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Effect of Heat stress (Elevated temperature) in rice: A critical Review


ABSTRACT
[bookmark: _Hlk213142152]In the 20th century, global warming led to a 0.5 0C increase in air temperature; projections for the 21st century estimate a rise of 1.5–4.5 0C and higher temperatures are expected to become more common in the future. A rise in temperature above 33 °C has resulted in decreased rice production in various regions of the world. Heat stress affect the rice growth and development at different stages of crop growth. Heat Stress (HS) has a considerable negative effect on the potential for seed germination, leading to reduced seed viability and ineffective germination. During the tillering phase, high temperatures can lead to a reduction in both tiller number and biomass. Study reported that the optimum temperature for tillering is 25 °C during the day and 20°C at night. Tillers increased with increasing temperature in the range of 15 °C to 33 °C. Study found that temperatures above 33 °C damaged tillering. High temperatures can lead to reduced fertility in rice spikelets. This reduction is primarily due to impaired pollen sterility, issues with anther dehiscence, and failed stigma germination. High temperatures lead to spikelet infertility by decreasing pollen viability, restricting anther dehiscence, and preventing the germination of pollen tubes. In rice, the reproductive phase—which starts with panicle initiation and lasts until physiological grain maturity—is the most vulnerable stage to abiotic stresses. During anthesis, high temperatures significantly impede the dehiscence of anthers leads to spikelet sterility. High temperatures also adversely affect seed set and weight gaining, particularly shortly before or during anthesis. High temperatures interfere with the processes of pollen germination and tube growth by altering the balance of ions (such as Ca2þ), affecting carbohydrate metabolism. Elevated temperatures hinder spikelet differentiation, exacerbating spikelet degeneration and decreasing their overall number. 
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Introduction 
Rice is a vital crop globally, providing dietary support for approximately half of the world's population, with an annual production of 782 million tons cultivated over 167 million hectares in 118 nations. A rise in temperature above 33 °C has resulted in decreased rice production in various regions of the world (Arshad et al., 2017). Seshu and Cady (1984) estimated that an increase in the average minimum temperature from 22 to 23 °C would lead to a reduction in rice yield of 41 g m -2. The ideal temperature for ripening is lower than that for tillering and flowering. As rice matures, the temperature optimum decreases to relatively cooler conditions. High temperatures are known to reduce panicle weight (Newman et al., 2001; Oh-e et al., 2007; Ziska et al., 1996). Kim et al. (1996a,b) found that following heading, the rate at which dry matter accumulates in the panicle diminishes under high temperatures. This may be partly attributed to an increased number of sterile spikelets. Even when favorable conditions return, the dry weight of the panicle will not recover, and the assimilation products will instead build up in the leaves and culms.
A 25-year weather study from the International Rice Research Institute in the Philippines has shown a more significant rise in nighttime temperatures (1.13 °C) compared to daytime temperatures (0.35 °C) (Peng et al., 2004). The rate of spikelet sterility significantly increases when temperatures exceed 35 °C, which is the critical maximum temperature for rice (Satake and Yoshida 1978; Matsui et al., 1997; Welch et al., 2010). Higher nighttime temperatures notably accelerated the senescence rate, resulting in those plants reaching maturity 15 days earlier than those grown under normal temperature conditions. The impact of elevated minimum temperatures not only hastened senescence but also reduced the plant's ability to efficiently produce grain (Steuerz and Asch, 2019; Jing et al., 2016). The findings reveal that an increase in temperature leads to a notable acceleration in the developmental rate of rice throughout all growth phases. The research highlighted that within the temperature range of 18–35 0C, the ideal temperature for achieving the fastest growth rate and the shortest overall developmental period across all stages was found to be between 28–32 0C. With the escalating effects of climate change, enhancing rice cultivation environments has emerged as a vital strategy for ensuring consistent and higher yields. This research offers strong empirical data and a robust theoretical basis for formulating more targeted strategies to optimize conditions for rice cultivation (Zhiqian Liu et al., 2025). The research indicates that the highest Growing Degree Days (GDD) were observed in the growing environment of July 15th, with a total of 2208.9 degree days, across all planting dates, followed by July 5th with 2139.4 degree days, and July 25th with 2018.9 degree days. Among the varieties, BPT-5204 recorded the highest GDD at 2257.9 degree days due to its longer growth duration. The variety NDR-3112 was found to be optimal for increased productivity at 42.60 q/ha, followed by BPT-5204 at 38.07 q/ha, and NDR-97 at 32.77 q/ha. In the 20th century, global warming led to a 0.5 0C increase in air temperature; projections for the 21st century estimate a rise of 1.5–4.5 0C and higher temperatures are expected to become more common in the future. 
