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Abstract

:

Crop heat stress is a threat to food supply, with heatwaves expected to increase in frequency and intensity globally. In addition to yield loss, heat stress dramatically reduces fertility and seed-setting rate, grain quality and weight, and seed germination and growth. Genetic variability for heat stress tolerance can be used in breeding programs to develop tolerant genotypes. The availability of genome assemblies with high-confidence sequences for many cereal crops, including rice, maize, wheat and barley, now allows the identification of heat stress tolerance-associated genes and gene networks. This review focuses on synthesizing current advances in understanding the detrimental effects of heat stress on cereal crop production at the physiological and genetic levels. It provides an account of available genomic resources, genetic variation, candidate genes, and molecular markers for heat stress tolerance. Lastly, this review offers insight into crop genetic improvement for heat stress tolerance, including germplasm screening in glasshouse and field trials, marker-assisted selection, mapping genomic loci and identification of candidate genes, and genomic-assisted breeding.
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1. Introduction


Human-induced changes in global climate have rapidly changed the production environments within which crops and farming practices developed over the past 10,000 years. Under all considered emissions scenarios released by the Intergovernmental Panel on Climate Change (IPCC), global surface temperatures will continue to increase and surpass 2 °C this century [1]. Since pre-industrial times, observed changes in climate extremes include an increased frequency and intensity of extreme precipitation, tropical cyclones, droughts, and heatwaves.



Climate change has already influenced the patterns of agricultural production. Crops are susceptible to changes in temperature, precipitation, and rising atmospheric CO2 concentration. The interaction between climate variability and climate change threatens global food security: Climate variability accounts for more than 60% of the yield variability in maize, rice, wheat, and soybean in the globally most productive agricultural regions, including the Midwestern Corn Belt of the United States and the Northeastern Corn Belt of China, and wheat-growing areas in Western Europe and Australia [2].



Among the abovementioned changes, temperature increase has the most likely negative impact on crop yields [3,4]. Heat stress is a period of elevated day or night-time temperatures that cause significant and irreversible damage to plant growth. Heatwaves directly affect plant growth and development and indirectly through increased atmospheric water demand, increasing water pressure deficits. These can lead to additional water stress due to reduced soil moisture, resulting in detrimental growth and lower yields. Under the current climate scenario, high temperatures and extreme heat events will occur more frequently, much earlier, and will last longer in the future [1], raising an urgent need to breed adapted plants with optimized temperature responses.



Heat tolerance is the ability of the plant to grow, produce yield, and sustain biomass production under high temperatures. Researchers have extensively studied the physiological, molecular and biochemical mechanisms underlying heat stress sensitivity and tolerance in plants in the past decades. Quantitative trait loci (QTLs) linked to heat tolerance were identified but rarely narrowed down to the (candidate) gene level. Novel phenotyping and genotyping platforms and computational tools, including genomic selection and cropping simulations, can further contribute to our understanding of plant heat stress tolerance in the future [5,6].



The topic of this review is to report, compare, and contrast the current understanding of heat stress effects at the physiological and molecular levels in the four major cereal crop species, namely bread wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), rice (Oryza sativa), and maize (Zea mays). We highlight the genetic and physiological basis of agronomic traits under heat stress, including traits regarding crop development and reproduction, grain quality, and senescence and biomass. We describe how heats shock stress factor genes play a significant role in controlling gene action in response to heat stress. We detail current genomic resources, genetic variation, candidate genes, and molecular markers for heat stress tolerance. This review’s final part discusses methodologies and approaches for genetic improvement of heat stress tolerance, including germplasm screening, marker-assisted selection, mapping of genomic loci and identification of candidate genes, and genomic-assisted breeding that enhances heat tolerance in cereal crops.




2. Impact of Heat Stress on Cereal Crop Production


Hotspots of crop heat stress overlap with agricultural regions in Australia, China, North America, and other countries, resulting in economic penalties in the billion-dollar range (Figure 1) [7]. According to recent estimates, a 1 °C increase in global temperatures will decrease yields worldwide by 7.4% [4]. Pronounced differences in the forecasts for yield loss exist for cool-season crops wheat and barley, warm-season crops rice and maize, and differ between major crop-producing countries.



2.1. Cool-Season Cereal Crops: Wheat and Barley


Wheat and barley are cool-season cereal crops. Depending on the developmental stage, air temperatures of about 11–20 °C are considered optimal for growth and development [9]. Wheat is an essential temperate crop and the staple food crop for millions of humans and livestock. Global wheat production areas are prone to high temperatures [10]. A recent report on the effect of temperature increases on global yields used statistical regressions, global grid-based and local point-based models, and field-warming experiments, and estimated wheat yield losses of 5.5% and 6% per 1 °C increase for the United States and France, respectively, on par with the global average of 6% yield loss [4]. Two major wheat-producing countries, namely India and Russia, are more susceptible to a rise in temperature, with wheat yields reduced by 9.1% and 7.8% for each 1 °C increase. China is estimated to lose around 2.6% yield for each 1 °C increase in global mean temperature.



A wheat simulation model and local-scale climate scenarios predicted heat stress and drought impacts on winter wheat in Europe [3]. This analysis showed that an increase in frequency and magnitude of heat stress around flowering is a more severe threat than drought stress for wheat production in Europe, particularly for heat sensitive wheat cultivars grown in Northern European countries. Despite lower summer precipitation projected for the 2050s across Europe, wheat is predicted to mature earlier and thus escape severe drought, but the risk of heat stress around flowering will increase. In Australia, variations in average growing-season temperatures of 2 °C are estimated to cause a 50% grain production reduction [11].



Barley, mainly used as animal feed, human food, and malting, is the 4th most important cereal crop grown after rice, wheat, and maize in terms of area and production [12]. Europe, Russia, Australia, Ukraine, and Canada are leading barley-producing countries. Heat also significantly limits barley yield: Even a moderate heatwave during early grain development, typical in spring to early summer in Western European countries, strongly affects grain developmental parameters and decreases barley yields by 15% [13,14].




2.2. Warm-Season Cereal Crops: Rice and Maize


Rice and maize are warm-season cereal crops. Rice is the world’s most important food crop and feeds more than 50% of the global human population. More than 90% of rice is grown in Asia, principally in China, India, Indonesia, Bangladesh, Japan, and other Southeast Asian nations. Rice is also grown in North and South America, Europe, and Australia. Temperatures of about 26–30 °C (Oryza sativa L. subsp. indica) or 21–29 °C (Oryza sativa L. subsp. japonica), depending on the developmental phase, are considered optimal for growth and development [15]. Recent estimates show that a 1 °C rise in global mean temperature would, on average, reduce global yields of rice by 3.2% [4]. The Yangtze River basin contributes nearly half of China’s crop production, including more than two-thirds of the total volume of rice. Latest estimates expect a temperature increase in the Yangtze River basin by up to 2 °C by 2050 relative to 1950, reducing rice yields by 41% by the end of this century [16].



Maize is planted over a wide latitude range, from ca. 60° N in Finland and northern Eurasia to 40° S in Australia, Africa and South America. The United States, China, Brazil and Argentina account for over two-thirds of global production. In Asian countries, maize is grown mainly as a rainfed crop and is susceptible to heat and drought. Temperatures of about 26 °C (grain filling) to 31 °C (leaf initiation) are optimal for maize growth. Of all major cereal crops, the loss in yield for each 1 °C increase in global mean temperature is the largest for maize (7.4% global yield loss average) [4]. Yield reductions for major maize producers are estimated at 5.2% (India), 5.5% (Brazil), 8% (China), and 10.3% (United States) per 1 °C. Maize production is estimated to reduce by 50% in the Yangtze River basin in China [16]. For sub-Saharan Africa, an increase of 2 °C is predicted to reduce maize yields by more than 20% [17].



These reports highlight the need for genetic improvement of heat stress tolerance in wheat, barley, rice, and maize.





3. Genetic Improvement of Heat Stress Tolerance—Lessons and Insights from Arabidopsis thaliana


Arabidopsis thaliana is an undomesticated plant model organism for genetics that has been exposed to an array of environmental challenges throughout its evolutionary history. Research in Arabidopsis has provided essential prerequisites for fundamental breakthroughs and has been used to inform cereal crop research. For example, three out of four Arabidopsis gene families exist in other flowering plants, with often similar gene functions and roles [18,19]. However, as any single plant species cannot fully explain the characteristics of all other species, this has led only to limited success in engineering abiotic stress tolerance in crops. Currently, little knowledge exists of combining resistance to environmental stresses with growth and productivity traits, as trade-offs may exist with some of these investments.



Nevertheless, the availability of natural variation (>750 accessions) and genetic and genomic resources of Arabidopsis are a great asset to understanding the mechanisms of multiple stress tolerances and have enabled the identification and detailed characterization of abiotic stress signaling pathways. Candidate genes for Arabidopsis heat tolerance have been identified based on assessments that include seed germination, seedling survival, hypocotyl and root elongation assays, as well as H2O2, chlorophyll content and ion leakage measurements, chromatin immunoprecipitation (ChIP) analysis and in vitro histone acetyltransferase (HAT) assays [20,21].



Heat shock response (HSR) is a defense program in eukaryotic cells to counter the impairment of cell function caused by protein misfolding due to heat stress [22]. Distinct transcriptional regulatory networks are involved in the HSR. In the following, we focus on two extensively researched molecular processes conserved across much of the plant kingdom: the acquisition of thermotolerance through the expression of molecular chaperones (Section 3.1) and long-term adaptation to heat stress through chromatin remodeling (Section 3.2).



