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Abstract Extreme weather events, especially heat waves, have become more fre-
quent with global warming. High temperature significantly affects world food secu-
rity by decreasing crop yield. Rice is intensively planted in tropical and subtropical
areas in Asia, where high temperature has become a major factor affecting rice
production. Rice is sensitive to high temperature, especially at booting and flower-
ing stages. Rice varieties tolerant of high temperature are rare, and only a few heat-
tolerant rice varieties have been identified. High temperature at booting and
flowering stages causes sterile pollen, decreased pollen shedding, and poor pollen
germination, which finally lead to a yield decrease. Heat-tolerant QTLs have been
identified in different studies, but new breeding lines with considerable heat toler-
ance have not been bred using identified heat-tolerance donors and QTLs. Research
on heat-tolerant donor identification, QTL mapping, gene cloning, and large-scale
phenotyping technology is important for developing heat-tolerant rice varieties.
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Global temperature has been increasing rapidly since the last century, and high tem-
perature has become a major factor affecting agricultural production. Rice is one of
the crops most affected by high temperature. Heat tolerance of rice has been studied
since the 1970s, but the progress attained has been quite slow. Evaluation of rice
heat tolerance at different growth stages revealed that flowering stage is the most
sensitive stage, and booting stage is the second most sensitive stage (Yang and
Heilman 1993; Yoshida et al. 1981). Thus, recent findings and future prospects on
heat tolerance of rice at these reproductive stages are the main focus in this review.

1 Climate Change and Global Warming

Climate change is the long-term change in weather patterns. Climate change is
caused by factors such as biotic processes, variations in solar radiation received by
Earth, plate tectonics, and volcanic eruptions. Certain human activities have been
identified as primary causes of ongoing climate change, often referred to as global
warming (Pachauri and Reisinger 2007).

Global warming is the long-term rise in the average temperature of Earth’s cli-
mate system. Climate proxies show that the temperature had been relatively stable
over 1000 or 2000 years before 1850. From 1880 to 2012, the global average (land
and ocean) surface temperature increased by 0.85 (0.65-1.06) °C. From 1906 to
2005, Earth’s average surface temperature rose by 0.74 + 0.18 °C (Solomon et al.
2007). Since the early twentieth century, Earth’s mean surface temperature has
increased by 0.8 °C, with 0.6 °C of this hike occurring since 1980 (Jansen et al.
2007). Human influence has been the dominant cause of the observed warming
since the mid-twentieth century (IPCC 2013). The largest human influence has been
the emission of greenhouse gases (GHG) such as carbon dioxide, methane, and
nitrous oxide. The greenhouse effect is the process by which absorption and emis-
sion of infrared radiation by gases in a planet’s atmosphere warm its lower atmo-
sphere and surface. Global mean surface temperatures for 2081-2100, relative to
1986-2005, are likely to increase by 0.3—1.7 °C for the lowest and by 2.6—4.8 °C for
the highest GHG emission scenarios (IPCC 2013).

Global warming caused by human activities has become a major constraint for
agricultural development and crop production. Studies have shown that the annual
mean maximum and minimum temperatures increased by 0.35 and 1.13 °C for the
period 1979-2003 at the International Rice Research Institute, Los Bafos,
Philippines (Peng et al. 2004). By 2080, most cropping areas in the world are likely
to be exposed to record average air temperature (Battisti and Naylor 2009).
Relatively small changes in mean temperature can result in disproportionately large
changes in the frequency of extreme events (Rosenzweig et al. 2001). These extreme
temperature events are likely to become more frequent with global warming (Tabaldi
et al. 2006). Of the 13 warmest years since 1880, 11 occurred from 2001 to 2011
(i.e., every year starting with 2001), while 2011 was the warmest La Nifia year in
the period from 1950 to 2011 (NOAA 2011).
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Future climate change and associated impacts will differ from region to region.
Anticipated effects include increasing global temperature, rising sea level, changing
precipitation, and expansion of deserts in the subtropics (IPCC 2014). Other likely
changes involve more frequent extreme weather events such as heat waves, droughts,
heavy rainfall with floods, heavy snowfall, ocean acidification, and species extinc-
tions due to shifting temperature regimes. Effects significant to human beings are
the threat to food security from decreasing crop yields (Battisti and Naylor 2009).

2 Rice Production and Heat Damage

Rice is the most widely produced and consumed staple food for a large part of the
world’s human population, providing more than 20% of the calories. Rice is widely
planted around the world, with about 90% of the total production from Asia (south-
ern Asia 31.44%, East Asia 30.68%, Southeast Asia 27.75%, and West and Central
Asia 0.27%), 4.86% from the Americas, 4.39% from Africa, 0.57% from Europe,
and 0.04% from Oceania (data for 2016 from FAO statistics).

