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Decrypting molecular
mechanism of heat stress
tolerance in rice to tackle
climate change challenges
through recent approaches
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Laguna, Philippines, 2Department of Genetics and Plant Breeding, Indira Gandhi Krishi
Vishwavidyalaya, Raipur, Chhattisgarh, India, 3Institute of Crop Science, College of Agriculture and
Food Science, University of the Philippines Los Baæos, Laguna, Philippines, 4Directorate of Research
and Extension Services, Jawaharlal Nehru Krishi Vishwavidyalaya, Jabalpur, Madhya Pradesh, India
Rice (Oryza sativa) is one of the world’s most important cereal crops, contributing
to food and �nancial security, particularly in developing countries. High
temperature due to climate change seriously threatens sustainable rice
production. Rice crops are adversely affected by heat stress at the
morphological, physiological, and molecular levels, resulting in reduced yield
and poor grain quality. Rice is highly sensitive to heat during the reproductive
phase, causing pollen sterility, impaired pollen dehiscence, pollen germination,
and tube growth, ultimately drastically reducing spikelet sterility and yield. High
temperature also promotes the accumulation of reactive oxygen species in plant
cells, resulting in multiple adverse effects, including damage to chloroplasts and
cell membranes, inactivation of photosystems, reduced Rubisco activity, and
impaired production of photoassimilates. In this review, we have synthesized the
current knowledge on the effects of heat stress on rice and summarized QTLs,
genes, and regulatory pathways underlying thermotolerance. We further evaluate
conventional breeding, transgenics, and diverse omics-based strategies to breed
high-yielding, heat-tolerant rice varieties. The precise molecular insights gained
through various omics approaches are expected to advance our understanding
of the intricate nature of heat stress tolerance in rice. Additionally, we highlight
the emerging roles of microbiome, high-throughput phenotyping technologies,
and arti�cial intelligence as promising tools for accelerating the development of
heat-resilient rice.
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1 Introduction

Rice (Oryza sativa L.), the most crucial staple food crop
supporting over half of the global population, is cultivated across
approximately 165 million hectares in 118 countries, with
production exceeding 776 million tons in 2022 (FAOSTAT,
2023). Rice production is threatened by earth�s quickly changing
ecosystems due to climate change. One of the signi�cant abiotic
stresses affecting rice production is high temperature (HT). Since
1850, global temperatures have increased by about 0.06°C per
decade (Figure 1A), but warming rate has accelerated sharply to
0.20°C per decade since 1982, over three times faster (NOAA
Climate, 2025). The roughly 1°C increase in global average
surface temperature since the pre-industrial era (1850-1900),
primarily due to greenhouse gas (GHG) emissions into the
atmosphere by human activities, might seem small. Still, it means
a signi�cant increase in accumulated heat. Historically, the 10
warmest years have all occurred in the past decade (2014-2023).
Remarkably, 2023 has been the warmest year by a wide margin. It
was 1.18°C above the 20th-century average of 13.9°C. The extra heat
Frontiers in Plant Science 02
leads to regional and seasonal temperature extremes (NOAA, 2024).
In the near future (2021-2040), global warming will rise primarily
because of the growing cumulative CO2 emissions in nearly all
examined scenarios and modeled pathways. Global warming is
more likely than not to reach 1.5°C in the near future even with
very low GHG emissions, and is likely to exceed 1.5°C under
moderate or high emission scenarios (Lee et al., 2023).
1.1 Rising global temperature and its effect
on rice production

Prolonged exposure to temperatures surpassing a critical
threshold (Table 1) conducive to optimal physiological functions
in�ict irreversible damage on plant growth (Khan et al., 2019). It is
particularly signi�cant in Southeast Asia, where rice plays a vital
role, providing 3/4th of the region�s calori�c intake (Fitzgerald et al.,
2009). However, this region is predicted to experience the most
rapid temperature increase (IPCC, 2014). By 2030, it is extrapolated
(Gourdji et al., 2013) that approximately 16% of the rice growing
FIGURE 1

