



Review Article
Mechanisms of Heat Stress Tolerance in Wheat: Integrating Physiological, Biochemical, and Molecular Insights with Breeding Approaches


ABSTRACTWheat (Triticum aestivum L.) is a critical global food staple, but its productivity is increasingly threatened by climate change-induced heat stress (HS). A 1°C rise in temperature can reduce global wheat yields by approximately 6%. This paper reviews the multifaceted impacts of HS, including impaired germination, reduced photosynthetic capacity and reproductive failure. Key tolerance mechanisms involve the production of heat shock proteins (HSPs), which act as molecular chaperones and the activation of antioxidant defense systems to mitigate oxidative damage caused by reactive oxygen species (ROS). Physiological traits like stay-green duration and canopy temperature depression (CTD) are highlighted as effective selection criteria for developing thermotolerant cultivars. Furthermore, the integration of conventional breeding with molecular tools—such as QTL mapping and marker-assisted selection is essential for introgressing heat-tolerant traits from wild relatives and landraces into bread wheat to ensure future food security.
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1. INTRODUCTION
Wheat (Triticum aestivum L.) is one of the most important cereal crops and a member of the family Poaceae (Khan et al., 2025). Cereals play a central role in meeting the food demands of a growing global population, particularly in developing countries, accounting for over 50% of global grain trade and approximately 30% of total grain production (Poudel et al., 2020). Wheat is a self-pollinating, long-day crop (Attique et al., 2024) and serves as a staple food in more than 40 countries. It provides approximately 82% of the global population’s carbohydrate intake and 85% of protein consumption (Riaz et al., 2021).
Globally, wheat is among the most extensively cultivated crops. Between 2018 and 2021, global production ranged from 732.1 to 760.9 million tonnes, cultivated across 213.9 to 219.0 million hectares (Erenstein et al., 2022). Its adaptability to diverse climatic conditions, combined with high productivity and efficient land use, contributes to its prominence among cereal crops. In India, wheat is cultivated during the Rabi season, typically sown in November and harvested between March and April. Uttar Pradesh accounts for the largest share of cultivated area (32%; 9.75 million hectares), followed by Madhya Pradesh (18.75%), Punjab (11.48%), Rajasthan (9.74%), Haryana (8.36%), and Bihar (6.82%). Notably, significant increases in wheat cultivation area have been reported in Madhya Pradesh (27%), Rajasthan (13%), and Jharkhand (51%), largely driven by government procurement policies and increases in the minimum support price (Ramadas et al., 2019; Yadav et al., 2022).
Wheat grains are nutritionally rich, containing macronutrients such as carbohydrates, proteins, and lipids, as well as micronutrients including vitamins, minerals, and phytochemicals. They also provide bioactive compounds and dietary fibre (Sharma et al., 2025). Coloured wheat cultivars are particularly valued for their natural pigments, such as carotenoids and anthocyanins, which exhibit health-promoting and disease-preventive properties (Yadav et al., 2023). Carbohydrates constitute approximately 60–70% of the wheat kernel, predominantly in the form of starch, and serve as a primary energy source in human diets (Shevkani et al., 2017). Proteins represent the second most abundant macronutrient, comprising about 12–15% of the grain, while lipids, concentrated mainly in the germ (2–3%), contribute essential fatty acids that support energy provision and cellular functions. Given projections that the global population will reach 10 billion by 2050, wheat remains critical for ensuring food security (Sharma et al., 2023).
However, global climate change poses significant challenges to sustainable wheat production. Increasing frequency of extreme weather events, including irregular rainfall and elevated temperatures, threatens crop productivity. The development of climate-resilient cultivars, particularly those tolerant to heat, drought, and pests, is therefore essential to sustain future wheat production (Riaz et al., 2021). Climate projections suggest that average global temperatures may rise by up to 6°C by the end of the twenty-first century. Wheat is particularly sensitive to heat stress, with an estimated 6% reduction in yield for every 1°C increase in temperature. Elevated temperatures adversely affect physiological, biochemical, and developmental processes, leading to reduced germination, shortened grain-filling duration, decreased grain number, inhibition of the Rubisco enzyme, diminished photosynthetic capacity, impaired assimilate translocation, premature leaf senescence, reduced chlorophyll content, and ultimately lower yields. Heat stress also negatively influences grain starch and protein composition (Poudel et al., 2020).
Reproductive development in wheat is especially vulnerable to heat stress. Successful pollination and seed set depend on the growth and function of male and female reproductive organs, flowering patterns, and fertilisation processes. Heat-induced yield losses are partly attributable to disruptions in flowering behaviour, including reduced spikelet opening angles, decreased pollen shedding due to impaired anther dehiscence, and altered flowering times, such as early morning or nocturnal flowering, or even complete failure to flower (Liu et al., 2023).
In recent years, wheat has seen greater canopy temperatures (>31 °C) during the reproductive phase, which has hampered several physiological processes, resulting in a shorter crop development cycle and lower yields (Rehman et al., 2021). Heat stress negatively impacts pollen cells and microspores, resulting in male sterility. Depending on the genotype, high temperatures exceeding 30°C during floret growth might result in total sterility in wheat. In wheat, anther generated under three days of heat stress during anthesis resulted in structurally deformed and non-functional florets (Singh et al., 2023).