The world’s top rice producers are mainly in Asia. Many of these Asian countries
are located in the tropics and subtropics, where the temperature is high during the
rice crop season, including part of China, India, Indonesia, Bangladesh, Vietnam,
Myanmar, Thailand, the Philippines, Cambodia, Lao PDR, and Sri Lanka.

Temperature stress is a complex interaction of temperature intensity, duration,
rapidity, and plant growth stage. Damage from extreme high temperature is particu-
larly severe when it occurs at critical crop developmental stages, particularly the
reproductive period. Optimum temperature is 20-30 °C during the reproductive
stage, but temperatures surpassing 35 °C have critical negative effects on rice
growth. High daytime temperatures in some of the major tropical rice-growing
regions are already close to the threshold beyond which yield begins to decline
(Prasad et al. 2006; Wassmann et al. 2009a).

Rice has been cultivated in a wide range of climatic environments. High tem-
perature has more effects in the tropics and low-altitude valleys in some of the
temperate regions. Above 32 °C, spikelet sterility becomes a major factor affecting
rice yield, even if sufficient growth occurs in other yield components (Matthews
et al. 1995). Traditionally, farmers grow rice at optimal seasonal temperatures to
maximize grain yield. However, with the increase in the frequency of extreme tem-
perature events, climate change may increase the probability of overlapping peaks
of temperature and the flowering period, which diminishes final yield (Teixeira
et al. 2011).

Although there has been no systematic monitoring and evaluation of temperature
stress-induced yield losses worldwide, 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. 2009a). Regional high-temperature damage
was observed in many tropical and subtropical countries, such as Pakistan, India,
Bangladesh, China, Thailand, Laos, Japan, Sudan, Australia, and the United States
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(Hasegawa et al. 2009; Ishimaru et al. 2016; Matsushima et al. 1982; Osada et al.
1973; Tian et al. 2009). Analysis of temperature and rice yield during 1992-2003 at
the International Rice Research Institute (IRRI) showed that rice grain yield declined
by 10% for each 1 °C increase in growing-season minimum temperature (Peng et al.
2004). Tian et al. (2009) reported that at least six severe heat events damaged the
rice crop in the past 50 years in China. Studies on the Yangtze River basin in China
showed that an estimated 3 million ha of rice were damaged and 5.18 million tons
of paddy rice were lost in 2003 because of a heat wave with the temperature above
38 °C lasting for more than 20 days (Li et al. 2004; Xia and Qi 2004; Yang et al.
2004). In Laos and southern India, the combined stress of heat and intense solar
radiation during daytime increases the spikelet sterility of local popular cultivars
when heading coincides with high temperatures (Ishimaru et al. 2016). In the record
hot summer of 2007, the percentage of spikelet sterility rose to 25% when the maxi-
mum daily temperature was around 38 °C in the temperate regions of Japan
(Hasegawa et al. 2011). High temperature after heading significantly decreased rice
grain quality in many rice-growing regions of Japan in 2010 (Morita et al. 2016).
Thus, heat stress at flowering is a real threat to sustained rice production not only in
tropical and subtropical regions but also in temperate regions.

The effect of extreme temperature events on crop production is likely to become
more frequent in the near future. Significant yield losses have also been predicted
by using different crop models. Short-term predictions indicated that, by 2030, rice
production in South Asia could decrease by up to 10% (Lobell et al. 2008). Medium-
to long-term predictions, that is, by 2080, estimated rice yields in developing coun-
tries to decrease by 10-25%, while yields in India could drop by 30-40% (Cline
2008). By 2100, rice and maize yields in the tropics are expected to decrease by
20—40% because of higher temperatures, without accounting for the decrease in
yields as a result of drought enhanced by temperature increases (Battisti and Naylor
2009). Spatial model simulation indicated that yield of boro rice in Bangladesh
could decrease by 20% and 50% by 2050 and 2070, respectively (Basak et al. 2010),
and, on average, rice yields could decline by up to 33% by 2081-2100 (Karim
et al. 2012).

Besides high day temperatures, night temperatures greater than 29 °C can
decrease spikelet fertility in rice with a subsequent decrease in seed set and grain
yield (Satake and Yoshida 1978; Ziska et al. 1996). The increase in night tempera-
ture from 27 to 32 °C decreased grain length and grain width, thereby decreasing
grain yield (Counce et al. 2005; Mohammed and Tarpley 2011; Morita et al. 2005).

