% agarose gel.

QTL analysis
Linkage analysis was performed with MAPMAKER/

EXP 3.0 (Lander et al. 1987). The frequency of recombina-
tion between two markers was converted to genetic dis-
tance, using Kosambi’s map function (Kosambi 1943). 
Composite interval mapping was performed using Windows 
QTL Cartographer 2.5 (Wang et al. 2012) with forward and 
backward regression. The experiment-wise logarithm-of-
the-odds (LOD) threshold significance level was determined 
by computing 2000 times permutations (Churchill and 
Doerge 1994), as implemented by the QTL Cartographer. 
The regions that showed significance in at least one year 
were nominated as QTLs in this experiment.

Results

Variation in grain quality in RILs
Average temperatures during the ripening period of RILs 

and their parental lines under hot water irrigation in 2009 
and 2010 ranged from 26.7 to 28.0°C and from 28.9 to 
29.3°C, respectively. Ambient temperature during that ex-
periment in 2009 and 2010 was from 26.2°C to 27.2°C and 
from 28.3°C to 28.5°C, respectively. Plants that received 
early transplantation in Kagoshima in 2009 and 2010 expe-
rienced temperatures that ranged from 27.2 to 28.6°C and 
from 28.1 to 28.6°C, respectively. Although the average 
temperatures experienced by several lines were lower than 
27°C in 2009 due to early flowering, most of the RI lines 
and their parental lines were exposed to high temperatures 
exceeding 27°C.

CH showed earlier heading than TR in all the experi-
ments and the DTH of RILs ranged from 58 to 82 days, 
showing transgressive segregation beyond DTH of both 
parents (Fig. 2A). However, the grain weight (GW) of both 
parents was almost the same or showed only slight differ-
ences in all the experiments, whereas the GW of RILs had a 
wider distribution than did that of the parental lines 
(Fig. 2B). The ratio of WB grains of CH was lower than that 
of TR in the hot water irrigation group in 2009 and 2010, as 
well as lower than that of the early transplantation group of 
2009 (Fig. 2C). Although the ratio of WB of RILs in 2009 
was generally distributed between the values of both parents 
in the hot water irrigation group, transgressive segregation 
to higher ratios in 2009 was observed. In 2010 most of the 
RILs showed lower ratios of WB than both parents. But it 
showed a wider distribution in the early transplantation 
group (Fig. 2C). The frequency distribution of the ratio of 
WB was mostly continuous in both experiments (Fig. 2C). 
The ratio of BW grains followed a similar trend to that of 
the WB grains. These facts showed that not only environ-
mental conditions but also multiple genetic factors contrib-
uted to the occurrence of WB and BW of RILs (Fig. 2D).

Correlation coefficients of the ratio of WB, BW, GW and 
DTH of RILs

Correlation analysis was carried out among all traits in 
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two experiments (Table 1). Although correlation coeffi-
cients of DTH were highly significant among two years in 
two experiments (r = 0.931** and 0.894**), those of WB 
and BW ratios were not significant except for the ratio of 
BW in the early transplantation group (r = 0.388**). The 
correlation coefficients of WB and BW with DTH were sig-
nificant only in the early transplantation group of 2009 
(r = 0.636** and 0.348**) and were not significant in the 
hot water irrigation group. GW was adversely correlated 
with the ratio of WB only in the early transplantation group 

of 2009 (r = –0.213*), but it was correlated with the ratio of 
BW in hot water irrigation of 2009 and 2010 (r = –0.340**, 
–0.409**) and with the early transplantation group of 2009 
(r = –0.526**).