High Temperature on rice growth yield and physiology 
Germination and Establishment 
[bookmark: _Hlk213141514]The quality of seeds, their dormancy, germination, emergence, and the vigor and establishment of seedlings are all influenced by heat stress (HS) during the development of seeds.  HS has a considerable negative effect on the potential for seed germination, leading to reduced seed viability and ineffective germination (Fahad et al., 2017a). A decline in the thermostability of the plasma membrane and its fluidity has been associated with the reduction in germination and seed vigor triggered by HS (Fahad et al., 2017b; Saidi et al., 2010), which hinders the activation of Ca2þ signaling, kinases, and heat shock factors (Saidi et al., 2010; Sangwan et al., 2002). HS (35 0C) notably diminished the overall size of seeds at maturity due to reduced seed length, width, and weight during the early stages of seed development; at 39 0C, the endosperm collapsed, leading to a significant decrease in seed viability (Begcy et al., 2018). When temperatures exceed 25–28 0C (the optimal range), the rate of evapotranspiration increases, which can cause leaves to wither, curl, and yellow, slow down seedling and root growth, and may result in seedling death.
Tillers 
For instance, during the tillering phase, suitable temperatures can boost the number of tillers and improve the tillering capability of rice (Cho et al., 2012). In the stages of flowering and grain filling, elevated temperatures can trigger heat stress responses in rice, negatively impacting pollen germination and fertilization, which in turn affects the overall yield (Fahad et al., 2019). Additionally, during the tillering phase, high temperatures can lead to a reduction in both tiller number and biomass (Liu et al., 2018; Xu et al., 2020). The resistance of rice seedlings to heat stress varies depending on their genetic composition; high temperatures have a more significant impact on the number of tillers and panicles in japonica rice compared to Indica rice (Wang et al., 2016). In terms of heat resistance, hybrid rice varieties of Indica-japonica show the greatest resilience, followed by Indica and japonica varieties (Prasanth et al., 2017). Study reported that the optimum temperature for tillering is 25 °C during the day and 20 °C at night. Tillers increased with increasing temperature in the range of 15 °C to 33 °C (Sato, 1972). Study found that temperatures above 33°C damaged tillering (Chaudhary et al., 1970).
Booting 
Paddy rice did not show signs of heat stress during the tillering phase, but a cumulative impact was observed by the booting phase. Additionally, photosynthetic ability was sustained for a longer period during the grain filling phase at an increase of 3°C. These findings will aid in comprehending the growth and physiological reactions of paddy rice in response to global warming (Dohyeok Oh et al., 2023).
Spikelet sterility 
High temperatures can lead to reduced fertility in rice spikelets, potentially resulting in zero yield (Satake and Yoshida, 1978). This reduction is primarily due to impaired pollen sterility, issues with anther dehiscence, and failed stigma germination (Jagadish et al., 2010, 2013). In conditions of high temperature, the subsequent crucial factor that contributes to pollination failure is the inadequate extension of the pollen tube within the carpel (Karapanos et al., 2010; Snider et al., 2011).
Anthesis 
In rice, the reproductive phase—which starts with panicle initiation and lasts until physiological grain maturity—is the most vulnerable stage to abiotic stresses (Fu et al., 2008). When subjected to high temperature stress (40 °C daytime/35 °C nighttime) during the pre-flowering period for 15 days, the number of panicles decreased by 75%, and the overall yield per rice plant dropped to 14%, in comparison to standard conditions of 28 °C (Soda et al., 2018). According to Xu et al. (2020), high temperature stress leads to the distortion of floral organs, resulting in a reduction in both size and quantity. When exposed to this high temperature (40 °C day/35 °C night), in India cultivar IR64, the spikelet number was reduced to 33% compared to normal growth conditions of 28 0C(Soda et al., 2018).