3 Heat Tolerance of Rice

Heat tolerance is defined as the ability of the plant to grow and produce economic
yield at high temperature (Wahid et al. 2007). The developmental stage at which the
plant is exposed to heat stress determines the severity of the possible damage to the
crop (Wahid et al. 2007). High temperature causes injury to the rice plant at
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different growth stages, such as poor germination, retarded seedling growth, leaf
yellowing, inhibited rooting and tillering, inhibited panicle initiation and develop-
ment, spikelet degeneration, disturbed pollen formation, poor panicle exsertion,
inhibited anther dehiscence and pollination, and poor grain filling and development
(Yang and Heilman 1993; Yoshida et al. 1981). Thus, heat tolerance is actually the
responses of different traits to high temperature at different growth stages, for exam-
ple, seedling growth or survival at the seedling stage, spikelet fertility at the repro-
ductive stage, and chalkiness of grains at the grain-filling stage (Ishimaru et al.
2009; Lanning et al. 2011). At the grain-filling stage, high temperature affects cel-
lular and developmental processes, leading to decreased fertility and grain quality
(Barnabas et al. 2008). Decreased grain weight, decreased grain filling, and higher
percentage of chalky grains are common effects of exposure to high temperature
during the ripening stage in rice (Osada et al. 1973; Yoshida et al. 1981). In addition,
increased temperature causes a serious decrease in grain size and amylase content
(Yamakawa et al. 2007; Zhu et al. 2005).

Rice is relatively tolerant of high temperatures during the vegetative phase
(Prasad et al. 2006; Yoshida et al. 1981), but is highly susceptible during the repro-
ductive phase, particularly at flowering stage (Jagadish et al. 2008; Matsui et al.
2001b). High temperature surpassing 35 °C during flowering stage increases pollen
and spikelet sterility, which leads to significant yield losses, low grain quality, and
low harvest index (Matsui et al. 1997a, b; Matsushima et al. 1982; Osada et al. 1973;
Prasad et al. 2006; Zhong et al. 2005). The response of spikelet fertility is a major
factor determining rice production under high-temperature conditions. Thus, spike-
let fertility at high temperature has been widely used as a screening index for heat
tolerance at the reproductive stage (Prasad et al. 2006).

Wide genetic variation exists in tolerance of heat stress (Matsui and Omasa
2002). Large cultivar variation exists in spikelet sensitivity to high-temperature
damage, and the primary cause of this cultivar variation in heat tolerance at flower-
ing is the number of viable pollen grains shed on the stigma, which is positively
correlated with basal anther dehiscence (Matsui 2009).

It has been suggested that indica varieties are more tolerant of higher tempera-
tures than japonica cultivars (Matsui et al. 2000; Satake and Yoshida 1978), although
heat-tolerant genotypes have been found in both subspecies (Matsui et al. 2001b;
Prasad et al. 20006).

Humidity also plays an important role in rice yield, as higher relative humidity
(RH) at the flowering stage at increased temperature affects spikelet fertility nega-
tively (Yan et al. 2010). Field observations in some high-yielding rice areas with a
drier climate and high temperatures (e.g., New South Wales and southern Iran) sug-
gested no significant increase in spikelet sterility even at temperatures above 40 °C
(Wassmann et al. 2009b). The fertility of spikelets at high air temperatures decreased
further with increased humidity (Matsui et al. 1997a; Nishiyama and Satake 1981).
An RH of 85-90% at the heading stage induced almost complete grain sterility in
rice at a day/night temperature of 35/30 °C (Abeysiriwardena et al. 2002). Increasing
both air temperature and RH significantly increased spikelet sterility, while high
temperature-induced sterility decreased significantly with decreasing RH. A
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reduction in sterility with decreased RH was more due to decreased spikelet tem-
perature than to air temperature. Thus, both air temperature and humidity are equally
important in determining pollen viability, splitting of anthers, pollen shedding, and
spikelet sterility in rice. The impact of RH should be considered when interpreting
the effect of high temperature on grain sterility.

Heat tolerance at flowering is often tested at 37.5-38.0 °C (with relative humid-
ity of 60—70%) to have a great contrast in spikelet fertility between susceptible and
tolerant genotypes (Mackill et al. 1982; Satake and Yoshida 1978; Ye et al. 2015b,
2012). At the booting stage, 38 °C is a threshold for most rice varieties. Similarly,
we confirmed that 37 °C is a threshold at flowering stage for most varieties. Above
this limit, pollen development will fail and spikelet fertility will decline signifi-
cantly (Ye et al. 2015b).