QTLs for the occurrence of WB and BW grains
Although we searched more than 2,000 SSR markers, 

only 70 markers were polymorphic between the parental 
lines. In order to cover the gap regions, where marker densi-
ty was low, we screened 6 SNPs from the collection of SNPs 

Fig. 2. Frequency distributions of (A) days to heading, (B) 1000-grain weight, (C) ratio of white-back grains, and (D) ratio of basal-white grains of 
recombinant inbred lines in the experiments using hot water irrigation (left) and early transplantation (right). CH: ‘Chikushi 52’, TR: ‘Tsukushiroman’.
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reported by Nagasaki et al. (2010). In total, we used 76 
markers to construct a linkage map of 12 chromosomes 
(Supplemental Fig. 1). On the basis of this linkage map, 
we performed QTL analysis of WB, BW, GW, and DTH 

(Fig. 3, Table 2). QTLs associated with WB were detected 
on chr. 1, 3, and 8. The QTLs on chr. 8 (qWB8) were com-
monly mapped in the interval between RM5556 and 
RM1578. LOD scores of the qWB8 detected in plants that 

Table 1. Correlation coefficient of ratio of white-back grains, ratio of basal-white grains, 1000-grain weight, and days to heading of recombinant 
inbred lines
(A) Hot water irrigation in Fukuoka

Year Trait name
2009 2010

WBa BWa GWb DTHb WBa BWa GWb DTHb

2009

White-back grains ratio 1
Basal-white grains ratio 0.512 ** 1
1000-grains weight –0.034 –0.340 ** 1
Days to heading 0.173 –0.112 0.336 ** 1

2010

White-back grains ratio 0.115 0.069 –0.145 0.125 1
Basal-white grains ratio 0.208 * 0.041 –0.056 –0.102 0.379 ** 1
1000-grains weight –0.178 –0.049 –0.014 0.134 0.068 –0.409 ** 1
Days to heading 0.186 –0.115 0.425 ** 0.931 ** 0.119 –0.079 0.081 1

(B) Transplanting in early season in Kagoshima

Year Trait name
2009 2010

WBa BWa GWb DTHb WBa BWa GWb DTHb

2009

White-back grains ratio 1
Basal-white grains ratio 0.232 * 1
1000-grains weight –0.213 * –0.526 ** 1
Days to heading 0.636 ** 0.348 ** –0.313 ** 1

2010

White-back grains ratio –0.050 0.037 0.036 –0.001 1
Basal-white grains ratio 0.109 0.388 ** –0.065 0.049 0.455 ** 1
1000-grains weight –0.100 –0.297 ** 0.710 ** 0.130 0.073 –0.016 1
Days to heading 0.613 ** 0.358 ** –0.299 0.894 ** 0.062 0.092 0.205 1

a WB and BW mean white-back grains ratio and basal-white-grains ratio, respectively.
b GW and DTH mean one-thousand grains weight and days to heading, respectively.
** and *: significant at 1% and 5% levels, respectively.

Fig. 3. Putative quantitative trait loci (QTLs) for white-back grains, basal-white grains, grain weight, and days to heading. WB: white-back, 
BW: basal-white, GW: grain weight, DTH: days to heading. Solid bars indicate QTLs detected in Fukuoka (in hot water irrigation group). Dotted 
bars indicate QTLs detected in Kagoshima (in early transplantation group). The length of bars indicates the significant regions beyond threshold 
values, based on the 2000 times permutation test. As QTLs for DTH were commonly detected in almost the same regions in both experiments, 
only QTLs detected in Fukuoka were indicated.
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experienced hot water irrigation were 4.34 and 3.30 in 2009 
and 2010, respectively. The percentage of phenotypic varia-
tion explained (PVE) by qWB8 was 18.5% and 12.9% in 
2009 and 2010, respectively. LOD score of the qWB8 de-
tected in plants that experienced early transplantation was 
2.21 in 2009. The PVE of qWB8 was 7.4% in 2009. The CH 
alleles lowered the ratio of WB throughout all the QTLs and 
contributed to the improvement of grain quality. QTLs asso-
ciated with BW were identified on chr. 2, 3, 6, and 12. All 
the QTLs were detected during a single year, and no com-
mon QTLs were detected between both experiments. Al-
though the CH alleles containing the qBW2 and qBW3 
decreased the ratio of BW, the TR allele containing qBW6 
and qBW12 also decreased it. QTLs for GW were detected 
on chr. 2, 3, 8, and 10. The QTLs on chromosome 8 (qGW8) 
were mapped in the interval between RM5556 and RM1578 
in multiple experiments in Kagoshima. Although CH allele 
of qGW2, qGW3, and qGW10, which were detected with hot 
water irrigation in Fukuoka, had a negative effect on GW, 
the CH alleles of qGW2, qGW3, and qGW8, which were de-
tected with early transplanting in Kagoshima, had an effect 
of increasing GW. QTLs for DTH were commonly detected 
on chr. 3 and 12; in particular, the QTL on chr. 3 was re-
sponsible for most of the difference in DTH between RILs. 
CH alleles of qDTH3 and qDTH12 shortened the DTH.

