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ABSTRACT
Global warming is predicted to aggravate the risk of unstable crop production. It is of great concern 
that damage to rice spikelet sterility and grain quality will increase, resulting in yield and economic 
losses. To secure the global food supply and farmers’ income, the development of rice cultivars with 
heat resilience is a pressing concern. Regarding spikelet sterility, rice cultivars with heat tolerance 
at different growth stages have been identified in recent years. The early-morning flowering (EMF) 
trait is effective in heat escape because it shifts the time of day of flowering to earlier in the morning 
when it is cooler. Although varietal differences are very small, there are some genetic resources for 
EMF in wild rice accessions. Regarding heat-induced grain chalkiness, heat-tolerant Japonica-type 
cultivars for mitigating white-back type of chalky grains (WBCG) were found. Quantitative trait loci 
for heat tolerance at flowering, EMF, and for WBCG in grain quality have been mapped on the rice 
chromosomes. Further genetic efforts have been successfully connected to the development of 
near-isogenic lines for each trait with tagged molecular markers. These breeding materials are quite 
unique and useful in facilitating marker-assisted breeding toward the development of heat-resilient 
rice in terms of spikelet sterility and grain quality.
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Introduction

Global warming has been increasing progressively. In the 
past three decades, Earth’s surface temperature has been 
becoming warmer than any preceding decade since 1850, 
and the worst scenario predicted is that global mean sur-
face temperature may rise 4.8 °C by the end of this cen-
tury relative to the period 1986–2005 (IPCC, 2013). This 
progressive increase in temperatures is not an exception 
in Japan. Annual mean temperature has risen at a rate of 
about 0.85 °C in the past 100 years globally (IPCC, 2013), 
while at a higher rate of about 1.14  °C in Japan (Japan 
Meteorological Agency, 2013). It is obvious that the fre-
quency of days of maximum daytime temperature above 
35  °C tends to increase after the 1990s in Japan (Japan 
Meteorological Agency, 2013).

Crop growth is seriously affected by the changing cli-
mate; thus, global warming has become a major constraint 
for crop production. High-temperature stress is one of the 
most serious threats to crop production worldwide (Boyer, 
1982). The drastic changes in temperature in recent years 
have caused more frequent occurrence of extreme weather 
events such as heat waves and drought. Temperate and 

subtropical agricultural areas might bear substantial crop 
yield losses because of extreme temperature episodes 
(Teixeira et al., 2013). The effect of extreme temperature 
events on crop production is likely to become more fre-
quent in the near future (Tebaldi et al., 2006).

In rice, heat stress at flowering and grain-filling stages 
seriously affects spikelet fertility and grain quality. Rice is 
most susceptible to heat stress at flowering, and previous 
chamber experiments showed that temperatures above 
32–36 °C cause high spikelet sterility (Jagadish et al., 2008; 
Matsui et al., 1997a, 1997b, 2001; Maruyama et al., 2013; 
Prasad et  al., 2006; Satake & Yoshida, 1978; Weerakoon  
et al., 2008). Heat-induced spikelet sterility (HISS) at flow-
ering is associated with reduction in grain yield. Rice grain 
quality is a determinant factor for market value. Although 
consumers’ preference is quite diverse in terms of grain 
shape, amylose content, aroma, etc. (Calingacion et  al., 
2014), grain chalkiness critically decreases the value in the 
market because of the breakage of grains during milling 
(Lyman et al., 2013; Zhao & Fitzgerald, 2013) and decreases 
cooking and eating quality (Kim et al., 2000; Lisle et al., 
2000) in most japonica and Indica cultivars. Chalky grains 

 OPEN ACCESS

http://creativecommons.org/licenses/by/4.0/
mailto:cropman@affrc.go.jp


Plant Production Science    13

in the temperate regions of Japan (Hasegawa et al., 2011). 
Recently, because of the occasional extreme temperature 
events at flowering stage, reports on serious damage by 
heat stress have increased in both temperate and tropical 
regions.