4 Heat-Tolerant Rice Genetic Resources

The response of rice to high temperatures differs according to the developmental
stage. High-temperature tolerance at one developmental stage may or may not nec-
essarily lead to tolerance during other stages (Wassmann et al. 2009a). Hence, the
effect of high temperature during different developmental stages has to be parti-
tioned and evaluated separately for assessing, identifying, and characterizing for
genetic manipulation of tolerance mechanisms (Wahid et al. 2007). Since flowering
stage is the most sensitive stage to high temperature, most screenings for heat-
tolerant germplasm were done at flowering stage.

Rice genetic resources tolerant of high temperature have been identified in both
indica (Matsui et al. 1997b) and japonica subspecies (Matsui et al. 2001b). N22 and
Dular are excellent sources of genes for heat tolerance (Manigbas et al. 2014).
Among the heat-tolerant varieties, N22, an Indian aus-type landrace, was identified
as one of the most heat-tolerant genotypes in both chamber and open-field experi-
ments (Jagadish et al. 2010a; Mackill et al. 1982; Manigbas et al. 2014; Poli et al.
2013; Prasad et al. 2006; Ye et al. 2012; Yoshida et al. 1981). N22 has been used as
a check variety for many studies on heat tolerance. Akitakomachi is the most toler-
ant genotype found among japonica rice (Matsui et al. 2001b).

A recent investigation using a representative set of popular cultivars grown
across highly vulnerable rice-growing regions of South and Southeast Asia, Latin
America, and West Africa concluded that most of the popular rice cultivars were
susceptible to heat stress at reproductive stages (Shi et al. 2015). More than 80% of
hybrid rice combinations in China are heat-susceptible, but some heat-tolerant com-
binations were found in hybrid rice (Hu et al. 2012; Zhou et al. 2009). The hybrid
rice Guodao 6 was considered as a heat-tolerant variety (Tao et al. 2008). An acces-
sion of wild rice, Oryza meridionalis Ng, was also identified as a heat-tolerant spe-
cies (Scafaro et al. 2010).

Injaponica cultivars, Akitakomachi, Nipponbare, Hitomebore, and Todorokiwase
(Maruyama et al. 2013; Matsui et al. 2001b; Tenorio et al. 2013) are classified as
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heat-tolerant genotypes. In indica cultivars, IR24, IR36, Ciherang, ADT36, BG90-2,
Dular, Huanghuazhan, AUS17, M9962, Sonalee, and AUS16 (Cao et al. 2008;
Cheabu et al. 2018; Maruyama et al. 2013; Shi et al. 2015; Tenorio et al. 2013) are
known as heat-tolerant genotypes. It is notable that Gizal78, an Egyptian cultivar
developed from a japonica-indica cross, has considerable heat tolerance at booting
stage as well as flowering stage (Tenorio et al. 2013).

Varieties such as Agbede, Carreon, Dular, N22, OS4, P1215936, and Sintiane
Diofor have high spikelet fertility even at high temperatures (Yoshida et al. 1981).
The local Iranian landraces Anbori and Hoveaze (probably the same as Hoveyzeh)
are tolerant of high temperatures (Gilani et al. 2009). Cultivars KRN, Citanduy,
Belle patna, and BPB were tolerant of high-temperature treatment at the ripening
stage (Zakaria et al. 2002). An indica cultivar (HT54) from China was tolerant of
high temperature at both seedling and grain-filling stages. HT54 seedlings could
tolerate high temperature up to 48 °C for 79 h (Wei et al. 2013). New Rice for Africa
line 44 (NERICA-L-44) was also identified as heat tolerant at both vegetative and
reproductive stages (Bahuguna et al. 2015).

As part of IRRI’s initiative to develop improved breeding lines tolerant of high
temperature, studies were conducted to identify genetic donors of the heat-tolerance
trait from the IRRI Genebank. A series of trials were conducted using a set of 455
IRRI Genebank accessions coming from “hot” countries (Pakistan, India,
Afghanistan, Iran, and Iraq). However, few varieties (about 5%) showed some
degree of heat tolerance. Twenty-three accessions were selected as potential donors
for heat tolerance. Dular and Todorokiwase are tolerant at the booting stage, while
Milyang23 and IR2006-P12-12-2-2 are tolerant at the flowering stage. Gizal78 is
tolerant at both booting and flowering stages. Darbari Roodbar, Larome, Mulai,
Gizal78, IR2006-P-12-12-2-2, Milyang23, and Todorokiwase were tolerant of high
temperature in the field and growth chambers. Other potential donors identified
based on at least one trait were IR22, IR2307-247-2-2-3, IR6, IR8, MRC603-383,
Ganjay, Todorokiwase, Giza 178, Giza 159, and Toor Thulla (Tenorio et al. 2013).
The accessions with heat tolerance at booting and flowering stage are useful geno-
types for a breeding program to improve heat resilience in terms of spikelet sterility.