2. IMPACT OF HEAT STRESS ON WHEAT
Heat stress affects the entire spectrum of plant growth and development, encompassing phenological stages, morpho-physiological traits, developmental processes, biochemical responses, and the genetic potential for yield formation. Plant responses to elevated temperatures are strongly modulated by canopy humidity, which facilitates evaporative cooling; both the duration and intensity of this humidity can substantially influence the extent of stress adaptation (Braun et al., 2010). Rising temperatures are directly associated with reductions in photosynthetic efficiency, ultimately leading to declines in crop productivity (Mathur et al., 2011). However, the impact of heat stress is contingent upon both the duration of exposure and the specific developmental stage at which high temperatures occur (Ball et al., 2012).
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 Figure 1.  Heat stress effect different stage on plant growth (Farhad et al., 2023).
2.1 Morphological and growth responses
Heat stress influences several morpho-phenological processes, including germination, seedling emergence, tillering, floral initiation, pollination, fertilization, and eventually, yield and grain quality (Prasad et al., 2014). Heat stress during the early seedling stage causes poor seedling establishment. At the early vegetative stage of the crop, heat stress lowers root and shoot development, reducing green leaf area and suppressed tiller formation (Gupta et al., 2013). However, these effects become more pronounced at the reproductive stage, where reduced tiller survival ultimately leads to a lower number of effective tillers per plant. Heat stress primarily affects many crops, including wheat, by impeding seed germination and causing poor stand establishment (Hossain et al., 2013). a high temperature of 45°C damages embryonic cells, causing incorrect germination and emergence and ultimately a poor crop stand (Essemine et al., 2010). Plants cultivated in a warm environment yield less biomass than those grown at optimal or low temperatures. Wheat leaf growth and productive tiller formation may be significantly impacted by daytime temperatures of around 30°C and night-time temperatures of about 25°C, respectively (Rahman et al., 2009). High temperatures have an impact on the productive tiller's ability to survive, which lowers production. HS in wheat reduces the number of tillers (15.38%) and grain production (53.57%) (Riaz-ud-Din et al.,2010). These impacts are made worse by heat stress-induced suppression of root growth, which impairs crop production capacity overall (Huang et al., 2012). During the reproductive period, HS has a highly substantial influence (Nawaz et al., 2013). Grain yield loss may increase if the average temperature rises by 1°C during the reproductive stage (Yu et al., 2014). 12°C to 22°C is the ideal temperature range for blooming and grain filling (Sharma et al., 2013). When heat stress occurs during meiosis, it damages the early stages of gametogenesis (Ji et al.,2010). At the period of floral initiation, heat stress adversely affects the development of pollen cells and microspores (Kaur et al., 2010). The grain filling rate and duration, which are extremely sensitive to heat stress, determine the grain development phenomenon (Gourdji et al., 2013). Wheat's life cycle is shortened in heat stress compared to normal temperature conditions (Alam et al., 2014). A temperature increase of 1°C to 2°C reduces seed weight because it shortens the time it takes for grains to fill (Nahar et al., 2010). Grain yield loss of up to 23% can occur from short-term heat stress during grain filling (Mason et al.,2010). HS has a detrimental effect on grain quantity and quality. Grain numbers are reduced in HS conditions, which lowers the harvest index (Lukac et al., 2012). Grain quality is decreased as a result of heat stress-induced decreases in assimilate synthesis and remobilization (Lizana et al., 2013). The detrimental effects of high temperatures on the growing process significantly lower wheat productivity (Janjua et al., 2010). Grain production can be significantly reduced when wheat is exposed to ambient temperatures (>35°C) for a brief length of time (Sharma et al.,2017).
2.2 Effect on wheat physiology
Photosynthesis is the physiological process most adversely affected by elevated temperatures in plants. In wheat, the stroma and thylakoid lamellae are particularly susceptible to heat stress (Mathur et al., 2014). Key components of the photosynthetic apparatus, including ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), Rubisco activase, and Photosystem II, undergo irreversible alterations at temperatures approaching 40°C (Mathur et al., 2011). Notably, Rubisco activity has been reported to decline markedly within seven days of exposure to heat stress conditions (Kumar et al., 2016), while degradation of Rubisco activase further diminishes photosynthetic capacity (Raines et al., 2011). Heat stress also affects thylakoid membrane fluidity, leading to the dissociation of light-harvesting complex II from Photosystem II (Iwai et al., 2010).
Efficient plant growth and development depend on the translocation of photosynthates from source tissues to sink organs. Under elevated temperatures, assimilate transport is impeded due to compromised membrane integrity, resulting in reduced translocation efficiency. The movement of water-soluble carbohydrates to reproductive sinks is essential for grain growth and development (Talukder et al., 2014), and any limitation at the source or sink level adversely affects seed set and grain filling (Lipiec et al., 2014). Under heat stress-induced source limitations, plants may rely on alternative mechanisms, such as carbohydrate remobilisation from stems to developing grains. This process is particularly enhanced under pre-anthesis heat stress and can partially mitigate reductions in grain starch accumulation during post-anthesis stress (Wang et al., 2012; Akter et al., 2017). Furthermore, elevated temperatures alter the solubility of CO₂ and O₂, increasing oxygen availability and thereby promoting photorespiration in wheat flag leaves (Almeselmani et al., 2012).
Leaf senescence, a natural ageing process, is accelerated under heat stress conditions. It is characterised by vacuolar collapse, loss of membrane integrity, and disruption of cellular homeostasis (Khanna et al., 2012). Prolonged exposure to moderate heat stress induces gradual senescence, whereas short-term exposure to extreme temperatures leads to protein denaturation and aggregation, often resulting in plant mortality (Hasanuzzaman et al., 2013). Heat stress at later growth stages further accelerates senescence, partly due to reduced chlorophyll biosynthesis at temperatures around 34°C (Haque et al., 2014; Pandey et al., 2019).