Validation of QTLs for the occurrence of WB grains
In order to validate the effect of QTLs on chr. 8, we de-

veloped NILs, named NIL01 and NIL02. Both lines con-
tained a segment of CH between RM3181 and RM3689 on 

chr. 8 with the genetic background of TR. NIL02 harbored 
longer upstream region than NIL01 to RM5556. In addition 
to common small segments on the long arm of chr. 12, 
NIL01 harbored small segment on the short arm of chr. 7 
and the long arm of chr. 12, and NIL02 harbored small seg-
ment on the long arm of chr. 1, 4, 6, and 12 (Fig. 4). The 
tolerance of those lines to heat stress was evaluated in the 
hot water irrigation facility (Fukuoka), in early transplanta-
tion (Kagoshima), under heat stress in a greenhouse 
(Kagoshima), and in a TGC (Ishikawa) (Tables 3, 4).

In the hot water irrigation facility, NIL01 and NIL02 
showed a significantly lower ratio of WB (38.0% and 47.5% 
for NIL01 in 2009 and 2010, and 41.0% and 33.0% for 
NIL02 in 2009 and 2010) than did TR (60.5% and 62% in 
2009 and 2010) (Table 3). Both lines also showed heavier 
1000-grain weight than did TR. Similar results were ob-
tained in plants from the early transplantation, heat stress in 
greenhouse, and TGC groups; in these groups, NIL01 and 
NIL02 showed a lower WB than did TR (Table 4). These 
results clearly validated the effects of allelic differences at 
putative QTLs on chr.8 (qWB8) between two parental lines. 
In a case of GW, NIL01 showed similar or slightly heavier 
GW than TR, but NIL02 showed clearly higher GW than 
TR (Table 4).

Discussion

Tsubone et al. (2008) and Wakamatsu et al. (2004, 2005) 
indicated that the ratio of WB and BW grains increases if 
average air temperature during ripening exceeds 27°C. 

Table 2. Putative quantitative trait loci (QTLs) for white-back, basal-white, 1000-grain weight, and days to heading of rice grains detected by 
composite interval mapping

<Hot water irrigation in Fukuoka> <Transplantation in early season in Kagoshima>

Trait QTLa Chr. Nearest 
markerb Year LOD AEc,d PVEc Trait QTLa Chr. Nearest 

markerb Year LOD AEc,d PVEc

White-
back

qWB1 1 RM7075 2010 4.02 –3.82 15.6 White-
back

qWB3 3 RM4853 2009 8.90 –8.39 30.5
qWB8 8 SNP8_1 2009 4.34 –1.44 18.5 qWB8 8 RM3689 2009 2.21 –4.45 7.4

8 RM72 2010 3.30 –4.40 12.9
Basal- 
white

qBW2 2 RM5470 2009 2.93 –1.17 11.0 Basal- 
white

qBW3 3 RM4853 2009 4.59 –1.41 17.9
qBW6 6 RM20429 2010 2.78 1.40 10.7
qBW12 12 RM1986 2010 3.35 1.60 12.9

1000  
grain 
weight

qGW2 2 RM6933 2010 2.29 –0.39 11.9 1000  
grain 
weight

qGW2 2 RM5470 2009 4.22 0.39 13.4
RM5470 2010 2.78 0.34 9.5

qGW3 3 RM2791 2009 2.86 –0.32 13.6 qGW3 3 RM4853 2009 6.78 0.48 20.5
qGW10 10 RM2371 2009 2.79 –0.33 14.3 qGW8 8 RM5556 2009 3.19 0.37 11.9