Global warming trends and impact of HS on some rice physiological traits (A) Annual global anomaly (°C) from 1850 to 2023 (Berkeley Earth, 2024),
greenhouse gas (GHG) emissions (million metric tons of CO2 equivalent) (Jones et al., 2024 – with major processing by Our World in Data), and
atmospheric CO2 concentration (ppm) from 1960 to 2023 (NOAA Global Monitoring Laboratory, 2024), illustrating global warming trends. GHGs,
particularly CO2 emissions, are the primary drivers of increased mean air temperature; (B) Effects of HS treatments (control: 25°C, Moderate heat:
35°C, and severe heat: 42°C) on root length, total chlorophyll (Ch) content, and electrolyte leakage (EL) in rice, highlighting physiological responses
to elevated temperatures. Increased EL at elevated temperatures indicates membrane damage (Taratima et al., 2022).
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areas will encounter at least �ve reproductive days with
temperatures surpassing Tcrit (physiological critical temperatures
during the reproductive stage). This proportion is anticipated to rise
to 27% by 2050. Between 2022 and 2023, a noticeable decline in
global rice production, amounting to an estimated reduction of
300,000 tons compared to the preceding year, 2021-2022, was seen
(USDA 2023). Notably, while speci�c rice-producing countries like
India, Thailand, and Türkiye managed to sustain their production,
several other prominent rice-producing countries have encountered
considerable yield losses in recent years, attributed to the impacts of
climate change. The trend is exacerbated by the fact that the world�s
population is growing at a rate of 0.88% annually, necessitating
expedited efforts to enhance rice productivity to keep pace with the
demographic demand (UN DESA, 2022).

According to (Peng et al., 2004), research from the International
Rice Research Institute (IRRI) during 1992�2003 indicates yield
drop in rice by 10% for every 1°C rise in minimum temperature
during the growing season. Similarly, a daytime temperature
increase of 28°C to 34°C decreases the yield by up to 7-8%
(Korres et al., 2017). A heatwave in Japan led to a 25% spikelet
sterility rate when temperatures peaked around 38°C in 2007
(Hasegawa et al., 2011).
1.2 Projected declines in rice production
due to elevated temperatures

Population growth has created a critical demand to ramp up
crop production for food security. Estimates suggest that a 70%
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boost in food production will be vital to cater the demands of an
anticipated 9 billion population by 2050 (Bita and Gerats, 2013).
Short-term projections indicate that rice production in South Asia
could decline by about 10% by 2030 (Lobell et al., 2008). Medium
and long-term estimates predicts a 10-25% reduction in rice yields
across developing countries by 2080, with India potentially facing
losses of 30-40% due to extreme heat events (Cline, 2007). Overall,
high temperature stress (HTS) may lower rice grain yield by up to
41% by the end of the 21st century, as the temperatures are expected
to rise by up to 2°C by 2050 relative to 1950 (Ceccarelli et al., 2010).
Without the bene�ts of CO2 fertilization, effective adaptation
measures, and genetic improvement, each 1°C rise in global
average temperature is projected to decrease worldwide wheat
yields by 6.0%, rice yields by 3.2%, maize yields by 7.4%, and
soybean yields by 3.1% (Zhao et al., 2017). Spatial modeling predicts
a 20% decrease in boro rice yield in Bangladesh by 2050, escalating
to 50% by 2070, with average rice yields declining by up to 33% by
2081�2100 (Basak et al., 2009; Karim et al., 2012).
2 Heat stress combined with drought:
amplifying stress responses in rice

Although rice is susceptible to heat and drought (Kumar et al.,
2014; Venuprasad et al., 2007), the combination of drought and heat
stress (HS) is the most common abiotic stress in �eld conditions,
signi�cantly impacting crop productivity. The simultaneous
occurrence of drought and HS in various rice-growing regions is
almost inevitable, leading to increased plant-tissue temperature as
TABLE 1 Critical temperatures for the development of the rice plant at different growth stages.