High temperatures also disrupt plant water relations by lowering osmotic potential, leading to cellular dehydration (Ahmad et al., 2010). Canopy temperature influences transpiration rate, stomatal conductance, and leaf relative water content (Sharma et al., 2019). Chlorophyll fluorescence, which is closely associated with photosynthetic efficiency and yield, serves as a useful indicator for selecting heat-tolerant genotypes. Traits such as canopy temperature and chlorophyll fluorescence are therefore valuable in breeding programmes aimed at improving heat tolerance (Pandey et al., 2019). Additionally, deeper root systems are often associated with improved canopy temperature regulation under drought and high-temperature conditions (Lopes et al., 2010). Comparative studies have demonstrated that heat-tolerant wheat genotypes exhibit higher proline accumulation under stress conditions, whereas heat-sensitive genotypes show significant reductions in chlorophyll content and leaf area index (Dhyani et al., 2013).
Heat stress also induces the overproduction of reactive oxygen species (ROS), which are highly reactive and can cause oxidative damage to DNA, lipids, and proteins, thereby impairing cellular function. Oxidative stress significantly reduces membrane thermostability, with reported declines of up to 54% under heat stress conditions (Savicka et al., 2010). The accumulation of ROS promotes protein denaturation and lipid peroxidation, leading to increased membrane permeability and further exacerbating cellular damage (Cossani et al., 2012).
2.3 Effect on wheat biochemistry 
Starch constitutes the principal component of wheat grains and is composed of two polysaccharides, amylose and amylopectin. The amylose content is a critical determinant of starch quality, as variations in its proportion influence the functional properties of starch. Elevated temperatures have been associated with increases in amylose concentration and in the amylose-to-amylopectin ratio (Sharma et al., 2015). Starch biosynthesis is regulated by key enzymes, notably starch synthase and ADP-glucose pyrophosphorylase (AGPase). Starch synthase occurs in two forms: soluble starch synthase and granule-bound starch synthase (Sharma et al., 2019). Exposure to high temperatures can reduce grain starch content by up to one-third of the total endosperm starch, primarily due to diminished enzymatic efficiency (Liu et al., 2011). In particular, decreased activity of soluble starch synthase at temperatures around 40°C leads to reduced starch accumulation and smaller grain size (Chauhan et al., 2011). However, Sharma et al. (2018) reported that while reductions in soluble starch synthase activity up to 30°C may alter starch composition, they do not necessarily affect overall starch deposition; furthermore, granule-bound starch synthase appears to be relatively stable under heat stress conditions. Consistent with these findings, Asthir and Bhatia (2014) observed that although total soluble sugars and protein content increased under heat stress, starch accumulation in wheat grains declined significantly.
Grain protein composition and concentration are also critical determinants of wheat quality. Some studies suggest that total protein content remains relatively stable under heat stress (Lizana et al., 2013), whereas others report increases in grain protein concentration associated with enhanced essential amino acid fractions, elevated leaf nitrogen content, and improved sedimentation index under high-temperature conditions (Iqbal et al., 2017).
In summary, a comprehensive understanding of the effects of elevated temperatures on key biochemical processes, particularly starch biosynthesis and protein metabolism, is essential for maintaining wheat yield and grain quality under changing climatic conditions. Further investigation into the molecular mechanisms regulating these processes will be crucial for enhancing heat tolerance and ensuring future food security.
3. HEAT TOLERANCE MECHANISM IN WHEAT
Plants adapt to heat stress through three main strategies—avoidance (reducing heat exposure), escape (completing their life cycle before severe stress occurs) and tolerance (withstanding high temperatures through physiological and biochemical mechanisms). Heat tolerance is described as a plant's ability to survive, grow and provide an economic yield in high temperatures. Heat tolerance mechanisms include antioxidant defense, the production of Heat Shock Proteins (HSPs), and the ability to stay green under high-temperature stress (Poudel et al., 2020). To cope with stress, plants have evolved a range of adaptive mechanisms at both physiological and molecular levels, including short-term avoidance and acclimation strategies such as leaf orientation, transpirational cooling, and membrane lipid adjustments, as well as long-term tolerance mechanisms like efficient ROS-scavenging antioxidant systems. These stress-responsive processes assist to protect and repair damaged proteins and membranes, hence conferring HS tolerance in plants (Yadav et al., 2022).
3.1 Heat Shock Proteins  
Heat stress causes stresses that impair essential metabolic processes such DNA replication, transcription, protein transport and translation. HSPs play an important function in heat stress by attaching to denatured proteins, inhibiting protein aggregation and allowing their reformation under favourable conditions (Narayanan et al., 2018). These proteins act as molecular chaperones, stabilizing partially unfolded or denatured proteins and preventing denaturation and aggregation during heat shock (Pang et al.,2020). HSPs perform a variety of heat stress-related tasks, including transcriptional activation and gene expression regulation via processes like as temperature sensing, signal transduction and DNA binding (Cha et al., 2020). HSP20, HSP60, HSP70, HSP90 and HSP100 are five HSPs that have different properties (Kumar et al., 2020). The increase of HSP70s and cytoskeletal proteins in pollen tissues has been associated to fertility restoration in hot settings (Masoomi et al., 2021). HSP70 expression is also associated with increased overall antioxidant capacity and decreased cell membrane stability. While HSP60 and HSP70 are highly conserved specialized proteins that resist HS, HSP20 drives the degradation of incorrectly folded proteins. During heat stress, HSP90, also known as ClpB, plays a role in signalling protein trafficking and activation. The heat- and drought-tolerant Indian wheat cultivar C−306 exhibits 7.6 times greater levels of TaHsp90 gene expression under high temperature conditions (37 ◦C and 42 ◦C) (Zheng et al., 2025). Correct protein folding and disaggregation are facilitated by HSP100 (Cheng et al., 2016). When heat-tolerant wheat cultivars are treated with HS, their growing grains have higher levels of HSP100 than heat-susceptible cultivars (Sumesh et al., 2008). Heat-resistant and heat-susceptible wheat genotypes differ phenotypically by 29.89% in grain weight per spike due to a Single-Nucleotide Polymorphism (SNP) in the heat shock protein HSP16.9 (Garg et al., 2012). Small HSP (SmHSP), which is present in the nucleus, mitochondria, chloroplast, endoplasmic reticulum, cytoplasm, and HSP100, HSP90, HSP70, HSP60 and HSP40 are the six distinct structures of the majority of HSPs produced by eukaryotic organisms. According to current knowledge, the wheat genome has 753 HSP genes, including 169 TaSHSPs, 273 TaHSP40s, 95 TaHSP60s, 114 TaHSP70s, 18 TaHSP90s and 84 TaHSP100s (Kumar et al., 2020).