8 RM5556 2010 6.92 0.61 31.5
8 RM72 2010 6.44 0.58 27.5

Days to 
heading

qDTH3 3 RM4853 2009 43.50 –3.98 87.5 Days to 
heading

qDTH3 3 RM4853 2009 25.66 –2.19 71.8
3 RM4853 2010 29.35 –4.74 75.3 3 RM4853 2010 38.12 –3.03 83.8

qDTH12 12 SNP12_1 2009 3.96 –0.68 2.7 qDTH12 12 SNP12_1 2010 4.29 –0.65 3.9
a QTLs were detected based on the basis of 2000 times permutations.
b Nearest markers denote the relevant markers that were closest to the peak of QTLs.
c AE: additive effect, PVE: Percentage of total phenotypic variance explained in each QTL
d Minus values of additive effect indicate that ‘Chikushi 52’ alleles decrease the trait values.
e The significant threshold of LOD value (P < 0.05) of WB, BW, GW, and DTH in 2009 and those in 2010 of Fukuoka was 1.85, 2.00, 2.40, 1.81, 

2.36, 2.03, 2.42, 2.41, respectively. That for WB, BW, GW, and DTH in 2009 and those in 2010 of Kagoshima was 2.39, 2.04, 2.14, 2.01, 2.4, 
2.35, 2.37, and 2.19, respectively.
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Improving tolerance to heat stress is one of the major objec-
tives in the present rice breeding program in Japan. In this 
study, we identified several QTLs that affected the quality of 
grain grown under heat stress. Among them, QTLs for WB 
on chr. 8 (qWB8) were detected in different heat treatments, 
including hot water irrigation in Fukuoka and early trans-
plantation in Kagoshima (Table 2, Fig. 3). Those QTLs 

appeared to be relatively more stable and exhibited larger 
effects than other QTLs. Furthermore, their effects could 
be validated by using NILs (Tables 3, 4). It was also clear 
that chromosome segments of these QTLs derived from CH 
decreased the ratio of WB and improved the plants’ toler-
ance to heat stress. In previous studies, several QTLs for 
grain quality under heat stress were identified. Kobayashi et 

Fig. 4. Graphical genotype of near-isogenic lines (NILs) used for the validation of quantitative trait loci (QTLs) for white-back grains. We arbi-
trarily determined the recombination point to be the midpoint between markers of different genotypes: white, homozygous for ‘Tsukushiroman’ 
segment; gray, homozygous for ‘Chikushi 52’ segment.

Table 3. Ratio of white-back grains of NILs and the genotypes of SSR markers linked to the QTLs for ratio of white-back grains, 1000-grain 
weight, and days to heading

NIL No.
Genotype for SSR markers linked to the QTLsa 2012 2013

Chr. 3 Chr. 8 WB, GW DTH 
(days)

Temp.b 
(°C)

GW  
(g)

WB  
(%)

DTH 
(days)

Temp.b 
(°C)

GW  
(g)

WB  
(%)

χ2  
testRM 3372 RM 5556 RM 3181 RM 3689 RM 223

NIL01 TR TR CH CH TR 67 27.5 20.0 38.0 78 29.0 21.5 47.5 **c

NIL02 TR CH CH CH TR 67 27.5 21.2 41.0 77 29.1 21.5 33.0 **

Tsukushiroman TR TR TR TR TR 67 27.5 19.8 60.5 78 29.0 20.0 62.0 –

Chikushi 52 CH CH CH CH CH 59 27.8 20.2 15.0 66 28.5 20.4 49.0 **

a This experiment was conducted in the hot water irrigatin facility in Fukuoka. CH: Chikushi 52 allele, TR: Tsukushiroman allele, WB: white-
back grains, GW: 1000-grain weight, DTH: days to heading.

b Temp. means average temperature during the 20 days after heading.
c The symbols, ** of Cochran-Mantel-Haenszel Chi-Squared test showed that the ratio of white-back grains of each NIL was significant at 1% 

level, compared to that of ‘Tsukushiroman’.