3.1. Acquisition of Thermotolerance: Expression of Molecular Chaperones


Sequencing of the Arabidopsis genome discovered large and complex heat stress transcription factor (HSF) families, allocated into three major classes (class A, B and C) and 14 groups (A1–9, B1–4 and C1) [23]. First cloned in yeast in 1988 [24], HSFs have a conserved modular structure and are responsible for the induction of HSR genes, including molecular chaperones such as heat shock proteins (HSPs) and reactive oxygen species (ROS)-scavenging enzymes. These proteins prevent or repair heat stress damage and thus help to confer increased heat stress tolerance [25]. HSFs recognize inverted tandem repeats of the short consensus sequence “nGAAn”, known as heat shock element (HSE), common among many heat-inducible gene promoters [26].



In Arabidopsis, the biological functions of class A HSFs are relatively well understood. HSFA1s have critical roles as master regulators indispensable in activating transcriptional networks [27]. Under non-stress conditions, HSFA1a is monomeric and inactive. Heat shock induces HsfA1a trimerization and binding to cis-acting sequences of designated heat shock elements (HSEs) in the promoters of HSPs, leading to rapid HSP expression correlated with enhanced thermotolerance [28]. Arabidopsis HSFA9 is regulated by the seed-specific transcription factor ABI3 and is exclusively expressed in the late seed development stages. HSFA9 plays a specialized role in regulating heat shock protein (HSP) genes during seed maturation [29]. HSFA3 is the only HSF among the 21 Arabidopsis HSF gene family members transcriptionally induced during heat stress by dehydration-responsive element-binding protein 2A (DREB2A) [30]. DREB2A belongs to 14 AP2-domain transcription factors [31], sometimes referred to as C-repeat binding factors (CBFs). HSFA3 also regulates the expression of HSP-encoding genes. Although many studies support the finding that HSPs are crucial in thermotolerance, there remains a lack of knowledge about the specific functions and targets of HSPs.



ROS, such as H2O2 and O2−, are generated under various environmental stress conditions and enhance heat stress-responsive pathways and cell death. Heat stress induces ROS-scavenging enzymes necessary for detoxifying excessive ROS produced under stress conditions, including ascorbate peroxidase (APX) and catalase (CAT). Arabidopsis plants deficient in cytosolic APX1 had suppressed growth, altered stomatal responses, higher oxidative stress sensitivity, and accumulated high H2O2 levels [32]. Arabidopsis CATALASE genes (CAT1-CAT3) are involved in many physiological processes, including abiotic stress responses. CAT2 plays an essential role in heat tolerance and shows increased gene expression after long-term but not short-term exposure to heat stress [33].



Table 1 summarizes candidate genes and gene families for acquiring heat tolerance identified in Arabidopsis.




3.2. Long-Term Adaptation to Heat Stress: Heat Stress Memory


Moderate heat stress primes a plant to acquire thermotolerance, allowing subsequent survival of more severe heat stress conditions [34]. After the stress has passed, the maintenance of acquired thermotolerance is termed heat stress memory (or thermomemory). Thermomemory is actively maintained over a period of time and requires sustained memory-related gene induction. The genetic basis for thermomemory is unclear, but evidence is accumulating that transcription factors, epigenetic regulators, histone modification, and small RNAs, including miRNAs, are involved.



Chromatin remodeling regulates many genes in plant response to heat stresses. Under recurring heat stress conditions, histone H3 lysine 4 (H3K4) hypermethylation was shown to function as a form of thermomemory for survival [35]. This histone modification is associated with HSFA2 binding, indicating that HSFA2 recruits histone methyltransferases to thermomemory loci. In a recent study, FORGETTER3/HEAT SHOCK TRANSCRIPTION FACTOR A3 (FGT3/HSFA3) was shown to play a vital role in physiological heat stress memory and maintaining sustained memory-gene expression after the heat stress has passed [34]. Following heat stress, HSFA3 mediates thermomemory by directly activating memory-related genes, including APX2 and HSFA1E. HSFA3 binds HSFA2, and in vivo, both proteins form heteromeric complexes with additional HSFs. Only complexes containing both HSFA2 and HSFA3 promote transcriptional memory by jointly recruiting histone H3K4 methylation.



Under heat stress conditions, the histone chaperone ANTI-SILENCING FUNCTION 1 (ASF1) is recruited to heat stress-inducible genes and involved in nucleosome dissociation and H3K56 acetylation [21]. Several miRNAs affect the HSR by regulating the activity of transcription factors. For example, miR398 was found to regulate ROS-scavenging enzymes during heat stress negatively [36]. The downregulation of these genes leads to ROS accumulation, which subsequently activates HSFA1.



The plastidial small heat shock protein HSP21 rapidly accumulates after heat stress and remains abundant during the thermomemory phase, promoting thermomemory capacity [37]. The plastid-localized metalloprotease FtsH6 regulates HSP21 abundance. The genome of Arabidopsis contains twelve Filamentous temperature sensitive H (FtsH) genes, which are either targeted to mitochondria, the chloroplast, or both. FtsH6 is involved in high light acclimation and was found to have highly induced expression levels after heat treatment in Arabidopsis, wheat and sorghum, indicating a pivotal role of FtsH in response to heat stress.



Table 2 summarizes candidate gene and gene families for long-term adaptation of heat tolerance identified in Arabidopsis.





4. Genetic and Physiological Basis of Agronomic Traits under Heat Stress


Wheat, barley, rice, and maize are globally important crops. Still, understanding crop biology has been hampered due to their long life cycle and technological barriers in analyzing their large and complex genomes. Heat stress tolerance is a quantitative trait controlled by many genes (G) or loci (QTLs). These often interact with each other (G × G interaction) and with the environment (E) (G × E interactions) and thus are rarely consistent and robustly identified across different growing environments. The availability of high-quality genome [38,39] and pangenome [40,41] assemblies and accurate gene model annotations, coupled with recent developments in CRISPR-Cas9 gene editing [42,43], sequenced mutant populations [44,45], speed breeding to shorten generation times [46], and high-throughput field phenotyping methods [47,48,49] have helped to overcome challenges associated with research conducted in major cereal crops. These advances have made cereal crops more appealing experimental systems for genetic discoveries in heat stress tolerance that directly translate to increasing crop production.



In the next sections, we will focus on reviewing recent discoveries that shed light on the genetic and physiological basis of key agronomic traits related to heat stress tolerance in the four major cereal crops: crop development and reproduction (Section 4.1), grain yield and quality (Section 4.2), and senescence and biomass (Section 4.3).



4.1. Crop Development and Reproduction


Responses to high temperatures change throughout the different phenological phases of plant development (Figure 2). The cereal crop life cycle is made up of distinct growth phases, including the vegetative growth phase (germination, tillering, stem elongation), reproductive growth phase (inflorescence development), anthesis (flowering), grain filling, and seed set/maturity. Environmental factors such as photoperiod and temperature, as well as endogenous cues, modulate the genetically regulated transition between different phenological stages [18]. In general, high temperatures alter the relative lengths of phenological phases, speed up crop development and shorten the life cycle [50]. Heat stress damage can become critical to crop productivity when high temperatures coincide with critical crop development stages. Although vegetative growth can benefit from moderately warmer temperatures, heat stress reduces yield dramatically even when plants experience only short periods of high temperatures during the reproductive period [3].



4.1.1. Wheat


Heat stress is particularly detrimental in wheat during reproductive development and grain-filling [51,52,53]. A key breeding goal is to optimize crop phenology to the specific environmental conditions at target growing regions, such that flowering and grain development occurs under optimal conditions. Matching maturity to the growing season can be achieved in wheat through designed combinations of major phenology genes. Photoperiod response (PPD), and vernalization (VRN) genes, which control the transition to flowering in response to environmental cues, and Earliness per se genes and loci (EPS), which regulate the transition to flowering independently of the environment, are key phenology genes [18].



As a long-day plant, wheat needs an extended day length to initiate flowering, genetically controlled by the Photoperiod-1 (PPD-1) gene. Three copies of PPD-1, namely PPD-A1, PPD-B1 and PPD-D1, are located on the short arm of the homoeologous group 2 chromosomes. During wheat domestication, genetic mutations in the PPD-1 gene led to photoperiod insensitivity which allowed for rapid flowering irrespective of day length, and extended the adaptive range of wheat. In cool and humid Northern European countries, photoperiod-sensitive winter varieties dominate wheat production as these growing regions only have a relatively narrow window of flowering time [54]. In many Mediterranean growing environments, where early flowering is favorable as it avoids heat and drought stress occurring late in the season, photoperiod-insensitive varieties are favored.



Prolonged cold periods (vernalization) trigger flowering in wheat by inducing the expression of VERNALIZATION1 gene (VRN1) transcription [55]. VRN1 encodes a MADS-box transcription factor that promotes flowering by regulating the expression downstream regulatory targets VRN2 and VRN3. VRN3 is the cereal orthologue of Arabidopsis FLOWERING LOCUS T (FT1) and is expressed in leaves induced by long days and then transported to the shoot apex to accelerate inflorescence development. EPS genes regulate flowering independent of both vernalization and photoperiod. Its effects can be measured as the difference in time to heading that remains after being satisfied with photoperiod and vernalization requirements. A recent study showed that EPS-early and -late alleles determine different degrees of sensitivity to temperature [56]. The expression of ELF3, which is considered the most likely candidate for EPS-D1, also interacts with temperature. This study also provided evidence that introgression of the EPS-early allele from chromosome 1DL of the wheat cultivar Spark into Rialto (which carries the EPS-late allele in 1DL) produced an early flowering phenotype and was mainly associated with an increase in temperature sensitivity during the late reproductive phase.