Growth stages
Critical

temperature Adverse effects Reference
Optimum High

Germination 18-40 42-45 Poor germination rate reduced seedling vigor, altered enzymatic activity (Liu et al., 2019)

Seedling emergence 25-30 35
Poor seedling growth, declined internal moisture levels, impaired

metabolic rate, increased oxidative damage
(Bahuguna et al., 2015)

Rooting 25-28 35
Altered root system architecture, decreased root length, biomass, and

nutrient uptake
(Taratima et al., 2022)

Leaf elongation 31 45
Decline in relative water content, photosynthetic and pigment

concentration, increased evapotranspiration, wilting, curling, yellowing,
and premature senescence of leaves

(Xu et al., 2020) (Kilasi et al., 2018)

Tillering 25-31 33 Reduced tiller numbers and biomass, effect on tiller angle (Li et al., 2020)

Panicle Initiation 26.7-31.1 >31.1
Disruption of cell division and differentiation processes, smaller and

fewer panicles
(Restrepo-Diaz and Garces, 2013;

Sa�nchez et al., 2014)

Anthesis 30-33 35-36 Poor anthesis dehiscence, high spikelet sterility, distorted �oral organs (Arshad et al., 2017)

Pollination 25-35 _

Disrupted ion balance, carbohydrate metabolism, and phytohormones
concentration in pollens, lessened swollen and poor pollen germination,
reduced pollen number on stigma, abnormal pollen tube growth, and

shortened stigma length

(Shrestha et al., 2022; Xu et al., 2020;
Yoshida, 1981)

Ripening 20-29 >30
Shortened grain �lling time, altered kernel size, reduced palatability,

undesirable grain appearance, increased chalkiness, and decreased grain
weight,

(Xu et al., 2021)
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drought severity progresses. Mechanistic studies have shown that
the combined exposure to drought and HS elicits a unique response
rather than a simple additive effect of both stresses (Rizhsky et al.,
2002; 2004). Despite recognizing the practical importance of
combined drought and HS on plants, there is limited �eld-based
knowledge in this area (Lawas et al., 2018). While the effects of
combined heat and drought stress have been studied in model
plants, relatively little information is available on rice�s response to
these stresses, particularly during the critical �owering stage (Rang
et al., 2011). Understanding the molecular mechanisms of tolerance
to this stress combination during sensitive �owering and grain-
�lling stages in cereals, especially rice, remains limited (Lawas et al.,
2019). Empirical screening for thermotolerance at different stages,
and evaluating heat tolerance under combined stress conditions
could accelerate the development of rice varieties with improved
tolerance to multiple stresses (Costa et al., 2021).
2.1 Types of stress responses to heat in
rice plants

Understanding the mechanisms by which rice plants respond to
elevated temperatures is crucial for answering the key question: how
do rice plants sense HT and then transduce signals into intracellular
responses? This knowledge is equally critical to breeding rice
cultivars with improved HS tolerance. Three types of different
plant responses have been observed under HTS, namely basal
thermotolerance, acquired thermotolerance (AT), and
programmed cell death (PCD) (Guihur et al., 2021; Haider et al.,
2021; Locato and Gara, 2018; Mittler et al., 2012). Basal
thermotolerance is an inherent ability to survive HT above those
conducive for growth and to acquire tolerance to lethal
temperatures. In contrast, acquired thermotolerance, which is also
known as adaptive thermotolerance, is the ability to withstand an
otherwise lethal HT after being pre-exposed to a sublethal increased
temperature, mimicking an �immunization� against HT (Larkindale
et al., 2005; Lim et al., 2013; Shanmugavadivel et al., 2019). Plants
may remove some speci�c cells in response to HT or other
environmental stimuli in a process called PCD (Locato and
Gara, 2018).
3 Necessity for thermotolerance rice
breeding

The need to breed heat-tolerant rice is crucial, considering its
critical role in global food security and the detrimental effects of
climate change on yield. To breed rice with heat tolerance, it is
essential to elucidate the molecular basis of HS response in rice, the
genes, proteins, and physiological and biochemical traits that confer
heat tolerance (Janni et al., 2020; Raza et al., 2020; Sailaja et al.,
2015). This review provides an overview of HS-induced
morphological and physiological changes, elucidating molecular
mechanisms underlying the HS response regulatory network in
Frontiers in Plant Science 04
rice and strategies to breed for enhanced rice adaptation to global
warming through various approaches.
4 Stage-speci� c effects of heat stress
on rice