Table 4. Ratio of white-back grains of near-isogenic lines (NILs) and their recurrent parent ‘Tsukushiroman’ under different high-temperature 
treatments

NIL No.
Kagoshima 1a Kagoshima 2a Ishikawa 1a Ishikawa 2a

DTHc 
(days)

Temp.b 
(°C)

GWc  
(g)

WBc  
(%)

DTHc 
(days)

Temp.b 
(°C)

GWc  
(g)

WBc  
(%)

DTHc 
(days)

Temp.b 
(°C)

GWc  
(g)

WBc  
(%)

DTHc 
(days)

Temp.b 
(°C)

GWc  
(g)

WBc  
(%)

NIL01 66 28.6 21.0 69.3** 65 29.4 20.1 28.0** 86 26.0 23.8 6.3** 86 28.5 23.3 35.0**
NIL02 66 28.6 21.2 61.3** 65 29.4 20.5 27.5** 86 26.0 24.2 8.5** 86 28.5 24.4 40.5**
Tsukushiroman 66 28.6 20.6 84.7 66 29.4 20.2 50.0 86 26.0 22.9 23.8 86 28.5 23.0 76.3

a Kagoshima 1: early transplantation in open paddy field; Kagoshima 2: high-temperature treatment in greenhouse; Ishikawa 1: heat treatment in 
area 1 of Temperature Gradient Chamber (TGC); Ishikawa 2: heat treatment in area 2 of TGC.

b Temp. means average temperature during the 20 days after heading.
c DTH: days to heading, GW: 1000-grains weight, WB: white-back grains.
d The symbols, ** of Chi-Squared test showed that the ratio of white-back grains of each NIL was significant at 1% level, compared to that of 

‘Tsukushiroman’.
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al. (2007) detected QTLs for WB on chr. 3, 4, and 6. In ad-
dition, Tabata et al. (2007) detected QTLs for WB on chr. 1, 
2, and 8. On the basis of a comparison of chromosomal lo-
cation, the locations of QTLs we detected in this study did 
not coincide with the QTLs which were identified by 
Kobayashi et al. (2007). But qWK8, which was detected in 
the study of Tabata et al. (2007) might be the same as qWB8 
in this study, because both of them were detected in the 
short arm of chr. 8. Although the nearest markers of both 
QTLs were different, the source cultivar of qWK8, ‘Koshiji-
wase’ and that of qWB8, ‘Chikushi 52’ harbor the common 
ancestors, Norin 1 and Norin 22. Further study is required to 
clarify the location and function of qWK8 and qWB8.

Wan et al. (2005) reported that QTLs for the occurrence 
of chalky grains were located in the interval G1149-R727 
(RFLP markers) on chr. 8 using chromosome segment sub-
stitution lines (CSSLs) derived from the cross between 
‘IR24’ (indica) and ‘Asominori’ (japonica). According to 
the Rice TOGO Browser (Nagamura et al. 2011), the physi-
cal locations of G1149 and R727, which were the nearest 
markers in the study of Wan et al. (2005), were very close to 
those of RM3181 and RM3689, both of which were the 
nearest markers of qWB8 detected in this study. The com-
parison of chromosomal location indicated that it is very 
difficult to conclude how this QTL is related to others in this 
study. Further fine mapping or cloning of gene will be nec-
essary in order to answer this question.

The ratio of chalky WB and BW grains of CH was lower 
than that of TR, except in the early transplantation group in 
Kagoshima in 2010. Although the temperature during 
20 days after heading of CH and TR were similar (28.1, 
28.4°C, respectively) in Kagoshima in 2010, solar irradia-
tion of CH and TR during 5 days after heading was differ-
ent; 99.6 MJ/m2 of CH and 65.82 MJ/m2 of TR. Wakamatsu 
et al. (2009) reported shading treatment mitigated the oc-
currence of WB. Accompanied with the difference of solar 
irradiation, the maximum temperature during 5 days after 
heading of CH was about 2 degrees higher than that of TR. 
Those differences of climate condition might lead to the 
difference of WB between CH and TR.

The temperature during rice ripening in 2009 was lower 
than that in 2010. These differences in environmental condi-
tions might be responsible for the lower correlation of WB 
and BW between 2009 and 2010. Clearly, not only genetic 
regions but also environmental conditions affected the dif-
ference in the occurrence of WB and BW. In our QTL anal-
yses over two years, only the QTL region of chr. 8 was 
shared in both years. These results might also be caused by 
differences in environmental conditions.