4.1.2. Barley


Barley is broadly adapted to varying climatic and regional conditions, partly attributed to the extensive natural diversity found in its flowering time genes [57,58,59]. Early maturity of cool-season cereals such as barley is beneficial in many grain-producing regions experiencing terminal drought and heat stress. The genomic region containing PPD-D1 in wheat is colinear with the barley photoperiod gene PPD-H1 on chromosome 2HS [60]. According to a recent study, the sensitive PPD-H1 allele is more stable in heat and drought conditions [61]. Thus, it may gain more importance in barley growing regions affected by increased climate extremes, including heat stress. In a study of natural variation of promoter and intron 1 haplotypes in a barley landrace collection, different VRN-H3 alleles (vrn-H3a-d) were associated with flowering time differences [62]. They were found to either shorten (6–8 days, vrn-H3c) or lengthen (vrn-H3d) the late reproductive phase in barley independently of vernalization treatment. Therefore, these different alleles can fine-tune phenology to escape terminal heat stress (vrn-H3c) or increase the number of grains and yield under optimum conditions (vrn-H3d).



As in wheat, barley EPS genes determine the time and duration of reproductive phases. The gene CENTRORADIALIS (CEN) is a candidate gene for the EPS2 locus, and different CEN haplotypes affect the time to flowering [61,63]. ELF3 regulates photoperiod-dependent flowering and gibberellic acid (GA) synthesis in barley [64]. Recent studies show that it may also play a role in high temperature-dependent growth and development. The recessive allele (elf3) causes photoperiod insensitivity and early flowering. In elf3 loss-of-function mutants, the high temperature-dependent transcript expression of several circadian clock genes, including GIGANTEA (GI), LUX ARRHYTHMO (LUX), and PSEUDO RESPONSE REGULATOR (PRR), was disrupted, thus compromising the functioning of the circadian clock.




4.1.3. Rice


The rice flowering stage is the most sensitive period to high day or night temperatures [65]. Daily temperatures above 30 °C with daily maximum temperatures above 35 °C reduce yield by inhibiting seedling growth and tillering [66]. When high day temperature coincides with the reproductive stage (booting to anthesis), it results in lower pollen production, poor pollen development, and reduced anther dehiscence (pollen shedding), limiting the release of mature pollen, and spikelet fertility. High temperatures during seed development and maturation stage result in reduced grain weight and quality and inhibited grain-filling duration. Recent QTL mapping studies were conducted for spikelet fertility under heat stress during the booting [67] and flowering stages [68,69]. Two significant QTLs on chromosome 1 and chromosome 4 explained 12.6% (qHTSF1.1) and 17.6% (qHTSF4.1) of the variation in spikelet fertility at high temperatures, respectively. Studies also detected QTLs for anther length, longitudinal dehiscence [70], and pollen fertility [71].



RILs derived from a cross between the heat-tolerant cultivar Nagina22 and the heat-sensitive IR64 were used to map the QTLs for heat tolerance at flowering [72]. Five QTLs, identified on chromosomes 3, 5, 9 and 12 for stress susceptibility and stress tolerance indices (SSI and STI) of spikelet sterility and yield per plant, explained phenotypic variation of up to 29%. Two of the five QTLs were located in less than 400 Kbp genomic regions, comprising 65 and 54 genes. Genes mapped within these genomic regions included transporters, transcription factors including HSF (HsfB4c), PERSISTENT TAPETAL CELL1 (PTC1), and GLYCOSYLTRANSFERASE1 (GT1). PTC1 encodes a PHD-finger protein that controls programmed development and degradation of the tapetum, the innermost cell layer of the anther wall, to ensure functional pollen formation in rice. Loss of function of PTC1 leads to uncontrolled tapetal cell proliferation and delayed pollen wall development, causing complete male sterility [73]. Glycosyltransferases catalyze the transfer of saccharide moieties to a wide range of acceptor molecules such as lipids, proteins, and oligosaccharides. GT1 of rice present is involved in pollen wall development, especially the exine and intine construction and pollen maturation.



Two heat stress tolerance QTLs affecting seed set percentage (SSP) were identified at the flowering stage in both controlled and field experiments using recombinant inbred lines (RILs) [71]. A QTL on chromosome 4 explained up to 25.8% of the total phenotypic variation in SSP and increased SSP by up to 9.3% under heat stress conditions. The QTL on chromosome 10 explained 11.5% of the SSP phenotypic variation, increasing the SSP by up to 7.2% when plants were subjected to heat stress.



Bheemanahalli et al. suggest that Early-morning flowering (EMF) can advance flower opening times to escape heat stress at flowering in growing regions experiencing high daytime temperatures [74]. Rice plants with EMF traits shed viable pollen onto a receptive stigma during the cooler hours in the morning, thus escaping spikelet sterility-inducing high temperatures at noon. An EMF trait allele identified in wild rice (Oryza officinalis) on chromosome 3 and introgressed into the indica genetic background (IR64 + qEMF3) shifted peak anthesis by two hours compared to the recurrent parent and reduced heat stress-induced spikelet sterility in the glasshouse [75]. Bheemanahalli et al. quantified EMF traits as time-of-day of flowering characteristics such as first spikelet opening time (FSOT) and peak spikelet opening time (PSOT) in indica cultivars originating from 33 major rice-growing regions in the field [74]. They compared it to IR64 + qEMF3 but found no cultivars with the EMF trait.



Another beneficial flower characteristic for high-temperature tolerance is cleistogamy, a method of self-fertilization within closed flowers. Cleistogamy was hypothesized to decrease the severity of temperature stress-induced sterility in rice [76,77] and other cereal crops such as barley [78]. The temperature-sensitive cleistogamous rice mutant, superwoman1-cleistogamy (spw1-cls), only shows the mutant cleistogamous phenotype under constant warm day temperatures [76]. Cleistogamous rice plants had higher spikelet fertility, higher germinated pollen grains per stigma, and lower temperatures within the closed flowering spikelets than chasmogamous (open-flowering) rice plants [77]. The benefit of cleistogamy against high temperature-induced sterility is yet to be evaluated and confirmed in field trials.




4.1.4. Maize


High-temperature stress, especially during the reproductive stages of anthesis, silking and grain filling, negatively affects maize production [79]. In contrast with other cereal crops, maize is monoecious, bearing separate male (tassel) and female (ear) flowers. Most heat stress research used temperate maize germplasm for high production areas. Therefore, limited breeding progress has been made to develop improved maize germplasm with specific tolerance to elevated temperatures. The temperature threshold for damage by heat stress is significantly lower in reproductive organs than in vegetative organs in maize. Heat stress during the reproductive phase can reduce grain yields by up to 90% [17,80] and decrease grain number and (to a lesser degree) kernel weight, ultimately reducing yield [81,82]. Maize has a relatively shorter anthesis duration (3–5 d) compared to wheat and rice (>1 week). This likely reduces relative thermotolerance, as a longer anthesis duration minimizes the likelihood of a single extreme heat event affecting all flowers [80].



The optimum temperature for maize anthesis is 30.5 °C, and temperatures above 38 °C can negatively impact maize pollen germination. A recent study conducted in a controlled glasshouse environment showed that when maize experiences high temperatures of 40 °C during flowering, grain yield, seed-set, and grain number decreased by almost 80% compared to optimum growing temperatures, with only minor effects on kernel weight [82]. Liu et al. reported that high temperatures also advance tasseling and pollen shedding time, extend the anthesis—silking interval (ASI), reduce silking rate and pollen viability, ultimately affecting kernel formation [83]. In this study, heat stress advanced or delayed silking time in a genotype-dependent manner. For breeding high-temperature tolerant maize, both male and female reproductive organs are important when aiming to achieve high and stable yields in heat-prone environments. Heat stress further affects cell division, sugar metabolism, and starch biosynthesis, reducing subsequent dry matter accumulation within kernels during the reproductive stage [17].



Under heat stress, traits associated with reproductive success include anthesis-silking interval, tassel blast, tassel sterility, pollen viability, stigma receptivity, and seed set percentage under open-pollinated conditions [84]. Maize genotypes with heat-tolerant plant architectural traits such as compact tassel and lower cob angle show improved performance under heat stress conditions because of their ability to reduce the evaporation rate and direct sunlight exposure [85]. A recent study found a high variation for heat tolerance during the seedling stage in a set of European maize inbred lines and identified 39 heat tolerance candidate genes but with currently unknown molecular functions for heat tolerance and adaptation [86].



Table 3 summarizes the effects of heat on cereal crop development and reproduction and previously identified QTLs or candidate genes for all four cereal crops.





4.2. Grain Yield and Quality


High day and night-time temperatures accelerate the rate of grain-filling and shorten the grain-filling duration in cereal crops [89,90]. Heat stress during the grain-filling period also impairs several physiological and metabolic processes linked to grain size and quality (Figure 2). Examples include markedly decreased starch and sugar levels such as fructose, sugar nucleotides, and hexose phosphate, resulting in reduced yield and low grain and milling quality [91]. The majority of heat stress studies lack information on the impact of heat stress on the quality of the produced grains. As grains are the main nutritional source for human food, animal feed, and beverage industries, it is vital to assess grain quality in addition to quantity (i.e., grain yield).



4.2.1. Wheat


Heat stress affects grain quality due to the limitation of assimilate supply and lower remobilization of nutrients, and increases grain protein concentration in wheat [92,93]. During grain filling, heat stress affects starch deposition and sugar supply to the developing grain, leading to reduced grain size and yield in wheat [94,95]. Heat stress during grain filling also reduces photosynthesis, increases the mobilization of stem reserves (water-soluble carbohydrates, WSC) and accelerates senescence.