Genetic variation in heat tolerance at flowering 
and flower opening time

Studies on HISS showed that flowering stage is the most 
susceptible to high temperatures, followed by booting 
stage (Satake & Yoshida, 1978). High temperatures above 
35 °C at flowering stage cause the failure of anther dehis-
cence, and thus a lesser number of pollen shed on stigma, 
resulting in incompletion of fertilization (Jagadish et al., 
2010; Matsui et al., 1997a, 1997b; Prasad et al., 2006; Zhong 
et al., 2005). Even if sufficient number of pollen shed on 
stigma, in some cases pollen germination and pollen 
tube growth are poor under heat stress (Satake & Yoshida, 
1978). Thus, aberrant anther dehiscence is considered as 
the primary cause and disturbed pollen development 
after shedding as a secondary cause for HISS at flowering. 
Heat exposure to flowering spikelets for 1 h is sufficient 
to induce sterility (Jagadish et  al., 2007), whereas heat 
stress 1 h after flowering does not lead to spikelet steril-
ity (Ishimaru et al., 2010; Satake & Yoshida, 1978), possibly 
because of the completion of fertilization. Genotypes with 
better anther dehiscence and flower opening at a cooler 
time of the day (i.e. early-morning flowering) are proposed 
to be desirable for heat tolerance and heat escape, respec-
tively (Satake & Yoshida, 1978).

To date, screening for heat tolerance has been con-
ducted in the environmentally controlled chambers and 
open fields in heat-vulnerable regions. In the chamber 
experiments, heat tolerance at flowering is often tested 
at 37.5–38.0 °C (relative humidity around 60–70%) to have 
a great contrast in spikelet fertility between susceptible 
and tolerant genotypes (Kobayasi et  al., 2011; Mackill  
et al., 1982; Matsui & Omasa, 2002; Matsui et al., 2001; Satake 
& Yoshida, 1978; Shi et al., 2015). N22, an Indian aus-type 
landrace, was identified as one of the most heat-tolerant 
genotypes in both chamber and open field experiments 
(Jagadish et al., 2010; Mackill et al., 1982; Manigbas et al., 
2014; Poli et al., 2013; Ye et al., 2012), while Moroberekan, 
an African Japonica upland cultivar, is known as one of 
the most heat-susceptible cultivars (Jagadish et al., 2008). 
These cultivars can be used as check cultivars in heat tol-
erance tests (Shi et  al., 2015). In the Japonica cultivars,  
Akita-komachi and Nipponbare (Maruyama et  al., 2013; 
Matsui et al., 2001), Hitomebore (Maruyama et al., 2013), 
and Todorokiwase (Tenorio et al., 2013) are classified as 
considerably heat-tolerant genotypes. In Indica cultivars, 
IR24 and IR36 (Maruyama et al., 2013), Ciherang, ADT36, 

increase when panicles are exposed to high temperatures 
during grain filling. Chalky grains induced by heat stress 
are associated with reduction in head rice yield and market 
values. Among the various types of chalky grains, white-
back type of chalky grains (WBCG) are highly correlated 
with heat stress during grain filling (Wakamatsu et  al., 
2007).

To secure the global food supply and farmers’ income, 
the development of heat-resilient rice cultivars is in 
high demand. In this review, we focus on genetic anal-
yses for HISS at flowering in terms of heat tolerance and 
escape, and for grain appearance in terms of WBCG. We 
also describe the mechanisms and varietal differences in 
these traits, which will be the fundamental information 
to conduct genetic analyses. The genetic analyses were 
connected to the detection of quantitative trait loci (QTLs), 
and then the development of novel near-isogenic lines 
(NILs) for heat tolerance and escape at flowering stage, and 
for WBCG, with tagged molecular markers. These breeding 
materials have a high value for making an impact on for-
mulating a future breeding strategy to mitigate damage 
by heat stress to spikelet sterility and grain quality in the 
era of global warming.

Reports on the actual damage by heat stress on 
spikelet fertility under field conditions

There has been no systematic worldwide monitoring and 
evaluation of yield losses due to HISS at flowering so far, 
but heat-vulnerable regions were geographically mapped 
based on the critical temperatures at flowering stage 
(Jagadish et  al., 2014; Laborte et  al., 2012; Wassmann  
et al., 2009). In fact, some studies on field surveys reported 
the occurrence of HISS at flowering at the regional level. 
Osada et al. (1973) and Matsushima et al. (1982) reported 
a drastic increase in HISS in the hot dry season in Thailand 
and Sudan, respectively. In Laos and southern India, the 
combined stresses of heat and intense solar radiation 
during daytime aggravate the spikelet sterility of local 
popular cultivars when heading coincides with high 
temperatures (Ishimaru et al., 2015b). Tian et al. (2009) 
reported that at least six severe heat events damaged 
crops in the past 50 years in China. In 2003, approximately 
3 million hectares of rice were affected with an estimated 
loss of about 5.18 million tons of paddy rice because of 
a heat wave with temperature above 38  °C lasting for 
more than 20 days in the Yangtze River Valley. The panicle 
temperature of Chinese hybrid rice exceeded the ambi-
ent air temperature by 4.0 °C under humid and low wind 
conditions, and also caused a severe reduction in spikelet 
fertility (Tian et al., 2010). In the record hot summer of 
2007, the percentages of spikelet sterility rose to 25% 
when the maximum daily temperature was around 38 °C 
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and BG90-2 (Shi et al., 2015), and Dular (Tenorio et al., 2013) 
are known as heat-tolerant genotypes. It is notable that 
Giza178, an Egyptian cultivar developed from a japoni-
ca-indica cross, has considerable heat tolerance at booting 
stage as well as flowering stage (Tenorio et al., 2013). There 
is wide genetic variation in heat tolerance at flowering 
stage among cultivars. These heat-tolerant accessions at 
booting and flowering stage are considered to be useful 
genotypes for the breeding program to improve heat resil-
ience in terms of spikelet sterility.