5 Physiology of Heat Tolerance in Rice

Flowering stage is the most susceptible to high temperatures, followed by booting
stage. High temperature is more injurious if it occurs just before or during anthesis
(Satake and Yoshida 1978). Exposure to 41 °C for 4 h at flowering caused irrevers-
ible damage and plants became completely sterile, whereas this high temperature
(41 °C) had no effect on spikelet fertility at 1 day before or after flowering (Yoshida
et al. 1981). The same study also found that pollination of heat-stressed stigmas
with unstressed pollen as well as self-pollination at 1 h before heat stress application
did not affect spikelet fertility. These analyses indicated that the heat-sensitive stage
is about 1 h before and after flowering. High temperature affects anther dehiscence,
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pollination, and pollen germination, which then leads to spikelet sterility and yield
loss (Yoshida et al. 1981). Exposure at anthesis even for just 1-2 h of high tempera-
ture may result in high spikelet sterility (Jagadish et al. 2007).

High temperature at booting stage mainly decreases the fertility of pollen grains,
while at flowering stage, it mainly decreases the number of pollens shedding on the
stigma and the germination of pollen grains. The decreased production of pollens at
elevated temperatures may be attributable to impaired cell division of the micro-
spore mother cells (Takeoka et al. 1992). The major causes of high temperature-
induced sterility were decreased pollen shedding and decreased viability of pollen
grains, resulting in a lower number of germinated pollen grains on the stigma
(Mackill et al. 1982; Satake and Yoshida 1978).

Among physiological processes occurring at anthesis, anther dehiscence is per-
ceived to be the most critical stage affected by high temperature (Matsui et al.
1997a, b, 2000, 2001a). Spikelet opening triggers rapid pollen swelling, leading to
anther dehiscence and pollen shedding from the anthers’ apical and basal pores
(Matsui et al. 2000). Increased basal pore length in a dehisced anther was found to
contribute significantly to successful pollination (Matsui and Omasa 2002). The
anthers of heat-tolerant cultivars dehisce more easily than those of susceptible cul-
tivars under high-temperature conditions (Mackill et al. 1982; Matsui et al. 1997a,
b, 2001b; Satake and Yoshida 1978). This is because of the tight closure of the loc-
ule by the cell layers, which delays locule opening and decreases spikelet fertility at
high temperature (Matsui and Omasa 2002).

In heat-tolerant cultivar N22, the dehiscence of anthers begins soon after the
glumes open and is completed when the anthers are still situated inside the glumes
on short filaments; thus, pollen grains of N22 could be easily shed onto stigma at
that time (Satake and Yoshida 1978). The heat-tolerant cultivar Nipponbare had
well-developed cavities in anthers and thick locule walls, which enabled easy rup-
ture of the septa in response to swelling of pollen (Matsui et al. 2001b).

Rice plants, when exposed to high temperatures during critical stages, can avoid
heat by maintaining their microclimate temperature below critical levels by efficient
transpiration cooling (Wassmann et al. 2009a). Lower relative humidity of 60% at
38 °C leads to a higher vapor pressure deficit, facilitating the plant in exploiting its
transpiration cooling ability (Jagadish et al. 2007). On the basis of the interaction
between high temperature and relative humidity, rice cultivation regions in the trop-
ics and subtropics can be classified into hot/dry and hot/humid regions. It can be
assumed that rice cultivation in hot/dry regions where temperatures may exceed
40 °C (e.g., Pakistan, Iran, and India) has been facilitated through unintentional
selection for efficient transpiration cooling under sufficient supply of water. An
exceptionally high temperature difference of 6.8 °C between crop canopy and ambi-
ent air temperature (34.5 °C) was recorded in the Riverina region of New South
Wales, Australia (Matsui et al. 2007). Rice pollen is extremely sensitive to tempera-
ture and relative humidity and loses its viability within 10 min of shedding (Matsui
et al. 1997a). Tolerant cultivar Shanyou63 showed a significantly slower decrease in
pollen activity, pollen germination, and rate of floret fertility vis-a-vis susceptible
cultivar Teyou559 at 39 °C (Tang et al. 2008).
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The temperature inside the spikelet decreases with a reduction in relative humid-
ity, possibly because of the enhancement of transpiration at low relative humidity
(Weerakoon et al. 2008). This decrease in temperature inside the spikelet increases
the viability of pollen grains. Viable pollen grains absorb moisture and swell at
moderate to high relative humidity and create the required pressure for the rupture
of the septum, which helps in the deposition of pollen on stigma and thus produces
a fertilized spikelet (Weerakoon et al. 2008). The panicle temperature of Chinese
hybrid rice exceeded the ambient air temperature by 4 °C under humid and low
wind conditions and also caused a severe decrease in spikelet fertility (Tian
et al. 2010).