3.1.1 Transcription Factors Associated with Heat Shock Response  
The primary regulators of HSR and the primary regulators of HSP expression are heat shock transcription factors (HSFs) (Haider et al.,2022). Inhibitory interaction with HSPs, including HSP70, suppresses the activity of HSFs, which are normally found in a monomeric state (Fragkostefanakis et al., 2015). But when HS occurs, the HSPs separate from HSFs and attach to proteins that have been misfolded or unfolded. After being released, the HSFs enter the nucleus, trimerize and get phosphorylated. Heat shock elements (HSEs) found in target gene promoters are then bound by the trimerized HSFs to activate HSR (Scharf et al.,2012). The genomes of plants contain several HSF members; for example, wheat has 61 HSF genes (ye et al., 2020). Plant HSFs are categorized into three classes (A, B and C) according to the unique characteristics of their HR-A/B (hydrophobic associated A/B) area. Between their A and B sections, class A and C HSFs have insertions of amino acid residues. There are seven residues in class C compared to twenty-one in class A (Guo et al.,2016). Many HSPs and other heat stress defense proteins, including Golgi anti-apoptotic protein (GAAP) and the wide Rubisco-activase isoform, are upregulated in wheat when the heat shock transcription factor TaHsfA6f is overexpressed (Xue et al., 2015).
3.2 Reactive oxygen species and antioxidative defense mechanism
Unfavourable reactive oxygen species (ROS), such as singlet oxygen, superoxide and hydroxyl radical, are produced by heat stress and have an impact on the plant (Marutani et al., 2012). Redox homeostasis, the balance between ROS generation and scavenging, is present in normal cells (Suzuki et al., 2012). Oxidative stress is the state in which a cell experiences stress when the amount of ROS produced exceeds its ability to scavenge them (Mullineaux et al., 2010). Additionally, oxidative stress may arise from a reduction in the cell's ability to scavenge free radicals (Xin et al., 2019). Increased ROS production brought on by Heat stress results in lipid peroxidation, protein oxidation, damage to nuclei, altered membrane potential (depolarization), obstructing enzyme function, and initiating programmed cell death (Poudel at al.,2020). Heat stress-associated rise in ROS signals to activate the enzymes involved in free radical scavenging, hence turning on the antioxidative defense mechanism (Kumar et al., 2012). Antioxidative defense systems must detoxify ROS in order to protect plants from oxidative damage (Xin et al., 2019). Several enzymatic and non-enzymatic antioxidants contribute to the development of plants' very powerful antioxidant defense mechanism (Puthur et al., 2016). Ascorbic acid, glutathione, tocopherols, carotenoids and phenolic compounds are examples of non-enzymatic antioxidants, whereas superoxide dismutase (SOD), ascorbate peroxidase, catalase (CAT), glutathione peroxidase (GPX), glutathione reductase (GR) and peroxidase (POX) are examples of enzymatic antioxidants (Suzuki et al., 2011). These antioxidants scavenge ROS in distinct ways. The kind of stress that plants experience determines the kind of antioxidant enzymes that are produced. SOD, CAT and POX activities all rise under heat stress (Ibrahim et al., 2013). Balla and associates. According to reports, the cultivar that shown heat stress tolerance had higher levels of S-transferase (GST), APX, and CAT activity (Ball et al., 2009).  Electrons from the electron transport chain in mitochondria, chloroplasts and the plasma membrane inevitably leak out. ROS are created when O2 accepts an electron that has leaked or as a byproduct of various metabolic processes that are specific to various cellular areas (Heyno et al., 2011). Superoxide, also known as singlet oxygen, is created when an oxygen molecule absorbs the released electron. Superoxide radicals can either spontaneously dismutate or catalyse the conversion of superoxide to hydrogen peroxide or they can reduce the metal ions (Fe3+ and Cu2+) that are present in cells. Through the Haber-Wiss reaction, hydrogen peroxide is transformed into •OH. This response is governed by two phases. Superoxide radicals decrease the metal ion in the first step and the reduced metal ion next reacts with hydrogen peroxide to form • Oh. The latter phase is referred to as the Fenton reaction. Compared to other ROS, •OH is more reactive (Sharma et al., 2012). Higher synthesis of •OH can cause cell death because there is no enzymatic system that can remove it (Tiwari et al., 2017). However, APX and CAT, as well as other peroxidase classes like guaiacol peroxidase, can scavenge hydrogen peroxide and reduce the •OH. Even while the generation of ROS is linked to oxidative stress, it can also act as a signalling molecule in response to various abiotic stressors and promote tolerance to those stressors. As a result, ROS should be kept at a level that prevents oxidative damage rather than being totally eradicated (Poudel et al., 2020).
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Figure 2. Development of heat tolerance responses and mechanism under Heat stress in wheat
3.3 Delayed leaf senescence/ stay green
Plants that exhibit delayed senescence or stay green, a crucial feature for genetic progress, are more able to withstand abiotic stress. The rate of degradation of chlorophyll determines the rate of senescence. Consequently, photosynthesis is hampered, which leads to lower yields. Two categories of "stay green" characteristics exist: (1) Non-functional or cosmetic stay-green traits are characterised by the retention of leaf colour despite a decline in photosynthetic activity, resulting from impairment of the chlorophyll (Chl) degradation pathway (type C). In contrast, functional stay-green traits are of agronomic significance, as they maintain photosynthetic capacity relative to standard genotypes, either through delayed onset of senescence (type A) or by reducing the rate of senescence (type B) (Abdelrahman et al., 2017).
The delayed senescence, or stay-green, trait has been investigated across several crop species; however, successful breeding efforts have been largely confined to a limited number of crops, including wheat and sorghum. In wheat, delayed senescence has been associated with the TaNAM gene, which encodes a NAC-type transcription factor. RNA interference (RNAi) lines targeting TaNAM exhibit delayed senescence, although this is accompanied by reduced nutrient remobilisation from leaves (Waters et al., 2009).
A strong positive correlation has been reported between delayed senescence (stay-green characteristics) and grain yield in wheat genotypes (Kumari et al., 2013). For example, wheat genotypes such as ‘Dena’ and ‘Vee/Nac’ demonstrate a significant positive association between stay-green traits—such as chlorophyll content and flag leaf area—and yield-related parameters, including grain filling rate and total grain weight. This relationship is attributed to sustained photosynthetic activity under heat stress conditions (Zarei et al., 2013).
Grain yield, grain filling rates and HS tolerance were all strongly positively correlated with a stay green QTL (44 loci) of the "Seri/Babax" wheat mapping population grown in a heat stress environment. In general, delayed senescence/stay green features show promise for identifying and creating thermotolerant wheat cultivars, which could maintain wheat productivity in the face of heat stress (Yadav et al., 2022).
3.4 Canopy temperature depression (CTD)