Precocious germination before harvest, also known as Pre-Harvest Sprouting (PHS), triggers the premature production of α-amylases and proteases, which break down starch and gluten reserves in the endosperm [96]. Late-maturity α-amylase (LMA) occurs when α-amylases, encoded by α-Amylase1 (α-Amy1) genes on chromosomes 6A, 6B, and 6D, are produced in the aleurone during grain filling and maturation in the absence of PHS. The enzyme activity is retained in the mature grain, resulting in an unacceptably low Falling Number (FN), failure to meet receival standards, and consequent grain downgrading. A recent study showed that heat stress during mid to late grain filling reduces grain size and dormancy and can trigger LMA within a wide range of winter and spring varieties [97].



Heat stress leads to the inactivation of many heat-labile proteins. Soluble starch synthase is an amyloplastic enzyme in the wheat endosperm and the rate-limiting component of the starch synthesis pathway of the developing wheat grain. This enzyme is sensitive to temperatures above 25 °C, and a 3 h exposure of 30 °C during grain filling can reduce soluble starch synthase activity by 30% [94]. Several heat protection proteins exist in wheat, such as HSPs, APX, and galactinol synthase (GOLS). A study of heat-induced expression profiles of HSFs and HSPs in different wheat tissues has shown that expression of A2 and A6 members of the HSF family within class A increased strongly during heat stress [98]. HSFC2a is a member of the monocot-specific HSFC2 subclass and regulates heat protection genes. A recent study found that three HSFC2a genes were highly expressed in wheat grains during grain filling and strongly up-regulated by drought and abscisic acid (ABA) treatment [99]. HSFC2a-B is a transcriptional activator of heat protection genes via the ABA-mediated regulatory pathway. Transgenic wheat constitutively overexpressing HSFC2a-B strongly improved thermotolerance but not dehydration tolerance.



Grain number is directly associated with grain yield. Heat stress reduces grain number and lowers the harvest index in wheat. When heat stress coincides with the young microspore and dehiscence stage at anthesis, failure to release pollen from the anther locules inhibits pollination, leading to sterility and reduced grain numbers. Previous studies focused on understanding the genetic basis of grain quality and yield reduction in response to heat stress in wheat have detected QTLs for grain number on chromosomes 2A and 6D [100], as well as on 1B, 3B, 4A, 4B, 4D, 5B, and 6B [101]. Other studies detected QTLs for grain size [95], grain fill duration [100,101,102,103], and grain yield [100,101,103,104] in wheat in response to heat stress.



A study defined a QTL on chromosome 3BL previously associated with grain yield, thousand-grain weight and early vigor under combined drought and heat stress in the field [104]. To further narrow down the genetic region from initially 20 cm to around 5 cm, RILs with alternative alleles were trialed and phenotyped in environments varying in drought and heat stress levels. Depending on the environment, different alleles either had a positive or a negative effect on yield, believed to be due to crop management factors present at the various field sites. For example, sowing density, soil composition, and biotic or abiotic stresses would favor different root systems over others. Parent et al. found the allele effect at qYDH.3BL depends on environmental conditions, including growth temperatures [105]. The QTL was fine-mapped, and sequence variants and differential expression analyses identified a sequence variant in the promoter region of the Seven in absentia (SINA) gene consistent with increased biomass, grain number, and grain weight following heat stress [106]. This allele has been selected only in breeding programs in Mexico and Australia. It could be beneficial in other regions with the increasing occurrence of heat stress events in the future.




4.2.2. Barley


In barley, heat stress during the grain filling stage reduces grain yield and malt quality, attributed to high protein concentrations and low accumulation of carbohydrates [107]. When subjected to heat stress at heading, malting trait profiles show varietal-specific changes in β-glucan levels, diastatic power, and α-amylase activity [108]. When heat-stressed at meiosis, most pollen grains lack starch, causing high floret sterility and consequently low levels of seed-set in barley [109].



A recent study assessed 157 barley varieties of contrasting genetic backgrounds for developmental, agro-morphological, and physiological traits and examined the effects of heat stress on physical grain quality [110]. Heat stress in the field due to delayed sowing (to ensure heat stress coincided with grain-filling reduced duration of developmental phases) decreased grain number, grain plumpness, and harvest index, but increased screenings, grain-filling rate, water-soluble carbohydrates, and grain protein content. Heat tolerant genotypes had heavier and plumper grains, higher grain-filling rate, longer grain-filling duration, and flowered comparatively early. Grain-filling rate was most highly and consistently associated with physical grain quality stability and barley heat tolerance. Selecting high grain plumpness under low-stress conditions and high grain-filling rate may enhance the breeding for heat stress tolerance.



There is currently limited knowledge on specific genes controlling grain size and based primarily on sequenced-based co-linearity between crop species. The gene DENSE AND ERECT PANICLE 1 (DEP1) is a candidate gene underlying a major quantitative trait locus for grain length [111]. In rice, the DEP1 locus is pleiotropic for erect panicle, grain number per panicle, nitrogen uptake and metabolism, ABA response and drought tolerance. DEP1 is located on chromosome 5H and encodes a plasma-membrane-associated G-protein γ-subunit in barley. Watt et al. observed an increase in grain length and a reduction in grain width and thickness in response to high field temperatures during grain-filling in barley [112,113]. A novel polymorphism in the promoter region of DEP1 significantly reduced DEP1 gene expression in developing inflorescences. It was associated with reduced grain length and thousand-kernel weight in barley cultivars carrying the allele.




4.2.3. Rice


The grain filling stage is sensitive to environmental stress and critical for rice yield and grain quality. Starch is a glucose polymer and consists of amylose, composed of largely unbranched glucose molecules, and highly branched amylopectin. The proportion of short and long amylopectin chains determines the texture of cooked rice. Starch synthases (SSs) have a central role in starch biosynthesis in rice [114]. ADP-glucose pyrophosphorylase (AGPase) catalyzes the first step in starch biosynthesis, converting glucose (Glc)-1-phosphate and ATP to ADP-glucose and pyrophosphate. Starch synthase IIA (SSIIa) and granule-bound starch synthase I (GBSSI) genes primarily synthesize amylose and are located closely on chromosome 6.



High day or night temperatures accelerate grain filling rate, shorten grain filling duration, lower grain weight, reduce milling quality, and increase chalk formation in rice [115,116]. The grain-filling stage is subject to the activity of various enzymes, primarily temperature-sensitive GBSS and SSIIa. GBSS and SSIIa are the highly expressed isoforms in the rice endosperm during grain filling stages, and mutations in these genes affect grain chalkiness [117]. Chalking occurs when air spaces form among the irregular packed starch granules (amyloplasts) in the rice endosperm, resulting in opaque (or chalky) white regions of the kernel. Chalky kernels are more prone to breakage during milling than translucent kernels, degrading the overall appearance of milled rice.



Gene expression profiling of chalky and translucent grains in Japanese rice showed genotypic and heat-induced changes in the starch genes. Specifically, starch synthesis gene expression increased in the conditional chalky grain mutant flo11-2, which developed highly chalky grains only under heat stress conditions. flo11-2 has a single amino acid substitution at the conserved ATPase domain of HSP70-2, essential for translocation of GBSSI and other amyloplast-localized proteins [118]. In addition, the flo11-2 mutant was highly susceptible to preharvest sprouting.



Gene expression analyses of developing rice caryopses of the high chalky cultivar ‘Nipponbare’ exposed to high or controlled temperature during the milky stage elucidated the effect of high temperature on grain-filling metabolism [119]. Starch synthesis gene expression was suppressed in heat, whereas HSP26, HSP22a, and HSF gene expression increased. A recent study performed gene expression analysis on six rice genotypes with different chalkiness levels [117]. They found that the expression patterns of AGPL, which encodes a unique subunit of the cytosolic AGPase, as well as GBSSI and SSIIA, are genotype-dependent and heat sensitive. The disruption in the expression pattern of these starch biosynthesis genes by heat appears to be associated with environment-induced chalkiness, highlighting the importance of coordinated starch biosynthesis during the critical stages of grain filling to produce non-chalky rice grains. In the chalky genotypes, peak expression of AGPase occurred in the stages before grain filling commenced, creating a gap between the upregulation of GBSSI and SSIIA. Whereas, in low-chalk genotypes, peak expression of AGPase occurred later, following the expression patterns of GBSSI and SSIIA. High temperatures altered the expression of starch synthase genes, changed grain morphology and increased chalkiness. AGPase subunit gene expression was suppressed during early grain-filling stages in the chalky genotypes or upon heat treatment. This resulted in a limited pool of ADP-glucose for synthesizing amylose and amylopectin, which negatively impacted the starch biosynthesis process and increased chalkiness.




4.2.4. Maize


As a C4 plant species, maize has a higher temperature optimum for photosynthesis than C3 plants wheat, barley and rice. In C3 plants, an increase in Rubisco oxygenase/Rubisco carboxylase ratio inhibits net photosynthesis at moderate heat stress [120]. The ratio of dissolved O2/CO2 and the specificity of Rubisco for O2 increases with rising temperatures, thus favoring oxygenase activity and resulting in net photosynthesis inhibition. Consequently, when C3 plants are exposed to conditions that reduce oxygenase activity (high CO2 or low O2), the temperature optimum for net photosynthesis increases. In C4 plants, CO2 concentrates around Rubisco in bundle sheath chloroplasts, inhibiting Rubisco oxygenase activity and photorespiration at elevated temperatures. C4 photosynthesis may also be limited through the inactivation of Rubisco or by rates of other C4 bundle sheath enzymes, which show species-specific temperature responses. When high temperatures coincide with the early stages of kernel development, the number and size of endosperm cells reduce, leading to lower final kernel mass and size. Heat stress shortens grain filling duration, but the more considerable reduction in grain filling rate is responsible for the heat-related reduction in seed mass [121].