Cultivar NL-44 has high heat tolerance at both vegetative and reproductive
stages. NL-44 under extreme heat stress retained the ability to maintain higher chlo-
rophyll (relative greenness) and photosynthesis, a feature that could sustain its sur-
vival under severe heat stress during both the vegetative and reproductive stages.
NL-44 and the heat-tolerant check N22 consistently displayed lower membrane
damage and higher antioxidant enzyme activity across leaves and spikelets
(Bahuguna et al. 2015).

6 Genetics of Heat Tolerance in Rice

Heat tolerance is controlled by not only one major gene but also several genes.
The identification of quantitative trait loci (QTLs) is a promising approach to
dissect the genetic basis of heat tolerance. By using genetic resources with heat
tolerance at flowering, QTL mapping studies for heat tolerance (spikelet fertil-
ity) have been conducted on various rice populations at booting (Zhao et al.
2006) and flowering stages (Cao et al. 2003; Chen et al. 2008; Cheng et al. 2012;
Jagadish et al. 2010a; Xiao et al. 2011b; Ye et al. 2015b, 2012; Zhang et al.
2009, 2008). About 60 QTLs associated with heat tolerance at flowering stage
have been identified so far. For example, two major QTLs were identified on
chromosome 1 (¢gHTSF1.1) and chromosome 4 (gHTSF4.1) in an TR64/N22
population. These two major QTLs could explain 12.6% (gHTSFI.1) and 17.6%
(gHTSF4.1) of the variation in spikelet fertility at high temperature (Ye et al.
2012). Four QTLs were identified in an IR64/Gizal78 population, two other
QTLs were identified in a Milyang23/Gizal78 population, and five QTLs were
identified in the three-way cross population IR64//Milyang23/Gizal78. Three
of these QTLs were identified in both biparental and three-way populations (Ye
et al. 2015b). Recently, two QTLs with high genetic effect (¢gSTIPSS9.1 and
qSTIY5.1/¢SSIY5.2) were mapped in less than 400 kbp genomic regions
(Shanmugavadivel et al. 2017). QTLs for other heat tolerance-related traits such
as anther length, apical dehiscence length, basal dehiscence length, and percent-
age of longitudinal dehiscence (Tanveer et al. 2015) and pollen fertility (Xiao
et al. 2011a) were also detected.
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Among the several identified QTLs, the most promising QTLs for heat toler-
ance across different genetic backgrounds and locations have been identified on
chromosomes | and 4 (Jagadish et al. 2010a; Xiao et al. 2011b; Ye et al. 2015b,
2012). The heat-tolerant QTL (gHTSF4.1) on chromosome 4 was identified in
different populations of heat-tolerant rice varieties 996, N22, Milyang23, and
Gizal78 (Raddatz et al. 2001; Xiao et al. 2011b; Ye et al. 2012). The QTL inter-
val was fine-mapped to 1.2 Mb. The heat tolerance (spikelet fertility) of the
near-isogenic line (NIL) carrying gHTSF4.1 increased consistently in all of the
backcross populations. In BC;F;, the spikelet fertility of plants with gHTSF4.1
(34.7 = 14.2%) was significantly higher than in those without the QTL
(22.5 £7.9%) and in the recurrent parent IR64 (15.1 + 6.3%), whereas, in BCsF,,
the spikelet fertility of plants with gHTSF4.1 (44.6 = 13.1%) was significantly
higher than in plants without the QTL (27.1 = 9.6%) and in the recurrent parent
IR64 (19.4 + 8.4%) (Ye et al. 2015a).