There is very small genetic variation in flower open-
ing time (FOT) among cultivars. In fact, Hirabayashi  
et al. (2015) revealed that the differences in peak FOT of 
23 popular cultivars in the tropics and subtropics were 
only within 1.5  h. However, the wide variation in FOT 
among wild rice accessions is known (Sheehy et al., 2007). 
For example, some accessions of Oryza eichingeri and O. 
officinalis show early-morning flowering (EMF) pheno-
types, an accession of O. australiensis shows late-after-
noon flowering phenotype, and an accession of O. alta 
shows midnight flowering phenotype (Sheehy et  al., 
2007). The shift in FOT to a time at cooler temperature 
was demonstrated to be effective for escaping from heat 
stress at flower opening (Hirabayashi et al., 2015; Ishimaru 
et al., 2010, 2012). The variation in FOT among wild rice 
accessions could be useful genetic resources to adjust 
FOT of rice cultivars to the appropriate time of day to 
retain high fertility under heat stress.

Genetic analyses for HISS at flowering

Using heat-tolerant genotypes at flowering, breeding pop-
ulations have been developed for genetic studies. Studies 
on QTL mapping for heat tolerance have been conducted 
at booting and flowering stages using various populations. 
Almost 60 QTLs associated with heat tolerance at flowering 
stage have been identified so far. The QTLs are distributed 
on 11 chromosomes (except chromosome 7). Some of the 
QTLs identified in different populations are overlapped or 
closely linked (Table 1). Among the identified QTLs, a QTL 
for spikelet fertility under high temperature, qHTSF4.1 from 
N22, was identified in different genetic backgrounds in 
different studies (Jagadish et al., 2010; Xiao et al., 2011; Ye 
et al., 2012, 2015a). To fine map and validate the effect of 
heat tolerance QTL qHTSF4.1, PCR-based SNP markers were 
developed and used to genotype BC2F2, BC3F2, BC3F3, and 
BC5F2 populations from the cross combination of IR64/N22. 
The QTL interval was narrowed down to about 1.2 Mb (Ye 
et al., 2015b). A near-isogenic line (NIL) carrying qHTSF4.1 
in the IR64 background was developed. More than 99% of 
the IR64 genome was recovered in BC5F2 plants, but only a 
very small fragment from N22 was retained in the region of 
qHTSF4.1. The heat tolerance of the NIL carrying qHTSF4.1 
was increased consistently in all of the backcross popu-
lations. In BC3F3, spikelet fertility of plants with qHTSF4.1 
(34.7  ±  14.2%) was significantly higher than in those 
without the QTL (22.5 ± 7.9%) and recurrent parent IR64 

Table 1. Overlapped or closely linked QTLs for heat tolerance identified in different populations.

aAdditive effect,.
bQTLs with R2 > 10% are selected.

Chr QTL Marker Position (Mb) LOD Ada R2 (%)b Donor References
1 qHTSF1.2 id1013342 20.80–28.34 5.16 4.10 13.30 Giza178 Ye et al. (2015a)
1 qHTSF1.2 id1016436 26.91–33.67 2.94 16.80 14.60 Giza178 Ye et al. (2015a)

1 qtl_1.1 B1065E10 38.35 6.20 −0.173 17.60 Bala Jagadish et al. (2010)
1 qHTSF1.1 id1023892 39.55 4.63 5.66 12.60 N22 Ye et al. (2012)

3 qtl_3.4 R1618 30.67 3.30 −0.136 11.40 Bala Jagadish et al. (2010)
3 qHt3 RM570-RM148 35.59–35.83 13.60 −5.20 11.40 T226 Chen et al. (2008)