The starch of waxy maize comprises 100% amylopectin. Heat stress at the early development stage (stage of division and differentiation of endosperm cells) increased starch content, starch granule size, and crystallinity in waxy maize varieties [122]. Still, it decreased protein and soluble sugar content, thus negatively impacting kernel quality. When heat stress occurred at the later grain filling stages, the soluble sugar content was unaffected, protein levels increased, but starch content and crystallinity reduced [91,122,123]. Sucrose is the primary transport substrate for starch synthesis in cereal endosperms. A reduction in the activity of enzymes involved in sucrose and starch synthesis, including sucrose synthase (SuSy), AGPase, soluble starch synthase (SSS) and starch branching enzyme (SBE), suppressed starch deposition in response to heat stress [91].



A genome-wide expression profiling study of temperate European Flint and Dent maize inbred lines grown under heat stress identified 607 heat-responsive and 39 heat-tolerance genes, including heat shock genes and genes involved in protein folding and biosynthesis, cell wall modification, and calcium signaling [86]. Genome-wide association mapping in tropical maize inbred lines identified 150 significant SNP associations for grain yield within 89 genes on chromosomes 1, 2, 4, 5, 8 and 10 under combined drought and heat stress [124]. A recent mapping study used a sub-tropical DH maize panel to identify 12 significant SNP associations for grain yield under heat stress. These SNPs were located on chromosomes 1, 3, 6, 7 and 10, accounting for 18.7% of the phenotypic variation [125]. Identified candidate genes regulating plant development and protein translocation included U-box domain-containing protein, GRAS family transcription factor, and protein kinase family protein. A recent study identified genomic regions associated with heat stress tolerance in tropical maize trialed at nine locations in South Asia [126]. The association mapping panel included 543 tropical maize inbred lines from diverse genetic backgrounds and was trialed across nine locations in South Asia under natural heat stress. A total of 269 SNPs within 140 candidate genes, including basic-Helix-Loop-Helix (bHLH), basic leucine zipper (bZIP), and Ethylene Responsive Element Binding-like (EREB) transcription factor genes, were detected for grain yield under heat stress.



Table 4 summarizes the effects of heat on cereal crop grain quality and previously identified QTLs or candidate genes for all four cereal crops.





4.3. Senescence and Biomass


Apart from causing a shortened grain filling duration, post-anthesis heat stress can induce premature leaf senescence, significantly limiting grain yield, crop biomass, and grain quality. Accelerated plant senescence is part of a ‘heat escape’ strategy that facilitates the next generation’s survival under stress [130]. During senescence, plants recycle nutrients, modify source-sink balances, and alter organ morphology and chemical composition, including redox status and hormone levels. Heat-stress induced membrane and protein damage can result in elevated ROS that causes oxidative stress and induce programmed cell death. High temperatures can also indirectly affect photosynthetic activity by compromising plant water status due to increased evaporative demand. Complex genetic networks control these changes by regulating physiological, biochemical, and molecular mechanisms (Figure 3).



Many processes of photosynthetic metabolism are very temperature-sensitive [131]. Enzymes are often heat sensitive and lose their activity or denature with rising temperatures. A significant cause of photosynthetic inhibition of cereal crops is the thermal lability of enzymes directly involved in net photosynthetic carbon assimilation, which is primarily determined by Rubisco efficiency and activation and ribulose bisphosphate (RuBP) regeneration. Enzyme degradation at high temperatures can impede the function of Photosystem II (PSII) and Rubisco activase (Rca), decrease electron transport rates, and reduce chlorophyll content. High temperature can also induce membrane permeability, directly damaging the chloroplast thylakoid membranes, inhibiting light harvesting, electron transport rates, and ATP generation.



Key regulatory molecules and signaling pathways are involved in gene expression changes during leaf senescence. They include chromatin-modifying factors, transcription factors, as well as post-transcriptional, post-translational, and metabolic regulators [132]. Almost one-fourth of Arabidopsis genes are associated with senescence, including transcription factors such as DREB2A, a key regulator in drought and heat stress responses, and HSP-encoding genes [133,134]. The leaf senescence database provides information concerning senescence-associated genes and their corresponding mutants [135]. Currently, it contains 5,853 genes and 617 mutants from 68 species, including three wheat, one barley, 78 rice, and two maize mutants with altered leaf senescence phenotypes.



4.3.1. Wheat


A modelling study of key wheat-growing regions of Australia demonstrated that variations in average growing-season temperatures of 2 °C could cause reductions in grain production of up to 50%, primarily due to increased leaf senescence in response to high temperatures [11]. Heat can accelerate senescence in photosynthetic organs, limits the availability of assimilates for reproduction, inhibits chlorophyll biosynthesis, and accelerates the breakdown of thylakoid components causing reductions in chlorophyll content and functionality [136]. Heritable plant chlorophyll retention, a trait also known as ‘Staygreen’, delays foliar senescence and allows plants to maintain photosynthetically active leaves under environmental stress conditions. STAY GREEN (SGR) genes play significant roles in regulating chlorophyll breakdown under age-induced and environmental stress-induced senescence in Arabidopsis [137]. In wheat, Staygreen contributes to a long grain-filling period and stable yield under heat stress conditions by maintaining chlorophyll content and functionality and thus maintaining sugar supply during grain filling. The ability to maintain grain weight under heat stress conditions in the field correlated with Staygreen in wheat [138,139,140]. Genetic variability for Staygreen has been identified and exploited in maize, rice, wheat, and other plant species.



Previous studies on the genetic basis of grain quality and yield reduction in response to heat stress in wheat have found numerous QTLs for leaf senescence and Staygreen [103,141]. Mapping analyses identified 44 QTLs on chromosomes 1B, 2A, 2B, 4A, 4B and 7D associated with Staygreen, some of which were also co-locating with yield and yield-related traits [103]. A recent study showed that certain RILs maintained Staygreen traits under combined heat and drought stress at the anthesis stage. These RILs up-regulated known chlorophyll biosynthesis gene expression (including CHLD, a key enzyme for chlorophyll synthesis and chloroplast development), as well as down-regulated chlorophyll degradation gene expression (including pheide a oxidase (PaO), pheophytin pheophorbide hydrolyase (PPH) and Stay Green 1 (SGR1)) [141].



Among other developmental and environmental signals, plant hormones control senescence in response to environmental stress. The gaseous phytohormone ethylene plays multifunctional roles in plant growth, development, and stress responses. Ethylene inhibits vegetative growth by restricting cell elongation, mainly through cross-talk with auxins, accelerates senescence, and modulates responses to environmental stress. In mature wheat plants, increased ethylene accelerates maturity, shortens the grain-filling period, decreases thousand-grain weight, and induces premature senescence [142]. Heat stress-induced ethylene production in wheat regulates kernel abortion and grain maturation suppression. Exposure to a heat stress of 38 °C during early kernel development resulted in a significant increase in ethylene production in developing kernels and flag leaves of a heat susceptible wheat cultivar ‘Karl 92’, but not in the heat-tolerant wheat cultivar ‘Halberd’. Treatment of ‘Karl 92’ plants with ethylene receptor inhibitor 1-methyl cyclopropane before heat stress blocked heat stress-induced kernel abortion and reduced kernel weight. Ethylene was hypothesized to regulate susceptibility to heat stress by triggering the transition to developmental arrest and senescence in wheat.




4.3.2. Barley


Heat stress accelerates the rate of senescence and leaf chlorophyll loss, leading to reduced photosynthetic capacity and assimilate supply to the developing grains. In barley, direct selection for yield may have led to indirect selection for Staygreen [143]. Yield under heat stress is a complex trait, often confounded by many low heritability factors. Targeting heritable traits that likely underpin heat stress-adaptation, such as Staygreen, using molecular markers and marker-assisted selection (MAS) can offer higher rates of genetic gain for heat stress tolerance in breeding programs. A QTL study evaluated Staygreen by Soil Plant Analysis Development (SPAD) chlorophyll meter readings or visual assessment of an ND24260 × Flagship DH population and detected six QTLs for Staygreen associated with terminal heat-stress on chromosomes 3H, 4H, 5H and 6H. Transgressive segregation indicated that multiple genes likely control Staygreen. The most significant QTLs detected in the heat-stress experiment was HSPFLQ1, positioned at Diversity Arrays Technology (DArT) marker bPb-5529 on chromosome 5H, explaining 17.4% of the phenotypic variance. This marker is associated with Long basal rachis internode 1 (lbi1) gene expression. The QTLs identified for Staygreen under terminal heat and drought stress were located at different positions on the chromosomes. In the heat treatment, the Staygreen traits examined were correlated, but not with biomass, thousand-kernel weight, or tiller and spike number. Staygreen expression was also independent of anthesis date and maturity.




4.3.3. Rice


Crop biomass comprises vegetative plant material above (shoot biomass) and below (root biomass) the ground surface area. A recent study used genotyping-by-sequencing to generate single nucleotide polymorphic (SNP) markers for 150 RILs from heat tolerant N22 × heat susceptible IR64 to determine seedling stage tolerance to heat stress [144]. One QTL was identified for root length, and three QTLs were identified for coleoptile length under heat stress, explaining 20.4% and up to 10.2% of the phenotypic variation, respectively. Candidate genes underlying the significantly associated SNPs include genes encoding transcription factors, heat shock proteins, proteases, protein kinases, and phospholipases.



Li et al. assessed seedling survival under heat stress of chromosome segment substitution lines (CSSLs) with a heat susceptible Asian rice variety as the donor parent and heat stress tolerant African rice (O. glaberrima accession CG14) as the recurrent parent [145]. The Asian rice variety contained five QTLs contributing to thermotolerance, including a major QTL on chromosome 3 termed Thermo-tolerance 1 (TT1). The candidate gene underlying TT1 was identified as Os03g0387100, also known as Proteasome alpha 2 subunit 1 (PAB1). PAB1 encodes the α2 subunit of the 26S proteasome, which is a multi-catalytic protease complex responsible for the selective, ATP-dependent degradation of ubiquitylated proteins. Overexpression of PAB1led to higher, and PAB1 gene knockout led to lower heat tolerance in transgenic lines than control plants, providing evidence that PAB1 is the underlying causal gene for the TT1 locus. The authors hypothesized that TT1 enhances the elimination and recycling of ubiquitinated proteins denatured due to heat stress.