4.1 Effect of HTS on germination and
vegetative growth

Each stage of rice plant development responds differently to HT
(Zhang et al., 2018). HS has an impact on grain quality, dormancy,
germination, and emergence in addition to seedling vigor and
establishment across the entire seed development process
(Brunel-Muguet et al., 2015; Finkelstein et al., 2008; Liu et al.,
2019). Exposure to HT during seed germination leads to lower
germination rates and decreased vigor in germinated seedlings
(Fahad et al., 2017; Liu et al., 2019) (Figure 2). At the seedling
stage, rice grows best at a temperature between 25 and 28°C. In
seedlings, elevated temperatures (42�45°C) (Table 1) can damage
cell membranes, hinder photosynthesis, and escalate oxidative
damage, which results in increased water loss, wilting, impaired
root growth (Figure 1B), and potentially plant death (Bahuguna
et al., 2015; Liu et al., 2018). A decrease in germination and seed
vigor due to HS has been associated with reduced plasma
membrane (PM) thermostability and membrane �uidity (Fahad
et al., 2017; Saidi et al., 2010). Lipid pro�les of PM acclimatized to
moderate HS revealed a marked reduction in fatty acid
unsaturation, leading to increased membrane rigidity. This
structural change accounts for the attenuated Ca2+ in�ux
observed during HS (Saidi et al., 2010; Sangwan et al., 2002).
Begcy et al. (2018) reported that HS (35°C) dramatically decreases
the size of grain at maturity because of lower length, breadth, and
mature grain weight during early grain development; and when the
temperature reaches 39°C, the endosperm collapses, and seed
viability is signi�cantly reduced. Tillering, a crucial agronomic
trait in rice, is severely affected by HT and thus reduces the
number of panicles per plant. Soda observed a 35% reduction in
panicle number and a 28% decrease in yield per plant in rice plants
exposed to elevated temperatures (Soda et al., 2018). Other
morphological traits to assess under HS include leaf drooping and
rolling, reductions in plant biomass, and decreased chlorophyll
concentration (Ali et al., 2022; Ren et al., 2023; Sita et al., 2017).

Rice seedlings� ability to withstand HT varies depending on
their genetic composition. The domestication origins of the two
subspecies, japonica and indica, differ. The japonica emerged in the
temperate regions, while the indica originated in tropical areas. The
indica exhibits greater thermotolerance than japonica and possesses
distinct morphological and physiological traits (Lee, 2002; Lee et al.,
2017). HS affects tiller and panicle numbers more signi�cantly in
Japonica rice relative to Indica rice (Wang et al., 2016). Regarding
heat resistance, hybrid rice varieties combining indica and japonica
demonstrate the highest level, followed by indica and then japonica
varieties individually (Prasanth et al., 2017).
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4.2 Impact of HTS on the reproductive
stage

The reproductive phase (panicle initiation to physiological grain
maturity) is the most vulnerable stage to abiotic stresses (Guan-fu
et al., 2008). The stages of panicle initiation, formation of male and
female gametophytes, anthesis, pollination, and fertilization are
most vulnerable to HS (Arshad et al., 2017; Jagadish et al., 2015).
According to Xu et al. (2020), both daytime and nighttime HS
causes deformation of �oral organs reducing their size and number.
During anthesis, HS impairs pollination, signi�cantly increasing
spikelet sterility (Sarangthem et al., 2021). Reactive oxygen species
(ROS) is accumulated in plant cells during HT, resulting in multiple
adverse effects such as damage to the chloroplast and cell
Frontiers in Plant Science 05
membranes, loss of activity of photosystems, suppressed RuBisCo
activity, and decreased production of photoassimilates. These issues
culminate in poor �owering and decreased grain yield (Lal et al.,
2022; Radha et al., 2022; Zaidi et al., 2019). HT has multiple adverse
effects on rice stamens as (I) elevated temperatures disrupt meiosis
during the pollen development, disintegration of tapetum and/or
reduced activity of invertase enzyme, leading to the production of
sterile pollen (Endo et al., 2009) (Figure 3), (II) HT inhibit pollen
dehiscence and reduce the swelling capacity of pollen grains, which
diminishes pollen amount landing on a stigma and negatively
impacts fertilization rates (Arshad et al., 2017; Hu et al., 2021),
(III) the moisture content adjusts of the pollen grains is essential for
their formation and dispersion. The pollens landing on stigma
adjust their moisture levels to environmental conditions, but HT
FIGURE 2