4 SSPc4 RM5687-RM471 15.74–18.82 15.43 9.32 25.82 996 Xiao et al. (2011)
4 qtl_4.1 C734 16.86 4.30 −0.079 11.40 Bala Jagadish et al. (2010)
4 qHTSF4.1 id4005120 17.69 6.66 0.81 17.60 N22 Ye et al. (2012)
4 qHTSF4.1 id4005120 16.51–20.93 4.06 16.50 19.50 Giza178 Ye et al. (2015a)
4 qHTSF4.1 4,285,667 17.16–18.98 5.00 11.70 13.00 MY23 or Giza178 Ye et al. (2015a)
4 qss-4 RM5749–5,586 19.73–19.95 4.60 −20.10 18.60 GJ9 Zhao et al. (2006)

5 qss-5 RM153–13 0.19 5.30 −21.30 19.70 GJ9 Zhao et al. (2006)
5 qHTH5 RM592-RM7921 2.79–3.01 8.90 11.30 19.40 O. rufipogon Cao et al. (2015)

5 qhts-5 RM405–274 3.07–26.85 4.55 0.66 10.70 ZYZ8 Zhang et al. (2008)
5 qSF5 RM430-RM440 18.69–19.12 4.23 −4.16 13.55 Xiushui9 Cheng et al. (2012)

6 qHTSF6.1 6,053,591 6.37–8.19 4.45 6.70 11.60 Giza178 Ye et al. (2015a)
6 qHTSF6.1 id6007495 7.15–15.47 4.81 17.20 20.60 Giza178 Ye et al. (2015a)

11 qHTSF11.3 10,923,499 3.02–3.80 5.38 8.30 13.90 Giza178 Ye et al. (2015a)
11 qhr11–2 RG118-Adh 4.41 10.65 10.37 22.81 IR64 Cao et al. (2003)
11 qHTSF11.2 id11003281 6.58–11.00 3.43 14.20 15.20 Giza178 Ye et al. (2015a)
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identified and used in our breeding programs. A thermo-
tolerance gene (TT1) in African rice (O. glaberrima) variety 
CG14 was cloned (Li et al., 2015). Although TT1 is mainly 
responsible for heat stress at seedling stage, it also showed 
some improvement in spikelet fertility at flowering stage 
(Li et al., 2015). Once more QTLs and genes are validated or 
cloned, it is possible to breed thermotolerant rice cultivars 
by marker-assisted selection.

Genetic analyses for EMF trait

The shift in FOT to cooler early morning was proposed to 
be effective in heat escape at flowering (Satake & Yoshida, 
1978). Because of small genetic variation in FOT in O. sativa, 
screening was conducted using accessions of O. glaber-
rima (Jagadish et al., 2008; Nishiyama & Blanco, 1980) and 
wild rice (Sheehy et  al., 2007). CG14, an accession of O. 
glaberrima, was identified as an EMF cultivar (Jagadish  
et al., 2008). Two wild rice accessions have been used to 
map the QTL for EMF. Thanh et al. (2010) made the first 
attempt using the mapping population of Nipponbare/O. 

(15.1 ± 6.3%), while, in BC5F2, spikelet fertility of plants with 
qHTSF4.1 (44.6 ± 13.1%) was significantly higher than in 
plants without the QTL (27.1 ± 9.6%) and recurrent parent 
IR64 (19.4 ± 8.4%) (Ye et al., 2015b). N22 has many unde-
sirable agronomic characteristics (Manigbas et al., 2014), 
but the results imply the importance of making best use of 
the landrace as a genetic resource for future breeding chal-
lenges. In the genetic analyses using Giza178 as a donor 
parent, some other QTLs for heat tolerance at flowering 
were detected (Ye et  al., 2015a), and further efforts are 
being made to develop the series of NILs carrying the QTLs 
at different loci for heat tolerance at flowering.

Recent studies showed that heat tolerance at flower-
ing stage in rice is controlled by recessive genes (Fu et al., 
2015; Ye et al., 2012, 2015b). Among the QTLs identified 
for rice heat tolerance at flowering stage, even QTLs with 
a large effect can explain only around 20% of the varia-
tion, and the additive effect of each QTL is low (Table 1). 
Introducing one or a few QTLs into a genetic background 
may not be sufficient to significantly increase its heat tol-
erance. More heat tolerance donors and QTLs need to be 
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Figure 1. Flowering pattern of Kosihikari and alien introgression lines of O. officinalis. Opened spikelet number per panicle was counted 
every 20 min. Closed rhomboids, gray squares, gray triangles, and open circles indicate opened spikelet number per panicle of EMF20, 
EMF44, EMF71, and Koshihikari, respectively.

Table 2. Spikelet sterility (%) of Nanjing11, Nanjing11 + qEMF3, and popular cultivars in tropics in control and heat treatment.