Ribosomal RNA homeostasis is crucial to normal growth and development and is impacted by temperature stress [146]. The nucleolar-located RNA helicase Thermotolerant Growth Required 1 (TOGR1) is a crucial chaperone for rRNA homeostasis and regulates thermotolerant growth in rice [147]. TOGR1 is controlled by temperature and the circadian clock and is associated with the small subunit (SSU) pre-rRNA processome, a prerequisite to maintaining normal rRNA homeostasis at high temperatures. Transcriptome analysis revealed that TOGR1 is essential in coordinating primary metabolisms to support thermotolerant growth. Natural variation in its transcript level is positively correlated with plant height, and the enhanced expression of TOGR1 significantly increased rice biomass under hot conditions. Ascorbate peroxidase 2 (APX2) and galactinol synthase 2 (GolS2) both protect plants from heat stress by scavenging ROS (reactive oxygen species) and producing osmoprotectants, respectively. Transcript level measurements of homologues of APX2 and GolS2 in wild type rice and togr1-1 mutant seedlings showed that these genes were more highly expressed in the mutant than the wild type in response to heat stress.



He et al. identified a rice mutant highly susceptible to heat, with higher hydrogen peroxide (H2O2) content and increased cell death under heat than the wild-type [148]. Using map-based re-sequencing (IMBR), they identified the causal gene PREMATURE SENESCENCE LEAF 50 (PSL50). PSL50 negatively regulates heat-induced premature leaf senescence in rice, probably by acting as a modulator of H2O2 signaling in response to heat stress.




4.3.4. Maize


Plant leaves are specialized organs that capture light energy by photosynthesis and allow photo assimilation for grain development. Heat stress during grain filling accelerates leaf senescence and also decreases plant height, leaf area, and biomass at maturity in maize [149]. Leaf senescence is an oxidative process that involves the degradation of cellular and sub-cellular structures, hydrolysis of macromolecules such as proteins and lipids, and mobilization of nutrients from senescing leaves to growing or sink organs [150]. It is associated with higher oxidative stress and a decline in antioxidant activity and levels of membrane lipids, including phospholipids and galactolipids [151]. ROS play a role in lipid peroxidation, protein oxidation, chlorophyll degradation, membrane damage, activation of programmed cell death (PCD) pathway, and ultimately leading to leaf senescence.



In response to heat stress, induction of the HSR leads to the rapid and robust expression of molecular chaperones, including HSF and HSP and other genes of cell-protective pathways. Molecular chaperones help protect protein synthesis and folding, prevent misfolding, and promote recovery from stress-induced leaf senescence processes. Maize contains twenty-five HSF homologues which are more closely related to rice HSFs than Arabidopsis HSFs [152]. Six HSF genes (ZmHSF01, ZmHSF03, ZmHSF04, ZmHSF23, ZmHSF24 and ZmHSF25) were significantly up-regulated, and five (ZmHSF06, ZmHSF10, ZmHSF14, ZmHSF20 and ZmHSF21) were strongly down-regulated in response to heat shock treatment. Arabidopsis plants overexpressing ZmHSF06 have an enhanced seed germination rate, heat and drought tolerance, longer roots, higher levels of leaf chlorophyll, superoxide dismutase (SOD), peroxidase (POD) and CAT after heat stress treatment compared with the wild type [153]. Expression of ZmHSF04 was up-regulated in response to ABA treatment and heat stress, displaying the highest peak one hour after the onset of heat stress [154]. Arabidopsis plants overexpressing ZmHSF04 have enhanced heat and salt tolerance and higher expression levels of heat-specific HSP genes (AtHSP25.3-P, AtHSP18.2-CI, AtHSP70B, AtHSP101) and stress-related genes (AtAPX2, and AtGOLS1) compared to the wild type.



Delaying leaf senescence can extend the photosynthetic period and increase crop biomass, whereas premature senescence can lead to substantial biomass losses. The natural recessive EARLY LEAF SENESCENCE 5 mutant (ZmELS5) was used to identify senescence-associated genes between ZmELS5 and wild type NIL [132]. Comparative transcriptome analyses identified about 9000 differentially expressed genes (DEG), of which ~4000 were up-regulated and ~5000 were down-regulated. Among these genes were bHLH, WRKY, APETALA2 and Ethylene-Responsive Element Binding Protein (AP2/EREBP) family transcription factors that regulate leaf senescence through ethylene or jasmonate signaling-dependent pathways. These changes cause stress responses and reductions in the chlorophyll a/b-binding protein activity levels, decrease ATP synthase activity, and increase photosystem II photo-damage, thus hastening leaf senescence.



Table 5 summarizes the effects of heat on cereal crop senescence and biomass and identifies QTLs or candidate genes for all four cereal crops.






5. Effective Methodology and Approaches for Genetic Improvement of Heat Stress Tolerance


5.1. Germplasm Screening in the Glasshouse and Field Trials


Abiotic stress tolerance trait screening based on glasshouse and laboratory-based experiments rarely translate into the field, as screening conditions can vary significantly between target environments and controlled experiments [156]. The great advantage of glasshouse and laboratory-based experiments is that heat treatment can be applied precisely to select plants that otherwise experience the same growing conditions as untreated control plants. The control experiment can be used as a benchmark or a reference point against which the stress-treated results can be compared. Screening for heat stress tolerance under field conditions is arduous due to variability in severity, timing and duration of the stress and significant differences in climatic variables (e.g., precipitation, temperature, solar radiation) between growing seasons.



Optimal temperatures for growth and development vary greatly for different phenological phases of plant development. Heat damage can become critical to crop productivity and survival when high temperatures coincide with critical crop development stages. Small changes in phenology can lead to significant changes in the environmental impacts the crops are exposed to at critical developmental stages. The major phenology traits in crops are highly heritable, and in some cases, the genes underlying these loci have been cloned [18]. On the other hand, significant G × E and epistatic interactions lead to low heritability for many agronomically relevant traits, such as grain yield and quality, making direct selection challenging. Differences in plant maturity have long been known also to influence agronomic characteristics. Hill et al. [157,158] discussed the confounding effects of phenology on field-based QTL mapping studies in wheat and found four of five phenology-related loci affect agronomic trait variation. Flowering time may mask the critical variation and, therefore, the QTL identification. Variability within populations for flowering time further confounds results, a particular problem in mapping populations such as the Excalibur × Kukri DH population, extensively used in many drought and heat-stress QTL studies. For example, when the wheat Excalibur × Kukri DH population was developed, markers for major phenology genes were not available. However, despite showing similar maturity in the field, the parental lines differed at phenology-related loci. This led to phenologically different offspring in the population, which were segregated for phenology-related loci. Using progeny from crosses with a narrow range of phenology [159] or treatment of individual plants according to their flowering time [160] has been shown to have low variation for flowering time and improved QTL detection.




5.2. Genetic Mapping of Heat Stress Tolerance Genes


Genetic diversity, ranging from a single base pair to duplications, inversions and translocations of entire chromosomal regions, can be traced using molecular markers in plant populations. Genotyping is used to accurately determine the chromosomal position of genes and QTLs responsible for heat stress in different crops and in marker-assisted selection (MAS) to expedite the development of lines with desired traits. Based on the stability of QTL effects across environments, QTLs can be classified as “constitutive” if consistently detected across different environments or as “adaptive” if detected only under specific environmental conditions. An essential prerequisite for a successful MAS program to improve heat tolerance is identifying environmentally stable (constitutive) QTLs, or QTLs confirmed using different mapping populations, as detected for heat stress tolerance in wheat [102,161], and rice [69,75].



Next-generation sequencing (NGS) genotyping technologies have greatly enhanced the discovery rate of polymorphisms and enabled the cost-effective genotyping of hundreds or thousands of mapping populations. They include whole-genome re-sequencing, SNP arrays, and reduced representation sequencing, which are widely applied in crops [57,58,59]. Linkage mapping studies using bi-parental mapping populations derived from crossing two inbred lines have successfully identified heat tolerance QTLs. However, this standard design for genetic mapping in crops requires a lot of resources and time to develop mapping populations. In addition, only alleles differing in the parents are considered with this approach, which relies on a single recombination event resulting in low mapping resolution and low genetic diversity.



Germplasm collections generally contain a broader gene pool with higher genetic diversity than segregating progenies from bi-parental mapping populations. GWAS exploits the linkage disequilibrium (LD) due to past recombination events present in a diverse population of distantly related or unrelated individuals, resulting in high mapping resolution compared with linkage mapping. Since LD is lower in a GWAS population than in a bi-parental population, GWAS requires a higher marker density than traditional QTL mapping. Genes controlling heat tolerance-related traits were discovered using GWAS approaches in wheat [162], barley [163], rice [164,165], and maize [125,126].




5.3. Targeted Manipulation of Heat Stress Tolerance Genes


An alternative strategy for improving heat tolerance is transgenesis or transgenetic breeding. Transgenetic breeding enables the transfer of beneficial alleles from another plant species to elite crop cultivars without linkage drag. This allows the exploitation of genes and the introduction of new traits not accessible through hybridization-based breeding. Five hundred forty different transgenic events in 32 crops have been approved for cultivation in 51 countries, including wheat, rice, and maize [166]. Recent examples include the expression of a rice soluble starch synthase gene in transgenic wheat which improves thousand kernel weight by up to 34% under heat stress conditions [167], and the over-expression of a rive MYB transcription factor in maize which reduced plant growth and performance under heat and drought stress conditions [168].