CTD is the difference between canopy and air temperature and well-irrigated wheat plants may transpire, keeping their canopies cooler. The vapour pressure deficit has a significant impact on CTD, while net radiation, air temperature and wind speed have little effects (Smith et al.,1986). CTD is affected by biological and environmental elements, such as soil water status, wind, evapotranspiration, cloudiness, conduction systems, plant metabolism, air temperature, relative humidity and continuous radiation (Reynolds et al.,2001). has ideally been measured under conditions of high vapour pressure deficit, high air temperature and low relative humidity (Amani et al.,1996). CIMMYT started measuring CTD on various irrigated experiments in Northwest Mexico by the end of 1980. There were occasionally favourable phenotypic connections between CTD and grain yield (Fischer et al., 1998). In wheat breeding, CTD has been utilized as a selection criterion for drought and high temperature stress tolerance. Mass selection is often employed in early generations such as F3. First, bulks with a cool canopy and a high CTD value are chosen for the F3 generation. Subsequently, among bulks with cool canopies within the same selection generation, single plants with high stomata conductance (g) are chosen. Consequently, the same breeding program uses both of these features (Reynolds et al.,2001). A key physiological concept for wheat's ability to withstand high temperatures is the cool canopy during the grain filling stage (Munjal et al., 2003). CTD was measured at 12, 14 and 16 hours on bright, sunny days at 7-day intervals as a selection criterion for heat tolerance. According to correlation research, CTD also revealed a substantial link with yield characteristics- such as biomass (r = 0.81), grain yield (r = 0.84) and GFD (r = 0.78) (Kumari et al., 2013).
3.5 Acquired Thermo-Tolerance and Temperature Sensing and Signalling
Acquired thermotolerance refers to the ability of plants to develop tolerance to otherwise lethal heat stress (HS) following prior exposure to sub-lethal temperatures. The plasma membrane functions as the primary sensor of temperature fluctuations, enabling early detection of moderate thermal changes and triggering the transient activation and depolarisation of specific heat-sensitive Ca²⁺ channels (Saidi et al., 2009). Among these, cyclic nucleotide-gated channels (CNGCs), encoded by CNGC genes, have been identified as key components in temperature sensing (Finka et al., 2014).
Under natural conditions, plants are typically exposed to gradually increasing temperatures, ranging from sub-lethal to potentially damaging levels. This progressive exposure induces a series of physiological and biochemical adjustments that facilitate the acquisition of thermotolerance. Studies in Arabidopsis mutants have demonstrated that, in addition to heat shock proteins (HSPs), such as HSP32 and HSP101, other regulatory pathways—including those involving abscisic acid (ABA), reactive oxygen species (ROS), and salicylic acid (SA)—contribute significantly to acquired thermotolerance (Charng et al., 2006).
The heat shock response (HSR) represents a fundamental adaptive mechanism in plants, characterised by transient reprogramming of gene expression in response to elevated temperatures. Although optimal growth temperatures vary among species, all plants exhibit HSR when exposed to temperatures beyond their physiological optimum (Finka et al., 2014). This response involves the synthesis of a range of HSPs alongside the restoration of normal protein synthesis. However, under prolonged heat stress, the transient nature of HSP synthesis may lead to attenuation, inactivation, or diminished responsiveness of the signalling pathways involved (Qin et al., 2008). Owing to the complexity of heat stress tolerance, the precise contribution of HSPs to thermotolerance remains difficult to delineate.
In addition to intrinsic mechanisms, plant growth-promoting rhizobacteria (PGPR) have been reported to enhance thermotolerance in wheat through multiple physiological pathways, including reduced ROS accumulation, minimised membrane damage, and maintenance of chloroplast structure and function, as well as through the action of redox enzymes and osmolytes (Sarkar et al., 2018). Acquired thermotolerance thus represents a critical adaptive strategy, mediated by extensive reprogramming of gene expression. Effective stress tolerance depends on the timely perception of stress signals and the activation of downstream signal transduction cascades.
[bookmark: _GoBack]Advances in gene expression analysis and genetic studies have identified numerous signalling networks involved in heat stress responses (Cominelli et al., 2005). Plants possess diverse sensing and signalling systems, some highly specific to particular stresses, while others participate in cross-talk between multiple pathways. Central to these processes is the cellular redox system, which maintains a balance between oxidants and antioxidants. Genome-level reprogramming has been shown to activate signalling cascades involving ROS, Ca²⁺ ions, and phytohormones (Suzuki et al., 2006).
Temperature-induced alterations in membrane physical properties play a pivotal role in heat perception and signal transduction. Heat stress induces changes such as thylakoid membrane rigidification and shifts in the ratio of saturated to unsaturated fatty acids, which in turn influence enzyme activity and gene expression, including the induction of HSPs (Ramakrishna et al., 2022). The thylakoid membrane, owing to its high content of unsaturated fatty acids and temperature-sensitive photosystems, has been proposed as a critical heat-sensing structure (Sung et al., 2003).
Calcium ions (Ca²⁺) act as ubiquitous intracellular secondary messengers in plant signalling pathways. The influx of Ca²⁺, together with calcium-dependent protein kinases (CDPKs), regulates the expression of HSPs and plays a central role in temperature sensing and signal transduction under heat stress conditions (Kumar et al., 2019).
4. BREEDING AND SELECTION
Breeding and selection have long been used to introduce desirable traits into crops and can be effectively applied to develop wheat cultivars resistant to terminal heat stress. Although cultivated bread wheat has limited genetic variation for heat tolerance, its wild relatives such as durum wheat (Triticum turgidum subsp. durum) and Aegilops tauschii possess substantial diversity that can be exploited to improve tolerance in hexaploid wheat (Li et al., 2014; Sharma et al., 2014). Integration of conventional breeding with physiological and biotechnological approaches can enhance the development of high-yielding genotypes under high-temperature stress (Farooq et al., 2011). Heat stress adversely affects yield through impacts on biomass, ground cover, canopy temperature, and grain filling duration (Khan et al., 2014), making these traits useful selection criteria, alongside reliable screening based on yield efficiency (Sharma et al., 2016). Landraces, being well adapted to harsh environments, serve as valuable genetic resources, as exemplified by ‘Aragon 03’ (Royo et al., 2011), and their incorporation into breeding programs can improve stress tolerance (Lopes et al., 2015). Maintenance of grain weight during grain filling is a key indicator of heat tolerance, as stress primarily reduces grain size and weight rather than grain number at anthesis (Weldearegay et al., 2012), and selection based on grain number and single grain weight has been recommended (Schmidt et al., 2020). Secondary traits such as photosynthetic rate, membrane stability, and stay-green character are also critical (Kumari et al., 2013; Nawaz et al., 2013). Cell membrane stability, assessed through ion leakage, along with chlorophyll fluorescence and membrane thermostability (e.g., in Ventor; Talukder et al., 2014), are reliable indicators of tolerance. Additionally, osmolyte accumulation (particularly proline) in genotypes such as K-0-307 and HS 240 (Dhyani et al., 2013) and the expression of heat-shock proteins (Farooq et al., 2011) further contribute to heat stress adaptation. Overall, effective breeding strategies should focus on these physiological and yield-related traits, along with the utilization of adapted landraces, to enhance terminal heat tolerance in wheat.