Notes. The following numbers of spikelets were exposed under control and heat conditions: 264 and 107 in Nanjing11, 238 and 131 in Nanjing11 + qEMF3, 136 
and 152 in BR11, 210 and 403 in Sahel 108, 113 and 260 in TDK1, 248 and 340 in Caiapo, and 321 and 255 in Pusa Basmati, respectively. The following numbers 
of panicles were exposed under control and heat conditions: 4 and 7 in BR11, 9 and 17 in Sahel 108, 5 and 10 in TDK1, 6 and 14 in Caiapo, and 9 and 10 in Pusa 
Basmati, respectively.

Values are the mean ± S.D. (n ≧ 4).
aThese data are referred from Hirabayashi et al. (2015).
bMethod for heat tolerance test is the same as Experimental 1 of Shi et al. (2015).

Rank Varieties Control (30 °C)b Heat (38 °C)b

　 Nanjing11a 1.3 ± 2.8 33.9 ± 14.8
　 Nanjing11 + qEMF3 a 4.0 ± 4.0 30.3 ± 4.8
Tolerant BR11 8.3 ± 1.6 23.1 ± 18.9
　 Sahel 108 5.7 ± 5.1 24.5 ± 17.7
Moderately tolerant TDK1 3.3 ± 3.2 38.2 ± 21.6
Susceptible Caiapo 4.7 ± 3.8 85.8 ± 13.6
　 Pusa Basmati 12.1 ± 6.9 88.8 ± 10.8



16    T. Ishimaru et al.

and the pyramiding of QTLs for heat tolerance and EMF 
through marker-assisted selection are ongoing projects.

Reports on the actual damage by heat stress on 
WBCG under field conditions

The chalky grains induced by heat stress during grain filling 
are a big issue in Japan. Field surveys on the various types of 
chalky grains were conducted in the hot summer seasons 
(Kawatsu et al., 2007; Morita, 2008; Terashima et al., 2001), 
and a detailed analysis indicated that average daily mean 
temperatures above 27  °C during the first 20 days after 
heading were the critical threshold to induce chalky grains 
in Japanese cultivars (Wakamatsu et al., 2007). Trends are 
observed that the percentages of translucent rice grains 
have decreased in the warm-temperate regions of Japan 
(Okada et al., 2009). The hottest average temperature was 
recorded in the summer of 2010 in Japan, and heat stress 
during grain filling seriously affected grain quality (Kondo 
et al., 2012; Nakagawa et al., 2012). Especially, a high fre-
quency of WBCG was observed in that year (Nakagawa 
et al., 2012). Intense solar radiation worsens the frequency 
of WBCG under heat stress (Nakagawa et al., 2012; Tanaka 
et al., 2010; Wakamatsu et al., 2009).

Genetic variation in heat tolerance to WBCG

White-back grains show chalky phenotype in only a few 
layers of starchy endosperm cells adjacent to dorsal aleu-
rone cells (Figure 2). In the chalky part, filling of starch 
granules is aberrant, resulting in loosely packed amy-
loplasts with gaps between them (Ishimaru et al., 2009; 
Yamakawa et al., 2007; Zakaria et al., 2002).

Great efforts have been made to understand varietal dif-
ferences in WBCG to find susceptible and tolerant genotypes. 
To screen the genotypes, large-scale facilities that can stably 
increase average temperatures above 27 °C are necessary. 
Greenhouse (Iida et al., 2002; Kobayashi et al., 2007), hot-wa-
ter irrigation (Ishizaki, 2006), temperature gradient chambers 
(Nagahata & Yamamoto, 2005; Tsukaguchi et al., 2012), and 
multi-environment testing having wide variation in tem-
peratures (Wada et al., 2015) were used to ensure sufficient 
heat stress for WBCG during grain filling. Staggered sowing 
is also an effective approach for making the heading date of 
entries with the sensitive stage for WBCG coincide during the 
hottest summer season (Nishimura et al., 2000; Wakamatsu 
et  al., 2009). Japanese cultivars, Hatsuboshi (Iida et  al., 
2002; Wakamatsu et al., 2007) and Hinohikari (Wakamatsu  
et al., 2007, 2008), are known as susceptible cultivars, while 
Hana-echizen (Kobayashi et  al., 2007), Koshijiwase (Iida 
et  al., 2002; Tabata et  al., 2007), Fusaotome (Tanaka et  al., 
2010; Wakamatsu et  al., 2008), Kokoromachi (Shirasawa  
et al., 2013), Chikushi52 (Wada et al., 2015), and Genkitsukushi 