While transgenic crops are now grown commercially on several million hectares globally, public concerns exist about their health and safety. Alternative technologies such as genome editing may address many public concerns as their application can result in modifications identical to those from conventional breeding, naturally occurring, or induced mutations. Targeted gene editing using Clustered Regularly Interspaced Short Palindromic Repeat/CRISPR associated proteins (CRISPR/Cas) technology is a relatively new transgene-free approach to engineering novel stress tolerance in crops using site-directed nuclease (SDN) technologies [169]. Only a few studies regarding CRISPR/Cas9 technology managing heat stress in crop plants have been published: A heat-shock inducible CRISPR/Cas9 system was developed in rice by expressing Cas9 governed by soybean heat shock promoter (HsCas9) and sgRNA under the rice ubiquitin 3 promoter [170]. Rice plants expressing HsCas9 showed higher mutagenesis and a lower rate of off-target mutations after heat shock treatment than those constitutively expressing Cas9, and these mutations were also heritable. Heat stress also has a direct correlation with chloroplast biogenesis in plants. Heat-sensitive albino1 (hsa1) encodes a putative fructokinase-like protein 2 (OsFLN2) essential for chloroplast development. CRISPR/Cas9-mediated deletion of HSA1 disturbs plastid-encoded RNA polymerase (PEP)-dependent plastid gene expression, enhances heat sensitivity and greening recovery compared to the wild-type hsa1 allele in rice [171].





6. Prospects and Challenges


The Green revolution during the 1960s introduced modern semi-dwarf, high-yielding and fertilizer-responsive cereal crop varieties into developing countries. Subsequently, several-fold increases in productivity have been achieved through modern plant breeding. However, current yields stagnate in many parts of the world [172,173]. For example, a remarkable increase in the global average yield of wheat was achieved between 1980 and 2020, which almost doubled from 1.9 t ha−1 to 3.5 t ha−1 [12]. However, average wheat yields in Australia and New Zealand only increased from about 1 t ha−1 to 1.5 t ha−1 in the same period.



Climate change affects the production of cereal crops in many parts of the world due to increases in the frequency, intensity, and impacts of extreme weather events. This has shifted the focus of breeders from primarily increasing yield to combining yield with abiotic stress tolerance to maintain yields under adverse climate events. Consequently, major discoveries have been made in recent years for wheat, barley, rice, and maize, some of which were reported and discussed in this review. However, further developments are needed to translate these findings into farmer-ready cultivars to improve yield in the field under heat stress, particularly in the following areas:




	
Heat tolerance in crops is a polygenic trait that is difficult to quantify, and thus different definitions of heat tolerance are currently used for field-based and laboratory evaluations. Until now, no direct method is available to select heat-tolerant plants, but some traits such as canopy temperature depression, membrane thermo-stability and chlorophyll fluorescence may be effective indicators of plant heat tolerance.



	
Crops often experience several environmental stresses, such as drought, nutrient stress, and heat stress, simultaneously in the field. Therefore, many studies screen (deliberately or unintentionally) for the combined effect of different environmental stresses, and the interaction between stress responses, on the target traits. Past studies have used late sowing times [100,110] or in-field heat tents [174] to control the timing and incidence of heat stress. It remains unclear how comparable results obtained from these experiments are to heat events experienced in more typical production environments.



	
Uncertainties in the knowledge of molecular crop responses to heat are limiting current research and breeding efforts. Despite considerable research to map QTLs and quantify their effects and interactions, most quantitative trait variation’s biological and molecular basis remains poorly understood. The information from QTL studies alone is often not sufficient to determine whether a genetic locus and a phenotype are connected directly, for example, via a specific gene or through multiple steps and pathways, such as transcription factors or other regulatory sequences. High-resolution mapping of specific genomic regions would help clarify whether coincident QTLs are due to linkage or pleiotropy.



	
MAS and association genetics require long selection cycles and cannot capture significant marker–QTL associations with minor gene effects. Genomic selection is a technique that employs genome-wide markers to predict the phenotype of lines based on the genotype [175]. The marker effects are estimated in a fully genotyped and phenotyped training population and then used to obtain genomic estimated breeding values (GEBV) of the test population that has only been genotyped. The prediction’s reliability relies on the genetic diversity and size of the training population used to calibrate the prediction models, and the density of the molecular markers used to genotype lines. Genomic selection enables indirect selection for quantitative traits before phenotyping and has long been applied to animal breeding but has only a recent history in crop breeding. When used to enhance wheat’s heat and drought tolerance, genomic selection has shown that canopy temperature and normalized difference vegetation index (NDVI) measurements can increase genomic prediction model accuracies for grain yield [176]. A prediction accuracy of 0.62 using an item-based collaborative filtering approach was reported for grain yield in heat-stressed environments from NDVI measurements [5]. These results suggest a great potential for incorporating high-throughput phenotyping in genomic selection studies to improve the heat-stress tolerance of crops.



	
Recently, regulatory connections between heat stress response pathways and the plant circadian clock have been revealed [177,178], opening new avenues for crop improvement if better understood. Adjustments in clock function may allow crops to re-adjust the balance between crop growth and stress tolerance in response to changes in the environment and ensure a sustained increase in heat stress tolerance when needed [179].



	
Heatwave events have extremely high economic costs, but even with adjustments in sowing date, high temperatures are largely unavoidable during the reproductive phase of cereal crops in many parts of the world. Biotechnology, particularly genetic modifications and molecular markers, is key to speeding up plant breeding programs to deliver improved and better-adapted varieties sooner. Despite this, only small efforts have been made to identify genetic markers associated with heat tolerance that can be deployed in cereal crop breeding programs. There remains an urgent need to identify diagnostic markers for MAS breeding to maintain and improve the grain yield of cereal crops under heat-stressed environments.



	
Regulatory hurdles hinder the development and adoption of new genetic variations with DNA technologies, mutational breeding, or genome editing. Added value contributed by the transgenes to enhancing stress tolerance must be demonstrated first before acceptance in breeding programs. This can only be achieved through costly large-scale extensive field evaluations of transgenic germplasm—a task difficult to accomplish in the current regulatory environment in many parts of the world. Given the regulatory complications and costs, the yield benefit under heat stress needs to be substantial without negative impacts in normal production environments. Argentina, one of the first countries with a regulatory framework for genetically modified crops, has recently approved the transgenic HB4 drought-tolerant wheat for growth and consumption [180]. Based on field trials conducted over ten years, transgenic HB4 wheat shows a 20% increased yield in seasons affected by drought with no yield penalty under normal growth conditions. HB4 technology is based on HaHB4, a sunflower transcription factor belonging to the homeodomain-leucine zipper I family whose ectopic expression in several plant species triggered drought tolerance. Given the recent advancements, it may only be a matter of time before the first heat-stress tolerant cereal crops will be commercially released.
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Figure 1. Global climate variability. (A) Time series graph of global mean surface temperature anomalies (°C) (1850 to 2019). The current international standard of a 30-year average from 1961 to 1990 was used as the long-term average. Blue bars indicate cooler-than-average years; red bars show warmer-than-average years. (B) Trend map in global annual temperature (°C/10 years) from 1970 to 2019. White means little to no change, while red shows places that warmed, and blue shows places that cooled. The time series and trend analyses use the Climatic Research Unit HadCRUT4 global gridded (5 × 5 degree resolution) temperature data set [8]. Source: Australian Government Bureau of Meteorology. 






Figure 1. Global climate variability. (A) Time series graph of global mean surface temperature anomalies (°C) (1850 to 2019). The current international standard of a 30-year average from 1961 to 1990 was used as the long-term average. Blue bars indicate cooler-than-average years; red bars show warmer-than-average years. (B) Trend map in global annual temperature (°C/10 years) from 1970 to 2019. White means little to no change, while red shows places that warmed, and blue shows places that cooled. The time series and trend analyses use the Climatic Research Unit HadCRUT4 global gridded (5 × 5 degree resolution) temperature data set [8]. Source: Australian Government Bureau of Meteorology.
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Figure 2. Adverse effects of heat stress on the different stages of the reproductive phase in cereal crop plants. 






Figure 2. Adverse effects of heat stress on the different stages of the reproductive phase in cereal crop plants.



[image: Agronomy 12 01205 g002]







[image: Agronomy 12 01205 g003 550] 





Figure 3. Adverse effects of induced senescence mediated by heat stress in plants. 
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Table 1. Candidate genes and gene families for the acquisition of heat tolerance identified in Arabidopsis thaliana.
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	Gene Name
	Gene Symbol
	Function
	Reference





	DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN
	DREB2A
	Transcriptional regulators involved in plant responses to cold, drought, and salt stress
	[30]



	HEAT SHOCK PROTEIN
	HSP
	Molecular chaperones protecting the proteome against environmental stresses; thermomemory
	[25]



	HEAT SHOCK

TRANSCRIPTION FACTOR
	HSF
	Part of signal transduction chains mediating the activation of genes responsive to both heat stress and other stresses
	[23]



	ASCORBATE PEROXIDASE
	APX
	Antioxidant system-related enzyme
	[32]



	CATALASE
	CAT
	Antioxidant system-related enzyme, long-term heat tolerance
	[33]
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Table 2. Candidate gene and gene families for heat stress memory identified in Arabidopsis thaliana.
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	Gene Name
	Gene Symbol
	Function
	Reference





	Filamentous temperature sensitive H
	FtsH
	Metalloprotease, regulation of heat-shock transcription factor σ32; thermomemory
	[37]



	HEAT SHOCK PROTEIN 21
	HSP21
	Molecular chaperones protecting the proteome against environmental stresses; thermomemory
	[25,37]



	ANTI-SILENCING FUNCTION 1
	ASF1
	Histone chaperone
	[21]



	FORGETTER3/ HEAT SHOCK TRANSCRIPTION FACTOR A3
	FGT3/HSFA3
	FGT3 encodes the HSFA3 gene; mediates heat stress memory by direct transcriptional activation of memory-related genes
	[34]
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Table 3. Effects of high temperatures on cereal crop development and reproduction. The ‘+’ sign indicates an increase, and the ‘−’ sign shows a decrease in the performance of the trait of interest. n.a.: not assigned.