Effect of HS on rice at different stages. (A) Vegetative stage: HS during seed germination leads to low germination rates and week seedling vigor.
Tiller numbers are reduced due to disrupted cell membranes, impaired photosynthesis, and accumulation of ROS. Phytohormone imbalances,
increased water loss due to increased stomatal density, wilting, and impaired root growth further negatively impact the development of rice plants.
(B) Reproductive stage: HS leads to altered �owering time, deformed �oral organs, reduced pollen-viability, -germination and -tubegrowth, and
spikelet sterility. Inhibited pollen dehiscence affects the amount of pollen landing on a stigma and negatively impacts fertilization rates. (C) Ripening
stage: Decreased photosynthetic rate causes inhibited assimilate production and accelerates the senescence of functional leaves, resulting in
reduced partitioning of carbohydrates into the grains. During the milky stage, HS hinders the synthesis and movement of carbohydrates, proteins,
and lipids in developing grains. The initiation of endosperm cellularization is a critical developmental transition required for normal seed
development. Impaired cellularization hinders endosperm development. Schematic drawing shows early stages of endosperm development (ED)
under control and severe HS conditions. Under normal conditions, the rice seed development follows syncytial ED, early cellularization, and mid-
cellularization stages. Under HS conditions, initiation of cellularization is severely affected. The central vacuole (CV) remains present when seeds are
exposed to severe HS.
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can disrupt this process (Das et al., 2014; Shrestha et al., 2022), (IV)
HT signi�cantly decreases the protein content in the pollen,
decreasing its germination ability and pollen-tube elongation
rates, which ultimately leads to spikelet sterility (Arshad et al.,
2017; Jagadish, 2020; Shrestha et al., 2022). HTS during anther
formation, particularly during pollen mother cell meiosis, can lead
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to early deterioration and breakup of tapetal cells. This affects the
nutrition of microspores and the generation of pollen walls,
culminating in abortion of pollen grains and reduced stigma
length (Liu et al., 2020; Xu et al., 2020; Zhang et al., 2018)
(Figure 3). An indica variety, IR64, showed 66% reduction in the
number of spikelets when it was exposed to HS (40°C day/35°C
FIGURE 3

Impact of HS on the reproductive phase. (A) Impaired male and female gametophyte development: Floral organs are deformed under HS and have
reduced numbers and sizes. HS leads to signi�cant changes in gene expression, resulting in tapetum degeneration and pollen sterility in developing
anthers during the early microspore stage. Swelling of pollen grains is restricted at the time of heading under HS conditions. Pollen fertility also
decreases due to delays in the opening of the locule. HS severely reduces anther dehiscence during anthesis. Pollen viability and germination are
reduced due to decreased protein and iron content in pollen grains. Pollen tube growth is signi�cantly affected by HS. (B) Male gametophyte
development under normal conditions. (C) Male gametophyte development under HS conditions: Developing pollen and the surrounding tapetal
cells are highly sensitive to HS, resulting in premature degeneration of tapetal cells, causing disruptions in the supply of nutrients to developing
pollens. HS affects the meiotic cell division by in�uencing the orientation of the spindle apparatus, resulting in aberrant chromosome behavior and
failure of pollen development. ROS accumulation is increased, and soluble carbohydrate and starch reserves are decreased in developing anthers
under HS, leading to starved microspores and increased pollen sterility.
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