“HS also constraints the expansion of pollen grains during the heading phase. Even a few hours of stress at the flowering stage can lead to diminished floral reproduction due to embryo abortion” (Matsui et al., 2000). “Development of Gametophytes and Pollen Pollen viability and the formation of anthers are more susceptible to the heat within the floret compared to the ovule. In various rice genotypes, HS leads to both quantitative and qualitative alterations in pollen proteins, which could result in reduced pollen viability and spikelet sterility” (Das et al., 2014). “The moisture levels in pollen grains, essential for their formation and dispersal, fluctuate during their landing on an appropriate stigma due to environmental conditions” (Das et al., 2014). Heat stress (HS) also reduces the absorption of iron by pollen tubes or microspores, which ultimately diminishes pollen viability and germination rates (Jagadish et al., 2010). Insufficient pollen development may worsen spikelet sterility (Jagadish et al., 2010). “The initial microspore stage following meiosis is the most susceptible to HS, and after seven days of HS (39 °C during the day and 30 °C at night), spikelet fertility was compromised” (Endo et al., 2009). “High temperatures during another phase of anther development, particularly at the meiosis stage of pollen mother cells, can lead to early degeneration and fragmentation of tapetal cells, which negatively impacts microspore nourishment and the formation of pollen walls, ultimately causing the abortion of pollen grains” (Liu et al., 2020). “Elevated temperatures result in the breakdown of tapetum and induce pollen sterility in rice, especially in the developing anthers during the microspore stage” (Endo et al., 2009). “When subjected to high temperatures (40 °C during the day and 35 °C at night) for a duration of 10 days at the meiosis stage of pollen mother cells, both pollen viability and seed setting rates decreased to 21.2% and 51.5%, respectively, in comparison to standard conditions (30 °C during the day and 24 °C at night). During anthesis, high temperatures significantly impede the dehiscence of anthers” (Arshad et al., 2017). “High temperatures are particularly critical during the anthesis stage in rice” (Jagadish et al., 2007; Prasad et al., 2006). “Elevated temperatures in this phase modify the shape of anthers” (Jagadish et al., 2010), reduce anther dehiscence (Tazib et al., 2015), lower the viability of pollen (Endo et al., 2009), decrease the amount of pollen on the stigma , hinder pollen swelling, and lessen pollen germination on the stigma (Endo et al., 2009; Zhu et al., 2017), impede the elongation of pollen tubes (Xu et al., 2020; Zhang et al., 2018a), and shorten stigma length (Jagadish et al., 2010). All these factors severely disrupt the processes of pollination and fertilization, leading to reduced spikelet fertility (Shi et al., 2018). “The occurrence of high temperatures during the reproductive stage of rice can lead to an increase in spikelet sterility by as much as 80%” (Xu et al., 2020). “High temperatures also adversely affect seed set, particularly shortly before or during anthesis” (Prasad et al., 2006). “When temperatures exceed 35 °C for five consecutive days during anthesis, it can result in sterile spikelets and, in severe cases, complete seed loss” (Jagadish et al., 2007); the degree of susceptibility to high temperatures varies based on genetic factors. Additionally, due to differences in organ temperatures, the spikelets on superior stigmas are more likely to be affected by high temperatures than those on inferior spikelets.
“Pollination and fertilization, which involve the separation of the stomium and the opening of the anther followed by the release, placement, and germination of pollen grains on the stigma and the directed growth of pollen tubes, are all related to the fertility of spikelets in rice” (Wu et al., 2019a,b).
“High temperatures interfere with the processes of pollen germination and tube growth by altering the balance of ions (such as Ca2þ), affecting carbohydrate metabolism” (Firon et al., 2006), and changing the concentration of phytohormones in pollen grains (Yan et al., 2002). “During the flowering phase, high temperatures prevent the dehiscence of anthers, hinder pollen germination on the receptive part of the pistil, and slow down the development of the pollen tube within the pistil, leading to inadequate pollination and fertilization, which ultimately results in spikelet sterility” (Coast et al., 2016; Shi et al., 2018;). Anthers that do not dehisce due to high temperatures can become trapped within the locules because of disrupted anther dehydration (Wu et al., 2019a,b) It is widely recognized that pollen grains cannot access indehiscent anthers caused by HS.