rufipogon. Three QTLs for EMF were detected on chromo-
somes 4, 5, and 10, indicating that the alleles of O. rufipo-
gon shifted FOT to 30 min earlier than Nipponbare (Thanh  
et al., 2010). Another attempt was made by Hirabayashi 
et al. (2015), using O. officinalis as a donor parent. The intro-
gression lines (ILs) of O. officinalis were developed by inter-
specific hybridization between O. sativa (AA genome) and a 
wild rice, O. officinalis Wall ex Watt (CC genome) (Masumizu 
et al., 2007). A total of 398 ILs were screened on the crite-
rion of the start of flower opening before 0700H under 
the field conditions of Japan. As a result, 27 plants were 
selected as candidates of EMF lines in the first screening. 
The phenotyping of EMF traits was conducted from the 
start until the end of flowering using three candidate lines, 
EMF20, EMF44, and EMF71. The start of FOT was similar 
between EMF20 and EMF44, but the end of FOT was much 
earlier in EMF20 than in EMF44 (Figure 1). Thus, EMF20 fin-
ished flowering before Koshihikari started flowering, while 
FOT partially overlapped between EMF44 and Koshihikari 
(Figure 1). EMF71 obviously started flowering earlier than 
Koshihikari, but the end of FOT was the same as that of 
Koshihikari (Figure 1). In terms of heat escape at flowering, 
the end of FOT, rather than the start of FOT, is critical. As 
a conclusion, EMF20 was determined as the best donor 
among ILs of O. officinalis to be crossed with O. sativa. 
A mapping population derived from a cross between 
Nanjing 11 and EMF20 was developed (Hirabayashi  
et al., 2015). In both the F2 and F3 populations, the EMF20 
alleles of QTLs on chromosomes 3 and 8 advanced FOT to 
early in the morning; these two QTLs were designated as 
qEMF3 and qEMF8. An NIL carrying qEMF3 was developed 
in the genetic background of Nanjing 11 and then qEMF3 
was transferred to the genetic background of IR64. NILs 
carrying qEMF3 had earlier FOT by 1.5–2.0 h than recurrent 
parents (Hirabayashi et al., 2015). It is remarkable that the 
EMF phenotype was observed in both temperate and trop-
ical climates, and in two genetic backgrounds of Indica cul-
tivars, whereas none of the popular cultivars in the tropics 
and subtropics had the EMF trait (Hirabayashi et al., 2015). 
Shi et  al. (2015) clarified the varietal differences in heat 
tolerance among popular cultivars in the tropics and sub-
tropics. The heat tolerance test with additional entries of 
popular cultivars has revealed variation in heat tolerance 
among the tested genotypes (Table 2). The results from 
the observation of FOT and the heat tolerance test imply 
that the heat resilience of cultivars with heat susceptibility 
and late FOT, such as Caiapo and Pusa Basmati, must be 
improved. qEMF3 does not affect heat tolerance (Table 2), 
suggesting that the pyramiding of QTLs for heat tolerance 
(i.e. qHTSF4.1) and EMF (i.e. qEMF3) could be effective in 
conferring robust heat resilience at flowering. Broad appli-
cation of qEMF3 to breeding programs is expected. The 
transfer of qEMF3 to heat-susceptible and late FOT cultivars 
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(Hamaji et al., 2012) are known as tolerant cultivars. Indica 
cultivars, Habataki (Murata et  al., 2014), Kasalath (Ebitani 
et al., 2008), and Takanari (Tsukaguchi and Iida, 2008), are 
used as donors of tolerance of WBCG, suggesting that some 
Indica genotypes can be potential donors for improving grain 
appearance in Japonica cultivars under heat stress. Some 
check cultivars for WBCG have been determined (Iida et al., 
2002; Ishizaki, 2006; Wakamatsu et al., 2007), and the tolerant 
cultivars are used for breeding programs in Japan.

Genetic analysis for WBCG

Several QTLs associated with tolerance of WBCG have been 
reported (Table 3). Tabata et al. (2007) detected four QTLs 
on chromosomes 1 (two QTLs), 2, and 8 using RILs derived 
from a cross between Koshijiwase and Chiyonishiki. Ebitani 
et al. (2008) detected nine QTLs on chromosomes 2, 5, 6, 8, 
9, 10, 11, and 12 using CSSLs of Indica cultivar Kasalath in the 
Koshihikari genetic background. In their study, four QTLs 
of the Kasalath allele decreased WBCG, and the remaining 
five QTLs of the Kasalath allele increased WBCG. Kobayashi 
et al. (2007) detected three QTLs on chromosomes 3, 4, and 
6 using F2 and F3 populations derived from a cross between 
Hana-echizen and Niigatawase. An NIL carrying a QTL on 
chromosome 6 (qWB6) introduced from Hana-echizen into 
the Niigatawase background was developed (Kobayashi 
et al., 2013). This NIL carrying qWB6 significantly decreased 
WBCG at 27.3–31.1 °C during grain filling. In addition to qWB6, 
Kobayashi et al. (2013) detected a QTL on chromosome 9 