Recently, a thermotolerance gene (777) in African rice (O. glaberrima) vari-
ety CG14 was identified and cloned (Li et al. 2015). Gene 771 encodes an a2
subunit of the 26S proteasome involved in the degradation of ubiquitinated pro-
teins. Ubiquitylome analysis indicated that OgTT/ protects cells from heat stress
through more efficient elimination of cytotoxic denatured proteins and more
effective maintenance of heat-response processes than achieved with OsTT].
Overexpression of OgTT] was associated with markedly enhanced thermotoler-
ance in rice at seedling, flowering, and grain-filling stages (Li et al. 2015). A
gene for heat tolerance at seedling stage (OsHTAS) was also cloned and charac-
terized. OsHTAS encodes a ubiquitin ligase localized in the nucleus and cyto-
plasm. OsHTAS was responsive to multiple stresses and was strongly induced by
exogenous ABA. OsHTAS modulated hydrogen peroxide accumulation in shoots,
altered the stomatal aperture status of rice leaves, and promoted ABA biosynthe-
sis. The RING finger ubiquitin E3 ligase OsHTAS functions in leaf blades to
enhance heat tolerance through modulation of hydrogen peroxide-induced sto-
matal closure and is involved in both ABA-dependent and drought- and salt-tol-
erance-mediated pathways (Liu et al. 2016).

Reverse genetic approaches were also employed to identify the genes for heat
tolerance at anthesis. Expression analyses revealed that at least 13 genes were des-
ignated as high temperature-repressed genes in the anther. These genes were
expressed specifically in the immature anther, mainly in the tapetum at the micro-
spore stage, and downregulated after 1 day of high temperature. High temperatures
may disrupt some of the tapetum functions required for pollen adhesion and germi-
nation on the stigma (Endo et al. 2009).

A proteomic analysis compared proteins expressed in heat-stressed anthers from
three rice varieties with different temperature tolerances. The temperature-tolerant
rice genotype (N22) showed a higher accumulation of small heat shock proteins
(sHSP) than the temperature-sensitive rice genotype (Moroberekan). The moder-
ately tolerant rice genotype (IR64) showed intermediate SHSP accumulation. The
accumulation of sHSP may confer greater heat tolerance in N22 rice (Jagadish
et al. 2010b).
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7 Breeding of Heat Tolerance in Rice

Breeding heat-tolerant rice is one of the most important strategies used to mitigate
the effects of climate change, particularly in the hot Asian countries where most rice
is grown. However, breeding rice varieties tolerant of high temperature has so far
received little attention as compared to other abiotic stresses such as drought and
salinity. After one comprehensive study in the early 1980s (Mackill 1981; Mackill
and Coffman 1983; Mackill et al. 1982), high-temperature tolerance of rice has been
treated only within region-specific breeding programs, with limited success. Using
identified genetic resources and QTLs to improve heat tolerance in rice varieties has
not been achieved.

QTLs for rice heat tolerance at flowering have been mapped on all chromosomes
by using various rice populations (Cao et al. 2003; Chen et al. 2008; Cheng et al.
2012; Jagadish et al. 2010a; Xiao et al. 2011b; Zhang et al. 2009, 2008). However,
the additive effect of each QTL is low. Introducing one or a few QTLs into a variety
may not sufficiently increase its heat tolerance. Therefore, it is necessary to validate
and characterize more QTLs and design SNP chips with QTL-linked markers to
accelerate selection and incorporation of multiple QTLs to improve the efficiency of
heat-tolerance breeding.

To mitigate heat-induced spikelet sterility, two strategies have been proposed.
One is to develop cultivars that shed larger numbers of pollen grains or produce pol-
len grains able to germinate at high temperatures. Another strategy is to breed culti-
vars that escape heat at flowering because of their early-morning flowering (EMF)
trait (Satake and Yoshida 1978). The EMF trait could be beneficial for decreasing
yield loss from rising temperatures. The use of germplasm with the EMF trait could
help to diminish anticipated yield losses caused by spikelet sterility at anthesis as a
result of expected global warming (Ishimaru et al. 2010).