TABLE 1. Potential traits/characteristics for screening wheat for heat tolerance during the reproductive stage
	Sr. No.
	Traits/Characteristics
	References

	1
	Photosynthesis, stomatal conductance
Photosynthesis rate
	(Radhika et al., 2014),(Dwivedi et al., 2017)

	2
	Leaf chlorophyll content, chlorophyll fluorescence
	(Bhusal et al., 2018), (Pandey et al., 2015)

	3
	Canopy temperature depression

	(Paliwal et al., 2012),(Sharma et al., 2018)

	4
	Membrane thermostability

	(Talukder et al.,2014),(Dwivedi et al., 2017) (Sharma et al., 2018)

	5
	Days to heading
	Sharma et al., 2013),( Sharma et al., 2018)

	6
	Days to maturity
	(Sharma et al.,2013), (Sharma et al., 2018)

	7
	Number of tillers per plant, grain yield per plant, spike length
	(Sharma et al., 2018)

	8
	Stay-green duration
	(Lopes et al., 2012),(Nawaz et al., 2013), (Bahar et al., 2011)

	9
	Membrane stability
	(Dhanda et al., 2012),(Talukder et al., 2014)

	10
	Number of fertile spikes
	(Khan et al., 2015),( Bennani et al., 2016)

	11
	Harvest index
	(Laghari et al., 2016)

	12
	1000-grain weight
	(Laghari et al., 2016), (Paliwal et al., 2012), (Sharma et al., 2018)

	13 
	Grain weight
	(Bennani et al., 2016),(Sareen et al., 2012), (Pandey et al., 2014)

	14
	Grain-filling rate
	(Nawaz et al., 2013),( Song et al., 2015), (Pandey et al.,2014),(Khan et al., 2015)

	15
	Grain-filling duration
	(Song et al., 2015), (Dwivedi et al., 2017), (Nawaz et al., 2013)

	16
	Biomass, spikes number per unit area
	(Khan et al., 2015)

	17
	Spike photosynthesis
	(Cossani  et al., 2012)

	18
	High-temperature index/heat susceptibility index, pollen viability
	(Dwivedi et al., 2017)

	19
	Antioxidant activity
	(Brammer  et al., 2016)

	20
	Stem carbohydrate remobilization
	(Cossani et al., 2012),(Dwivedi et al., 2017)

	21
	Biomass production
	(Khan et al., 2015)



4.1 Conventional Breeding Approach
Conventional breeding relies on detailed phenotypic characterization of germplasm under stress conditions, with the availability of genetic variation being essential for heat stress breeding. Although limited variation for heat tolerance exists in cultivated wheat (Farooq et al., 2011), this is largely due to the use of a narrow genetic base in modern cultivars (Comastri et al., 2018). In contrast, wild relatives such as Aegilops speltoides, Ae. longissima, Ae. searsii, Triticum dicoccoides and T. monococcum possess substantial diversity for heat tolerance traits (Ni et al., 2018; Pradhan et al., 2012). Landraces, known for their adaptation to harsh environments and higher chlorophyll content, are valuable resources, and their use in breeding programs has gained importance (Ortiz et al., 2007). Pre-breeding facilitates the introgression of heat tolerance traits from wild relatives into bread wheat, although its progress is constrained by linkage drag and slow advancement (Farooq et al., 2011; Xu et al., 2017). Selection under heat stress is effective for highly heritable traits associated with grain yield (Mathur et al., 2014), but direct selection is challenging due to the polygenic nature and low heritability of yield traits. Therefore, indirect selection using proxy traits such as canopy temperature depression, photosynthetic rate, flag leaf stomatal conductance, membrane thermostability, and chlorophyll fluorescence is preferred (Xu et al., 2017). Growth and phenological traits like rapid ground cover, early flowering, and heat susceptibility index (HSI) are also important, with lower HSI values (<1.0) indicating better tolerance (Yadav et al., 2022). Physiological traits including spike photosynthesis, chlorophyll content, membrane stability, stay-green duration, stem reserve mobilization, pollen viability, and antioxidant activity contribute to heat tolerance (Dubey et al., 2020). Early heading genotypes help escape terminal heat stress, while traits like stay-green, membrane stability (electrolyte leakage), and TTC reduction provide rapid screening methods (Akter et al., 2017). Root architecture also plays a critical role, as deeper and well-developed root systems enhance water uptake, promote transpirational cooling, and reduce canopy temperature under stress (Choudhary et al., 2020). Given the complexity of heat tolerance, selection indices such as HSI are effective tools for identifying stable genotypes, with values ≤0.5 indicating higher tolerance (Ni et al., 2018). Recent indices based on thousand-grain weight and grain filling duration further support the selection of genotypes performing consistently under both stress and optimal conditions (Fleitas et al., 2020).