“The main reason for spikelet sterility in plants affected by heat stress is the insufficient release of pollen onto the pistil's receptive surface due to limited anther opening” (Wang et al., 2019; Weerakoon et al., 2008). “In order to achieve more than 10 germinated pollen grains, at least 20 pollen grains must be deposited on the stigma” (Kobayashi et al., 2011). “Heat stress hampers the release of pollen from both dehiscent and indehiscent anthers. During the flowering stage, heat stress significantly reduces spikelet fertility in rice plants, with the degree of impact being influenced by the genotype and duration of the heat stress” (Zhang et al., 2018a).
Decline in spikelet number. 
Elevated temperatures hinder spikelet differentiation, exacerbating spikelet degeneration and decreasing their overall number (Jagadish et al., 2013; Wang et al., 2016). According to Wu et al. (2017), high temperatures interfere with spikelet development, which is associated with the production and degradation of cytokines. Additionally, heat stress leads to the accumulation of peroxides in the spikelet, damaging cellular structures and further reducing spikelet numbers. During the panicle initiation stage, heat stress also diminishes pollen production by disrupting anther filling (Wang et al., 2016).
Inhibition of spikelet fertilization 
“High temperatures lead to spikelet infertility by decreasing pollen viability, restricting anther dehiscence, and preventing the germination of pollen tubes” (Coast et al., 2016; Das et al., 2014;Zhang et al., 2018b). “In high-temperature conditions, insufficient anther dehiscence and a low number of pollen grains on the stigma are critical factors that diminish spikelet fertility” (Kobayashi et al., 2011; Matsui and Omasa, 2002; Zhao et al., 2016). “Elevated temperatures impair pollen function as a result of inhibited growth of pollen mother cells and abnormal breakdown of the tapetum” (Abiko et al., 2005; Deng et al., 2010). (Endo et al., 2009) found that temperatures reaching as high as 39 °C lead to poor nutrient storage in pollen grains, which results in low pollen activity; however, normal pollen structure can be restored when there is an accumulation of peroxide and a reduction in carbon-carbon metabolism. The spiklet's fertility rate largely depends on anther dehiscence and the number of pollen grains present on the stigma, though it does not influence pollen activity under heat stress conditions. Heat stress has a more significant effect on pollen activity prior to spikelet flowering, which clarifies the strong correlation between fertilization rates and pollen viability for spikelets subjected to high temperatures” (Wang et al., 2018). In a similar vein, Cao et al. (2015) observed that heat stress (HS) hinders the transport of carbohydrates to pollen, resulting in inadequate pollen filling and reduced activity levels. The number of cell layers in the anther is inversely related to the process of anther dehiscence, according to Matsui and Omasa (2002). Although Satake and Yoshida (1978) presumed that HS did not affect rice stigma viability, Wu et al. (2019b) demonstrated that under 37 °C HS treatment, stigma viability drops to between 65% and 30%. “Exposure to high temperatures for 10 minutes with an open spikelet leads to disrupted osmotic regulation of pollen, which in turn reduces levels of carbohydrates, vitamin C, and proteins, thereby inhibiting pollen tube extension in the stigma” (Coast et al., 2016). High temperatures during flowering and grain-filling impair yield by causing spikelet sterility and shortening the grain-filling period (Wang et al., 2019)
Grain filling 
“The grain filling stage HS has been shown to decrease the weight of grains during the filling process” (Dou et al., 2017). “The reduced grain weight observed in affected plants during this stage has been attributed to a shorter grain filling duration, variations in the filling rate, and a reduction in grain width” (Cao et al., 2016). Heat treatment impairs assimilate production by decreasing the photosynthetic rate (Zhang et al., 2009) and accelerating the senescence of functional leaves, resulting in a diminished transfer of assimilates to the grains; elevated temperatures may also hinder early embryo (Cao et al., 2016) and seed development. The activity of enzymes responsible for starch production is often disrupted by heat stress (Cao et al., 2015). Moderate high temperatures can enhance the rate of grain filling (Dou et al., 2017), “but excessive high temperatures can decrease it; however, both moderate and excessive high temperatures reduce the duration of grain filling, ultimately leading to a lower yield. The reduction in grain weight associated with decreased nonstructural carbohydrates” (Cao et al., 2016), underdeveloped vascular bundles, and smaller glume size has been linked to the yield reduction caused by heat stress during the panicle initiation phase (Zhang et al., 2009). Heat exposure at the stages of panicle formation and grain filling leads to lower grain weight (Wu et al., 2021).