Table 3. Effects of high temperatures on cereal crop development and reproduction. The ‘+’ sign indicates an increase, and the ‘−’ sign shows a decrease in the performance of the trait of interest. n.a.: not assigned.





	Trait
	Impact
	QTL, Locus or Marker
	Candidate Gene
	Chromosome
	Crop Species
	Reference





	Grain filling period duration
	−
	QHgfd.iiwbr-1B, QHgfd.iiwbr-5A
	n.a.
	1B, 2B, 3B, 5A, 6B
	bread wheat
	[53]



	Grain filling period duration
	−
	QHgfd.tam-1D (gwm337), QHgfd.tam-2A (wmc407), QHgfd.tam-6D (gwm325), QGfd.tam-1Bc (barc137), QGfd.tam-2A (wmc407), QGfd.tam-2D (cfd43)
	n.a.
	1B, 1D, 2A, 2D 6D,
	bread wheat
	[52]



	Grain filling period duration
	−
	Xgwm11, Xgwm293
	n.a.
	1B, 5A
	bread wheat
	[51]



	Temperature sensitivity (late reproductive phase)
	+
	Eps
	ELF3
	1D
	bread wheat
	[56]



	Early inflorescence development
	+
	n.a.
	Ppd-1
	2H
	bread wheat
	[50]



	Life cycle duration/temperature sensitivity
	−/+
	Mat.a8, eam8
	ELF3
	1HL
	barley
	[64]



	Reproductive phase duration
	+
	n.a.
	ODDSOC2
	3H
	barley
	[87]



	Flower opening time
	−
	qEMF3
	n.a.
	3
	rice
	[75]



	Cleistogamy
	+
	spw1-cls
	SPW1
	6
	rice
	[76,77]



	Spikelet fertility at flowering
	−
	qHTSF1.1, qHTSF4.1
	n.a.
	1, 4
	rice
	[68]



	Spikelet fertility at flowering
	−
	109 QTLs
	n.a.
	1–12
	rice
	[88]



	Pollen fertility
	−
	qPF4 (RM5687—RM471), qPF6 (RM190—RM225)
	n.a.
	4, 6
	rice
	[71]
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Table 4. Effects of heat on cereal crop grain yield and quality. The ‘+’ sign indicates an increase, and the ‘−’sign indicates a decrease in the performance of the trait of interest. n.a.: not assigned.
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	Trait
	Impact
	QTL, Locus or Marker
	Candidate Gene
	Chromosome
	Crop Species
	Reference





	Grain number
	−
	QHknm.tam-1A (cfa2129),

QHknm.tam-2B (barc200.2),

QHknm.tam-3Bc (barc147),

QHknm.tam-4A (wmc89),

QHknm.tam-5B (gwm213)
	n.a.
	1A, 2B, 3B, 4A, 5B
	bread wheat
	[52]



	Grain weight
	−
	QHkwm.tam-1B (gwm268), QHkwm.tam-2B (gwm111.2), QHkwm.tam-3B (wmc527), QHkwm.tam-5A (gwm291), QHkwm.tam-6D (gwm325)
	n.a.
	1B, 2B, 3B, 5A, 6D
	bread wheat
	[52]



	Grain weight
	−
	QTL11, QTL27
	n.a.
	3B, 6B
	bread wheat
	[95,127]



	Grain yield
	−
	Q.Yld.aww-3B-2, Q.Yld.aww-3B-1, Q.Yld.aww-3D, Q.Yld.aww-4D, Q.Yld.aww-5B, Q.Yld.aww-7A-1, Q.Yld.aww-7A-2
	n.a.
	3A, 3D, 4D 5B, 7A
	bread wheat
	[127]



	Grain yield, grain number, grain weight
	−
	qYDH.3BL
	SINA
	3B
	bread wheat
	[104,106]



	Grain size, thousand-kernel weight
	−
	qGL5H
	DEP1
	5H
	barley
	[112,113]



	Chalkiness
	+
	flo11-2
	cpHSP70-2
	12
	rice
	[118,128]



	Grain yield
	−
	qSSPF10, qHT6 (RM190-RM587-RM510-RM225-RM217-RM50)
	n.a.
	6
	rice
	[128,129]



	Grain yield
	−
	1549 SNPs
	673 candidate genes including U-box domain-containing protein, GRAS family transcription factor, and protein kinase family protein
	1, 2, 4, 5, 8, 10
	maize
	[124]



	Grain yield
	−
	269 SNPs
	140 candidate gene models, including bHLH (basic-Helix-Loop-Helix) transcription factors
	1–10
	maize
	[126]



	Grain yield
	−
	12 SNPs
	9 candidate gene models
	1, 3, 6, 7, 10
	maize
	[125]
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Table 5. Effects of heat on cereal crop senescence and biomass. The ‘+’ sign indicates an increase, and the ‘−’ sign shows a decrease in the performance of the trait of interest. n.a.: not assigned.
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	Trait
	Impact
	QTL, Locus or Marker
	Candidate Gene
	Chromosome
	Crop Species
	Reference





	Chlorophyll content
	−
	Q.Spad.aww-4D, Q.Spad.aww-6D
	n.a.
	4D, 6D
	bread wheat
	[127]



	Various senescence traits (incl. chlorophyll content)
	−
	QTL2, QTL13, QTL15, QTL18, QTL21, QTL29
	n.a.
	1A, 4A, 4B, 5A, 7B
	bread wheat
	[95,155]



	Staygreen
	−
	44 QTLs
	n.a.
	2A, 4B, 4D, 6A, 7D
	bread wheat
	[103]



	Staygreen
	−
	6 QTLs, including HSPFLQ1 (bPb-5529)
	lbi1
	3H, 4H, 5H, 6H
	barley
	[143]



	Seedling survival
	−
	TT1
	Os03g0387100 (PAB1)
	3
	rice
	[145]



	Biomass
	−
	togr1-1
	Os03g46610 (TOGR1)
	3
	rice
	[147]



	Leaf senescence
	+
	psl50
	Os01g50770 (PSL50)
	1
	rice
	[148]



	Seed germination rate, chlorophyll content
	−
	n.a.
	ZmHsf06
	1
	maize
	[152]



	Seedling survival
	−
	n.a.
	ZmHsf04
	1
	maize
	[154]



	Leaf senescence
	+
	ZmELS5
	n.a.
	n.a.
	maize
	[132]
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Crop Development and Reproduction

Heat stress

t: Higher/increased
|: Lower/decreased
(): Altered/abnormal

Booting to Anthesis Flowering and Fertilisation

() Pollen () Sugar metabolism
development and starch biosynthesis

1 Anther () Floral organ

indehiscence morphology

| Biomass 1 Flower abortion

| Pollen number T Impaired cell division
| Pollen b 1 Impaired fertilisation  —, \§&f
production 1 Pollen sterility

| Root growth | Days to flowering

| Shoot growth | Pollen tube

| Stomatal germination

conductance | Seed set

| Water use | Size of style and ovary
efficiency | Spikelet fertility

Grain Filling

() Source-sink relations
() Sugar metabolism
and starch biosynthesis
1 Chalkiness in rice

1 Grain filling rate

1 Seed abortion

| Grain dry matter
accumulation

| Grain dormancy

| Grain filling duration

| Grain quality

| Grain size

| Grain weight

| Grain yield

| Milling quality

| Photosynthesis






nav.xhtml


  agronomy-12-01205


  
    		
      agronomy-12-01205
    


  




  





media/file0.png





media/file2.png
1900 1920 1940 1960 1980 2000
Year
Bamd on a -year chmatokg y ( 1961-1900)

1880

1860

© + o o o +
o o o (=] [

A ( Do) Arewoue ainesadwa) 8oelNS UES P

0.8






media/file5.jpg
Senescence

RUBISCO degradation
Inactvation of Photosystem Il and Rubisco activase
Reduction in photosynthesis

Induction oftylakoid membrane permeabiity

s ot () at egtion

Production of ROS.
Programmed el death
Impaired protein transiation
Oxidation of proteins
Oxidation ofipids






media/file6.png
Senescence

RUBISCO degradation

Heat stress
Inactivation of Photosystem |l and Rubisco activase
i
_\ ’_ Reduction in photosynthesis
7 ] S Induction of thylakoid membrane permeability

% Induces onset of f Chlorophyll degradation

senescence Production of ROS
Programmed cell death
Impaired protein translation
Oxidation of proteins

Oxidation of lipids






media/file3.jpg
Crop Development and Reproduction

Booting to Anihes Flowering and Fertisaton Grain Filing

oo © Sugarmtabolem © Sourcesn eitons
catstiess  deveomen b olondritl  Segarmtaborn
Hets i o Floralorgan anastarch bosyninesis
. | i ooy Crass s
5 i Tt aporon [ | Gan e
B (et Himparescotavsion W | Seo o
] 7 imrares e < Q| G oy maner
oo Pt sy scminton
PR rowtn | Baytofowanng o omncy
| Srotron | Poantuos | G oo
| Somet semivton | G vty
contusancs Pootsn | G e
Tt v | Sevat sy ansomy | Gl wa
iy | Sty | G v
o] | g sy

e _ Photosyntnesis






media/file1.jpg
< (0 Aewoue amessdua soepns weon