4.2 Molecular Breeding  
Traditional breeding methods are limited by the time commitment. Molecular techniques, which are an effective tool for supporting climate-resilient breeding, can help overcome these constraints (Gourdji et al., 2013). Because of their high polymorphism, co-dominant character, uniform distribution throughout the genome and relatively high abundance, simple sequence repeats (SSRs) were perfect markers for both diversity assessment and QTL mapping. However, single nucleotide polymorphisms (SNPs) have gradually replaced SSRs in recent years due to the development of less expensive sequencing tools.

4.3 QTL Analysis
The process of constructing linkage maps and conducting QTL analysis i.e., to identify genomic regions associated with traits by using molecular markers is called QTL analysis. The mapping population, a segregating population created utilizing parental lines displaying contrast for heat stress tolerance associated characteristics, is used in QTL analysis for heat stress tolerance associated traits. Therefore, the screening of germplasm yields the parents who are susceptible to and tolerant of heat stress, which is the raw material for QTL analysis. The identification of both large and small genomic areas that confer heat stress tolerance has advanced quickly thanks to QTL analysis (Collard et al., 2008). In 1991, QTL mapping for HS tolerance in wheat was started using Langdon chromosome replacement lines, which led to the discovery of HS tolerant genes on chromosomes 3A and 3B. The same chromosomes were later discovered to include the genes for HS tolerance provided by wheat cultivar (cv) Hope in a different QTL mapping investigation (Xu et al., 1996). Later, many QTLs for characteristics linked to HS were discovered in wheat. However, the majority of QTLs have little impact and their direct transfer is challenging due to the wide genomic intervals that span them. But some significant QTLs have also been found. Major QTLs are easily transferable and can be further targeted through detailed mapping to identify potential genes (Choudhary et al., 2019). Thylakoid and plasma membrane damage, as well as chlorophyll content, are features linked to HS tolerance that were mapped in wheat using SNP-based research in order to identify QTLs. Two significant QTLs for SPAD chlorophyll content (QHtscc.ksu-7A) and thylakoid membrane damage (QHttmd.ksu-7A) were found in the study, with 7A showing phenotypic variance of more than 30% (Talukder et al., 2014). Another useful measure of HS resistance is chlorophyll fluorescence kinetics (CFKs). In light of this, mapping research in a double haploid (DH) population revealed QFm.cgb-4A, a significant QTL for maximum fluorescence, which is provided by Hanxuan10. These significant QTLs will help uncover the molecular underpinnings of the kinetics of chlorophyll fluorescence (Asthir et al., 2014). Additionally, Sharma et al. (2017) identified three main QTLs explaining more than 20% of phenotypic variance for the maximal quantum efficiency of photosystem II (Fv/Fm ratio) using a non-destructive method (Haque et al., 2014). In HS tolerance breeding projects in wheat, the recently discovered main QTLs for grain yield per plant, QGYPHS1, thousand kernel weight, QTGW-2A.1 and grain yield, QYld.aww-1B.2, can be targeted for introgression in addition to the previously reported key QTLs (Malik et al., 2019).
4.4 Marker-Assisted Selection (MAS)
Since heat stress tolerance is a complicated mechanism, numerous QTL analysis studies in wheat identified many minor QTLs but few main QTLs. The introduction of identified QTLs in elite cultivars using a rapid and easy method is the next stage in heat stress resistance breeding. By using indirect selection (via linked markers) to identify (track) the target genes (QTLs) in lines, cultivars and breeding populations at an early stage of crop development regardless of the target environment, MAS is a quick crop improvement strategy (Jiang et al., 2013). MAS-based methods include genome-wide association studies (GWAS), genomic selection (GS), marker-assisted backcrossing (MABC) and marker-assisted recurrent selection (MARS). The two main molecular breeding techniques that have been more effectively used to the development of climate-resilient maize cultivars are MABC and MARS (Beyene et al., 2016). As would be expected for complex traits, many QTLs for heat stress tolerance have been found in many crops over the past ten years. However, the majority of these QTLs have little influence, which has hampered the genetic benefits in breeding cultivars that are heat stress tolerant. In rice, key QTLs for abiotic stress tolerance have been reported to be introgressed using MABC (Vivitha et al., 2017). Using a foreground selection strategy, elite cultivars of wheat, HD 2733 and GW 322, were targeted for introgression of discovered QTLs for heat stress tolerance linked characteristics, such as canopy temperature depression, chlorophyll content, thousand kernel weight and grain yield. Over 90% of the elite parent was recovered in the progenies from two backcrosses, according to background selection. Heat stress tolerance in several site trials requires additional characterization of the lines (Jain et al., 2014). New cultivars of bread wheat and durum wheat that can tolerate severe heat stress have been released as a result of the identification of essential genes governing heat stress tolerance in common wheat (Tadesse et al., 2019), such as the cultivar Faraj, which can maintain yield under heat stress and drought circumstances (Hassouni et al., 2019). An excellent source of advantageous alleles for abiotic stressors is wild relatives. A clue to investigate wild relatives in heat stress breeding in wheat was provided by the introgression of drought-resistant QTLs from wild emmer wheat to elite durum and bread wheat, which resulted in improved drought tolerance in introgressed progenies in drought stress ecology. Additionally, molecular breeding for the discovery and functional validation of candidate genes will be accelerated by the development of omics techniques and the availability of less expensive sequencing platforms (Muthamilarasan et al., 2013). Additionally, highly dense markers that have made it possible to map QTLs at high resolution in GWAS and GS investigations have been made possible by the quickly developing next-generation sequencing technology (Choudhary et al., 2019). Positional cloning, chromosomal walking of significant QTLs and transcriptome profiling of the heat stress tolerant and susceptible genotypes can all be used to identify candidate genes for heat stress tolerance. By carrying out QTL mapping experiments under both optimal and stressful conditions, consensus QTLs can also be found. Climate-smart cultivars may result from the introgression of identified consensus QTLs (Varshney et al., 2014). To create multiple-stress tolerant cultivars, the chosen heat stress-tolerant cultivars must also be screened against other stresses, such as drought, waterlogging and mineral shortage. While QTL mapping is a useful method for finding heat stress tolerant genes, Meta-QTL analysis, which is based on a meta-analysis of many individual research for the relevant characteristic, is a more statistically powerful method for discovering chromosomal areas. For variables associated with heat stress and drought stress