Head Rice Recovery 
“In an experiment carried out in Tamil Nadu, India, it was found that an average increase of 1.2 °C in night temperature resulted in a 24.9 percent decrease in head rice recovery, while a 4.4 °C increase in day temperature was necessary to achieve the same impact on head rice recovery as the increase in night temperature” (Krishnan et al., 2011). Therefore, the study concluded that even a slight rise in night temperature has a detrimental effect on head rice recovery.
Physiological changes 
Research has indicated that heat stress accelerates the growth and development phases of crops (e.g., [Krishnan et al., 2011; Xiong et al., 2013; Zhao et al., 2017]). Additionally, excessively high temperatures diminish crop size and reduce the overall photosynthesis throughout the entire growing period (Stone, 2023). According to Kim et al. (2011), “the premature ending of grain filling under high-temperature conditions was attributed to a decrease in sink capacity rather than leaf aging, leading to a greater allocation of dry matter to leaves and stems. Crop heat stress resulting from heat wave occurrences will impact growth and physiological processes, ultimately leading to reductions in yield and biomass”. “Specifically, photosynthesis and respiration, which are influenced by temperature conditions, can affect the overall biomass of a crop and are often responsible for variations in final yield” (Peng et al., 2004). “Numerous studies have demonstrated that the photosynthetic response to temperature resembles a parabolic curve, where photosynthesis is diminished at both low and high temperatures, while the optimal temperature itself varies seasonally, alongside changing photosynthetic efficiency at different temperatures” (Way et al., 2014). “Increased temperatures can alter the structure and functionality of the plasma membrane, shift the balance between saturated and unsaturated fatty acids, and lead to protein denaturation. This results in heightened fluidity and permeability, compromised membrane integrity, and greater leakage of both organic and inorganic ions from cells” (Higashi and Saito, 2019;Zhu et al., 2017) and due to the inactivation of Rubisco activase, the activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is diminished. 
Conclusion 
[bookmark: _GoBack]Heat stress has impacted the rice lifecycle primarily by interfering with pollination and fertilization, disrupting molecular metabolism, and reducing the duration of the grain filling phase; it has negatively affected global rice production by increasing spikelet sterility, decreasing grain yield, and, in extreme cases, potentially eliminating grain yield altogether (Sabin Shrestha et al., 2022). Heat Stress (HS) has a considerable negative effect on the potential for seed germination, leading to reduced seed viability and ineffective germination. During the tillering phase, high temperatures can lead to a reduction in both tiller number and biomass. Study reported that the optimum temperature for tillering is 25 °C during the day and 20°C at night. Tillers increased with increasing temperature in the range of 15 °C to 33 °C. Study found that temperatures above 33 °C damaged tillering. High temperatures can lead to reduced fertility in rice spikelets. This reduction is primarily due to impaired pollen sterility, issues with anther dehiscence, and failed stigma germination. High temperatures lead to spikelet infertility by decreasing pollen viability, restricting anther dehiscence, and preventing the germination of pollen tubes. In rice, the reproductive phase—which starts with panicle initiation and lasts until physiological grain maturity—is the most vulnerable stage to abiotic stresses. During anthesis, high temperatures significantly impede the dehiscence of anthers leads to spikelet sterility. High temperatures also adversely affect seed set and weight gaining, particularly shortly before or during anthesis. High temperatures interfere with the processes of pollen germination and tube growth by altering the balance of ions (such as Ca2þ), affecting carbohydrate metabolism. Elevated temperatures hinder spikelet differentiation, exacerbating spikelet degeneration and decreasing their overall number. 
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