As mentioned, there were QTLs for GW (qGW8) in the 
vicinity of the QTLs for WB on chr. 8. The CH alleles on 
chr. 8 increased GW and decreased the ratio of WB. 
Wakamatsu et al. (2007) reported that classification of 
grains of ‘Hinohikari’ that matured under heat stress showed 
that WB grains had lighter GW than did fully matured 
grains. In addition, Tabata et al. (2007) mentioned that the 

ratio of WB grains was negatively correlated with GW 
among RI lines derived from a cross between ‘Chiyonishiki’ 
and ‘Koshijiwase’. Both studies suggest that the appearance 
of WB grains tends to be associated with a decline in GW. 
A higher ratio of WB could cause lighter GW due to insuffi-
cient grain filling. Wan et al. (2005) and our experiments 
detected QTLs for chalky grains (WB) and those for GW in 
a narrow region. There are two possible explanations for the 
apparent association. First, both QTLs might be different 
and might be located in close proximity to one another. Sec-
ond, the same QTL may have a pleiotropic effect on WB 
and GW. Furthermore, there was a slight difference of GW 
between NIL01 (20.0 g) and NIL02 (21.2 g) in the 2012 ex-
periment of the study in Fukuoka, and similar tendency was 
observed through the experiments in early transplantation, 
greenhouse and TGC (Table 4). This suggested that there 
might be another region controlling GW around RM5556.

Based on the study conducted by Wan et al. (2005) us-
ing CSSLs derived from the cross between ‘IR24’ and 
‘Asominori’, Liu et al. (2010) indicated that CSSL50-1, 
which carried an ‘IR24’ segment on chr. 8 with the genetic 
background of ‘Asominori’, exhibited a higher ratio of 
chalky grains than did the recurrent parent ‘Asominori’. Liu 
et al. (2010) also pointed out that CSSL50-1 showed rela-
tively faster grain filling rate during the early ripening stage 
than did ‘Asominori’ and suggested that the enzyme activi-
ties related to starch synthesis changed in CSSL50-1 and led 
to the occurrence of chalky grains during the later stage. 
Yamakawa et al. (2008) reported that there were many 
starch/carbohydrate-metabolizing enzyme genes on chr. 8, 
such as SSIIIa, Amy3D, Amy3E, AGPS2, and ISA1. Out of 
them, AGPS2 (ADP-Glucose pyrophosphorylase2) was lo-
cated between RM3181 and RM3689, which covered inner 
region of qWB8. Since other enzyme genes were not pre-
dicted to be located in the vicinity of the QTLs detected in 
this study, it was also suggested that these enzyme genes 
might be also involved in the allelic differences in these 
QTLs. Further study using more advanced backcross proge-
ny, from which the small remaining segments is especially 
removed, will be required to prove the relationship between 
those enzyme genes and QTLs for WB and GW detected in 
this study.

Compared with the QTLs for WB, QTLs for BW were 
unstable and were detected in only one experiment over the 
course of the two years. We tried to validate the effect of 
qBW2 with NILs but could not confirm its effect (data not 
shown). Kobayashi et al. (2007) also detected QTLs for BW 
on chr. 6 in only a single year, although they found QTLs 
for WB on chr. 6 in two years. These facts suggested that the 
ratio of BW tends to be affected mainly by environmental 
conditions.

Recently, a great deal of genetic information on rice 
grain quality has been reported (Ebitani et al. 2008, 
Kobayashi et al. 2007, 2013, Liu et al. 2010, Tabata et al. 
2007, Wan et al. 2005). In this study, we identified a new 
QTL for WB on chr. 8, and confirmed that the CH allele 
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improved grain quality. The new information that has been 
reported in this study is certainly useful for improving grain 
quality under heat stress conditions. However, it should be 
noted that the allele effects of these QTLs could be affected 
by the genetic background of the cultivar and on the par-
ticular environmental conditions of the growing season. To 
improve our understanding of the genetic control of grain 
quality and its interaction with environmental conditions, 
we need further studies that will undertake cloning of QTLs 
and clarify the molecular function of the genes that contain 
them.
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