Translucent grain WBCG

A

B

C
Aleurone layers

White-back chalkiness

Figure 2.  Phenotype of WBCG. A: Overview of whole grain, B: 
Median transversal section of WBCG, C: Magnified view at chalky 
part. The outermost position indicated by white arrow is aleurone 
layers at dorsal side of the grain. The phenotype of starchy 
endosperm adjacent to dorsal aleurone layers is called as white-
back chalkiness (red arrow).

Table 3. QTLs associated with tolerance of WBCG.

Notes. NA: not available.
Rows highlighted in gray mean that the QTLs from susceptible cultivars contribute to tolerance of WBCG.
aAdditive effect.

Chr. QTL Position (Mb) Nearest marker LOD Ada R2 (%) Donor References
1 qWK1–1 1.7 RM8068 3.4 2.9 8.9 Chiyonishiki Tabata et al. (2007)
1 qWB1 15.4 RM7075 4.02 3.82 15.6 Chikushi52 Wada et al. (2015)
1 qWK1–2 36.3 RM5501 5.7 3.6 15.0 Koshijiwase Tabata et al. (2007)
1 – 36.5 S13781 4.3 4.6 8.6 Tohoku168 Shirasawa et al. (2013)
2 – 4.4 RM3865 11.6 7.8 43.0 Kasalath Ebitani et al. (2008)
2 qWK2 34.9 RM5916 3.8 2.8 9.3 Koshijiwase Tabata et al. (2007)
3 qWB3 1.4 RM4853 8.90 8.39 30.5 Chikushi52 Wada et al. (2015)
3 qWB3 11.4 RM4512 4.60 0.73 25.9 Hana-echizen Kobayashi et al.(2007, 

2013)
3  - 33.5_34.0 OJ24J17-NIAS_Os_aa03002564 7.0 1.0 18.5 Nipponbare Hori et al. (2012)
4 qWB4 28.0 RM3288 4.36 0.53 15.2 Hana-echizen Kobayashi et al. (2007, 

2013)
5 – 2.0 S1946 8.0 8.7 23.7 Koshihikari Ebitani et al. (2008)
6 – 1.8 RM190 8.6 5.6 24.1 Kokoromachi Shirasawa et al. (2013)
6 qWB6 4.3 RM3034 13.39 1.14 59.6 Hana-echizen Kobayashi et al. (2007, 

2013)
6 – 2.0_2.1 P548D347-NIAS_Os_aa06000223 5.1 0.8 12.9 Koshihikari Hori et al. (2012)
6 – 2.1_2.3 NIAS_Os_aa06000223-O007O20 7.7 0.4 19.6 Koshihikari Hori et al. (2012)
7 Apq1 25.9 Tak6166–3_RM21971 NA NA NA Habataki
8 qWK8 0.1 RM2680 3.6 2.8 9.2 Koshijiwase Tabata et al. (2007)
8 qWB8 7.5_19.4 RM3181_RM3689 3.30 4.40 12.9 Chikushi52 Wada et al. (2015)
8 – 15.3 NIAS_Os_aa08005271-NIAS_Os_aa08005354 6.8 0.8 21.7 Koshihikari Hori et al. (2012)
9 qWB9 22.6 RM2482 7.63 0.20 6.0 Niigatawase Kobayashi et al. (2013)
10 – NA E50836 3.7 3.3 7.2 Kokoromachi Shirasawa et al. (2013)
11 – 19.3_19.4 NIAS_Os_aa11012252-NIAS_Os_aa11003517 6.2 0.8 18.0 Koshihikari Hori et al. (2012)
11 – NA KT19 2.2 3.6 5.3 Kokoromachi Shirasawa et al. (2013)
12 – 1.1 RM1208 6.0 6.1 25.1 Kasalath Ebitani et al. (2008)
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Gene profiling by comprehensive expression analyses could 
be useful to narrow down the candidate genes in high-reso-
lution linkage mapping for WBCG.