Spikelets are highly susceptible to heat stress at flowering; however, they remain
fertile when flowering occurs 1 h prior to heat stress, because fertilization is com-
pleted within 1 h after flowering (Satake and Yoshida 1978). Shifting the time of
anthesis to early hours of the cooler morning will help plants to escape high-
temperature stress during processes of pollen shed, pollination, and fertilization and
can thus minimize sterility caused by high temperatures. It has been suggested that
there is a potential for genetic improvement to advance flowering to an earlier time
of day in current high-yielding cultivars (Nishiyama and Blanco 1980). The EMF
strategy has been used to produce introgression lines with the EMF trait transferred
from wild rice O. officinalis. EMF NILs carrying gEMF3 had earlier flower opening
time by 1.5-2.0 h than recurrent parents, which decreased heat-induced sterility at
flowering at elevated temperature. It was demonstrated that the shift in flower open-
ing time to early morning is effective for escaping from heat stress at flower opening
(Hirabayashi et al. 2015; Ishimaru et al. 2010). Pyramiding lines with QTLs for heat
tolerance (gHTSF4.1) and EMF (¢EMF3) effectively improved heat tolerance at
flowering in both controlled and field conditions.
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The development of new heat-tolerant rice varieties is among the best approaches
to address changing climatic conditions in affected farming communities. Breeding
heat-tolerant rice began in 2010 in the Philippines to develop new rice genotypes
that could adapt to changing climatic and local farming conditions. By combining a
heat-tolerant donor parent, such as N22, with high-yielding and better cultivars,
selecting new genotypes with better adaptation to emerging climatic conditions is
possible (Manigbas et al. 2014).

To increase the heat tolerance of a rice variety named Improved White Ponni
(IWP), heat-tolerance QTLs gHTSF1.1 and gHTSF4.1 (Ye et al. 2012) were intro-
gressed from Nagina 22 into IWP through marker-assisted breeding. The progenies
harboring both gHTSF 1.1 and gHTSF4.1 showed higher fertility percentages under
high-temperature stress at the flowering stage. The results confirmed that these
QTLs were responsible for maintaining membrane integrity and yield under
elevated-temperature conditions (Vivitha et al. 2017).

Moreover, recent studies showed that heat tolerance at flowering stage in rice is
controlled by recessive genes (Fu et al. 2015; Ye et al. 2015b, 2012). Thus, both
parents should possess high-temperature tolerance to develop heat-tolerant F; com-
binations. Male parents play a more important role in heat-tolerant combinations
than female parents. The heat susceptibility of hybrid rice in China is mainly due to
the wide application of heat-susceptible restorer lines with high yield in three-line
hybrid rice breeding (Fu et al. 2015). Therefore, it is important to improve the heat
tolerance of both parents of hybrid rice combinations.

8 Future Prospects

Booting and flowering are the stages most sensitive to high temperature, which may
sometimes lead to significant sterility. Great variation exists among rice germplasm
in response to temperature stress. Flowering at cooler times of day, more pollen
viability, larger anthers, longer basal dehiscence, and the presence of long basal
pores are some of the phenotypic markers for high-temperature tolerance.
Replacement of heat-sensitive cultivars with heat-tolerant ones, adjustment of sow-
ing time, choice of varieties with a growth duration allowing avoidance of peak
stress periods, and exogenous application of plant hormones are some of the adap-
tive measures that will help to mitigate the forecast yield decrease due to global
warming (Shah et al. 2011). Staggered planting dates and short-duration varieties
are advocated as some of the options to escape from high-temperature stress.
Synchronizing critical growth stages with most favorable weather is another prac-
tice for avoiding extreme temperature. However, cultural practices alone are not
adequate and yield loss can be minimized further by combining such methods with
genetic improvement.

There is a continuous need to integrate disciplines, such as structural genomics,
transcriptomics, proteomics, and metabolomics, with plant physiology and plant
breeding (Varshney et al. 2005). By using the wide diversity of rice germplasm, we
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will be able to explore the novel QTLs and alleles that are expected to have different
effects from the identified QTLs. However, conventional breeding still offers an
opportunity for significant and predictable incremental improvements in high-
temperature tolerance of new rice cultivars. Among the QTLs identified for rice heat
tolerance at flowering stage, even QTLs with a large effect can explain only approx-
imately 20% of the variation, and the additive effect of each QTL is low. Introducing
one or a few QTLs into a genetic background may not be sufficient to significantly
increase its heat tolerance. More heat-tolerance donors and QTLs need to be identi-
fied and used in our breeding programs.

Heat-induced spikelet sterility at flowering and early-morning flowering is diffi-
cult traits for precise phenotyping in large mapping populations. Future research
activities should be aimed at identifying and breeding heat-tolerant germplasm
accessions that exploit the variation in both genotypic and morphological charac-
ters. Several approaches should be actively exploited to improve heat tolerance in
current cultivars, including discovery and exploitation of new genes and alleles,
improved breeding efficiency, marker-assisted selection, and genetic modification
(Shah et al. 2011). Marker-assisted gene pyramiding and marker-assisted recurrent
selection can be used to improve breeding efficiency for heat tolerance. The cloning
of causal genes will unveil the complex genetic control of each trait under heat
stress. Further genetic efforts are required for the development of heat-resilient rice
varieties to cope with the challenges of climate change.
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