tolerance, a QTL meta-analysis was conducted utilizing data from thirty distinct research (Mitchell et al., 2010). In order to clarify the potential involvement of ethylene hormone in spike development in bread wheat under stress circumstances, Valluru et al. (2016) carried out an SNP-based GWAS analysis in a panel of 130 different wheat germplasm. A total of 37 significant SNPs were found under HS for the spike ethylene production in wheat germplasm, which was found to vary significantly. Therefore, wheat cultivars that can release less ethylene under heat stress may be able to sustain higher yields (Valluru et al., 2016). The GS method relies on using genome-wide SNP marker data to create a genomic prediction model for quick and precise progeny selection. Therefore, GS boosts yearly genetic gains via selection by reducing cycle duration and phenotyping frequency. Heat stress breeding has gained momentum to find the causative SNPs for phenotypes associated with heat stress tolerance since the GS method was discovered. However, compared to other important crops, wheat saw less usage of GS since it is a self-pollinating crop that depends on population selection in early segregating generations. This is because most crosses are destroyed at early stages. The application of the GS technique in wheat can be highly successful with few changes. A comparatively better strategy for the introgression of heat stress adaptive genes from diverse germplasm is the integration of recurrent mass selection with GS in advanced generations (F3 or F4 with high throughput phenotyping or phenotypic selection in preceding generations, i.e., F2 and F3), thereby achieving further higher genetic gains for heat stress tolerance in wheat (Crossa et al., 2017). The completion of the bread wheat genome's annotated reference sequence identified 107,891 high-confidence genes, which will probably hasten the breeding process for heat stress resilience (Appels et al., 2018). Additionally, the use of a speed breeding technology that considerably speeds up generations under controlled conditions may further accelerate the development of heat stress-tolerant wheat cultivars, allowing for the advancement of 5–6 generations annually (Watson et al., 2018).
4.5 Genetic Engineering
Genetic engineering, sometimes known as transgenic breeding, is an alternate technique for developing heat stress-tolerant wheat cultivars (Ni et al., 2018). Transgenic breeding also addresses linkage drag. Furthermore, genetic engineering can introduce variation for a target feature that does not present in a particular species. However, the relatively complex genetic pattern in wheat has slowed the advancement of heat stress tolerance breeding (Sukumaran et al., 2018). Heat stress causes an increase in the building of elongation factor (EF-Tu), which is involved in protein synthesis in wheat chloroplasts (Fu et al., 2012). The overexpression of maize EF-Tu1 gene in transgenic wheat conferred heat stress tolerance due to considerably improved photosynthetic capacity, integrity of thylakoid membranes, protection against denaturation of leaf proteins and disease resistance over non-transgenic wheat plants (Akter et al., 2017). Overexpression of the maize phospho-enol-pyruvate carboxylase gene (ZmPEPC) in wheat also contributes to heat stress tolerance by increasing photochemical and antioxidant enzyme activity, retaining chlorophyll content for longer periods of time, altering proline accumulation and upregulating photosynthetic machinery-regulating genes. Therefore, as demonstrated by their successful genetic engineering-mediated transfer and expression in many crops, transcriptional factors/candidate genes play a crucial role in giving wheat heat stress resistance (Guo et a., 2016). The assembly and annotation of the bread wheat genome are made easier by the advancements in sequencing technologies. Therefore, the critical chromosomal configurations that contribute to the widespread adaptation of wheat cultivars under heat stress ecology can be identified using the contrasting varieties for heat stress tolerance (Akter et al., 2017). In rice or Arabidopsis, functional genes that react favorably to heat stress in wheat have previously been identified. TaHSFA6f, TaFER-5B and TaPEPKR2 are examples of such functional genes in wheat that, when overexpressed under heat stress, confer thermotolerance (Clavijo et al., 2017). In addition to these instances, the expression of the Arabidopsis gene AtWRKY30 under drought and heat stress was examined in the wheat context. It was discovered that the gene was overexpressed when under stress (El-Esawi et al., 2019). The bread wheat candidate genes that show overexpression in plants under Heat stress. The genetic background effect for these genes has not yet been investigated, despite significant advancements in the introduction of heat stress responsive functional genes in wheat through genetic engineering. However, the functional characterization of heat stress sensitive genes will proceed more quickly thanks to recent developments in transformation technology and the availability of wheat mutant libraries (Clavijo et al., 2017).
5. CONCLUSIONS AND PROSPECTS
Heat stress driven by global warming has become a serious challenge for crop production, especially for wheat, which is particularly sensitive to high temperatures. When exposed to heat stress, wheat plants experience multiple forms of damage, such as disruption of cellular structures, impaired metabolic processes and increased oxidative stress. These effects lead to a shortened growth period, premature senescence, reduced biomass and ultimately lower grain yield and poorer quality. However, significant genetic variation exists among wheat genotypes in their response to high temperatures, offering valuable opportunities and resources for developing heat-tolerant varieties. Adaptation to heat stress involves a combination of morphological, physiological and molecular changes Several associated genes and quantitative trait loci (QTLs) have already been identified and utilized in breeding programs. Effective breeding relies on accessing genetic diversity and applying advanced genotyping and phenotyping techniques. Modern artificial intelligence tools, including machine learning and deep learning, along with high-throughput phenotyping, allow rapid and precise analysis of large-scale genetic and environmental data, thereby enhancing breeding efficiency. Selecting traits such as grain weight, grain number, stay-green characteristics, osmolyte accumulation and antioxidant activity can improve wheat performance under terminal heat stress. Genetic engineering approaches that target heat-responsive genes, transcription factors and QTLs also present promising strategies for enhancing tolerance. Additionally, high-throughput phenomics reduces the difficulty of measuring complex traits associated with heat resistance. When integrated with systems biology and omics-based technologies, these innovations can significantly strengthen traditional breeding methods, helping to reduce yield losses caused by heat stress and supporting the development of sustainable agriculture. Researchers worldwide are actively working to develop high-yielding, heat-tolerant wheat varieties to ensure future food security under changing climatic conditions.
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