Future prospects

Although many QTLs for heat tolerance at flowering, EMF, 
and for WBCG during grain filling have been detected, very 
few cases exist in which subsequent breeding efforts helped 
to successfully develop novel NILs. The NILs introduced in 
this review are quite unique breeding materials with tagged 
molecular markers; thereby, QTLs can be transferred to differ-
ent genetic backgrounds through marker-assisted breeding 
to facilitate local breeding programs. The cloning of causal 
genes is an ongoing project although large-scale environ-
mentally controlled growth chambers or phenotyping sys-
tems are required for validating and characterizing the QTLs 
for all three traits. Heat tolerance at flowering, EMF, and WBCG 
are difficult traits for which to conduct precise phenotyping 
in large mapping populations. The cloning of causal gene will 
unveil the complex genetic control of each trait under heat 
stress. The degree of damage by heat stress is determined by 
the complexity of climatic conditions (i.e. microclimates). So 
far, it can be stated that genetic analyses of spikelet sterility 
and grain quality under heat stress have been conducted 
under limited environmental conditions, without taking the 
multiple effects of microclimates into consideration. In this 
regard, the currently developed NILs may not be sufficient to 
tackle the expected and unpredictable future climates. The 
untapped genetic resources such as landrace and wild rice 
accessions must be further utilized for the breeding program. 
Using the wide diversity of rice germplasms, we will be able to 
explore the novel QTLs and alleles that are expected to have 
different effects from the identified QTLs. Further efforts are 
required for the development of heat-resilient rice to cope 
with the challenges of climate change.
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(qWB9) at which the Niigatawase allele decreased WBCG. This 
result is interesting because Niigatawase itself is susceptible to 
high temperature. Shirasawa et al. (2013) detected three QTLs 
on chromosomes 1, 6, and 11 using RILs derived from a cross 
between Kokoromachi and Tohoku 168. The Kokoromachi 
allele decreased WBCG at the QTLs on chromosomes 1 and 
6. An NIL was developed in which the QTL region of chro-
mosome 6 was introduced into the background of Tohoku 
168. The NIL showed significantly lower WBCG than Tohoku 
168. The loci of qWB6 (Kobayashi et al., 2007) and the QTL on 
chromosome 6 (Shirasawa et al., 2013) were very close, but 
the allelism of these QTLs is not yet clarified because of the 
lack of a common DNA marker shared by the two studies. 
In this QTL region, a waxy gene, which dominantly affects 
amylose content, is located. Further studies must be con-
ducted to clarify the genetic involvement of the waxy gene 
in WBCG. Wada et al. (2015) detected three QTLs for WBCG 
on chromosomes 1, 3, and 8 using RILs derived from a cross 
between Tsukushiroman and Chikushi 52. Two NILs carrying 
a QTL for heat tolerance on chromosome 8 from Chikushi 
52 showed significantly lower WBCG than Tsukushiroman 
at 27.5 and 29.1 °C (Wada et al., 2015). Murata et al. (2014) 
detected a QTL on chromosome 7 (Apq1; Appearance quality 
of brown rice 1) using CSSLs of Indica cultivar Habataki in 
the Koshihikari genetic background. The Apq1-NIL showed 
significantly higher percentages of translucent grains than 
Koshihikari, resulting from the reduction in WBCG at 28.2 °C. 
It was found that the NIL carrying a QTL for seed dormancy, 
Sdr4 from Kasalath, which reduces the occurrence of pre-har-
vest sprouting trait (Sugimoto et al., 2010), significantly low-
ered the occurrence of WBCG in the genetic background of 
Koshihikari (Kobayashi et al., 2015).

Some studies described the candidate genes for WBCG 
with a gene expression approach. Yamakawa et al. (2008) 
highlighted GBSSI (Wx) and PPDKB as candidate genes for 
WBCG among grain-filling-related genes because QTLs asso-
ciated with WBCG were detected near the genes and their 
transcriptional responses to high temperature were highly 
downregulated. Murata et al. (2014) described that SuSy3 in the 
candidate region of Apq1 shows higher expression in ovary and 
endosperm at the filling stage according to RiceExpro databases 
(http://ricexpro.dna.affrc.go.jp/). In addition, the expression level 
of α-amylase genes was closely related to grain quality under 
heat stress (Hakata et al., 2012). The expression level of Amy1A 
and Amy1C in kernels of Sdr4-NIL, which had lower WBGC, 
was significantly lower (Kobayashi et  al., 2015). Recently, 
the involvement of storage protein biosynthesis in the for-
mation of the chalky phenotype was implied (Sreenivasulu 
et al., 2015). Laser microdissection-based expression analyses 
were developed to investigate the gene profile in targeted 
fine tissues of developing endosperm (Ishimaru et al., 2007, 
2015a), making it possible to understand the gene profile in 
the endosperm tissues corresponding to the region of WBCG. 

http://ricexpro.dna.affrc.go.jp/
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