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Abstract
The Green Revolution substantially improved global food production; however, nutritional security, particularly the alleviation of protein malnutrition in rapidly expanding populations, remains a critical challenge. Mungbean, a vital legume crop, having high nutritional value with 24–28% protein, essential minerals, bioactive compounds, and the ability to biologically fix atmospheric nitrogen (58–109 kg/ha), thereby enhancing soil fertility and contributing to sustainable agricultural systems. Its short growth duration makes it well-suited for intercropping, including rice–wheat fallow systems, but elevated temperatures during the summer months (April–May) can severely reduce yields. Efforts to identify heat-tolerant genotypes and elucidate molecular mechanisms have revealed key physiological traits, heat shock protein regulation, and stress-responsive genes, along with associated QTLs for heat tolerance. Advances in precise phenotyping, coupled with the introgression of novel alleles into elite cultivars, offer significant opportunities for developing resilient mungbean varieties. This review examines the effects of heat stress on mungbean highlighting key physiological and yield constraints. We assess genetic resources for heat tolerance and discuss advanced breeding strategies, including genomic selection and high-throughput phenotyping, to accelerate development of climate-resilient varieties. Integrating multi-omics approaches can enhance trait discovery and breeding efficiency, supporting sustainable mungbean production in warming climates.
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Introduction 
The Green Revolution has significantly enhanced global food production, addressing food security challenges; however, ensuring nutritional security, particularly protein malnutrition in rapidly growing populations, remains a pressing issue (Nair & Schreinemachers, 2020). Mungbean (Vigna radiata L. Wilczek), commonly referred to as green gram, is a leguminous crop of high nutritional value, containing 24–28% protein, essential minerals, and bioactive compounds. And its capacity to fix atmospheric nitrogen biologically (58–109 kg/ha) improves soil fertility (Peoples & Herridge, 1990), contributing to sustainable agricultural systems, this makes mungbean an important crop for addressing protein malnutrition and improving nutritional security in the increasing world population (Huang et al., 2024).
Mungbean is widely cultivated across the globe, covering 7.3 million hectares with a total production of 5.3 million tonnes and an average productivity of 721 kg/ha. India is one of the largest producers of mungbean, with cultivation on 5.1 million hectares, a total production of 3.1 million tonnes, and an average productivity of 598 kg/ha (Reddappa et al., 2025). Mungbean is a short-duration crop, making it well-suited for intercropping systems, particularly in rice and wheat fallow periods in India between the rice-growing season (June-October) and the wheat season (mid-November to March) (Manjunatha et al., 2023).
However, during this period (April to May), elevated temperatures >40oC can significantly affect crop productivity (Bhardwaj et al., 2024). Therefore, developing short-duration, high-temperature-tolerant mungbean varieties could significantly contribute to expanding cultivation in these rice-wheat fallow systems (Bhardwaj et al., 2023a). 
Substantial research spanning several decades has focused on identifying heat-tolerant genotypes and deciphering the physiological and molecular basis of heat stress responses in plants. Breakthroughs in molecular characterization have revealed sophisticated thermoregulatory mechanisms, particularly involving the differential expression of heat shock proteins (HSPs) and coordinated activation of stress-responsive gene networks (Sarkar et al., 2025). Recent studies have delineated a detailed molecular framework underlying heat stress adaptation, which includes: (1) thermal perception and associated signal transduction cascades, (2) transcriptional regulation mediated by heat shock factors (HSFs), and (3) activation of protective responses involving molecular chaperones and antioxidant defense systems. Considerable advances have been achieved in elucidating these mechanisms, alongside the discovery of key genes and quantitative trait loci (QTLs) contributing to heat tolerance in crop species (R. M. Nair et al., 2019). The integration of novel alleles in heat stress–responsive genes with precise phenotyping using advanced phenomics platforms offers a powerful approach to unravel the genetic basis of complex heat tolerance traits. Such strategies can significantly accelerate the breeding of improved cultivars with superior resilience to elevated temperatures (Basu et al., 2019).
This review provides a comprehensive overview of the impact of heat stress on mungbean growth and development, along with strategies to accelerate genetic gain under high-temperature conditions. It explores the genetic architecture of key heat tolerance traits, available germplasm resources, and potential indirect selection criteria for identifying superior genotypes. Furthermore, it outlines advanced breeding methodologies aimed at enhancing the selection and genetic improvement of mungbean for improved performance in heat-stressed environments.

Mungbean growth and development 
Cultivated mungbean is a short-duration crop that typically matures within 60 to 110 days after sowing (DAS), depending on the cultivar and environmental conditions (Jha, et al., 2025a). The development of a mungbean crop growth model has identified nine distinct phenological phases critical to its growth and development (Chauhan & Williams, 2018). These phases include: (i) sowing to emergence, (ii) emergence to the end of the juvenile phase (basic vegetative growth), (iii) floral initiation, (iv) onset of flowering, (v) commencement of pod filling, and (vi) attainment of physiological maturity.
Effect of temperature on seed germination and emergence in mungbean
Temperature plays a pivotal role in seed germination, with each species exhibiting distinct cardinal temperatures (minimum, optimum, and maximum) that govern germination. Within the sub-optimal range, germination rates demonstrate a linear response to temperature, emphasizing its integral role in metabolic and physiological processes during seed development (E.S.arkawi et al., 1977).
Germination of mungbean seeds is fastest at 40°C when water is non-limiting, with optimal germination temperatures ranging between 40°C and 45°C. Above 45°C, germination rates decline, and the ceiling temperature (Tc) is estimated to be approximately 53°C​ (Fyfield & Gregory, 1989). Temperature significantly affects seed germination rates and percentages, with higher temperatures reducing germination efficiency compared to optimal conditions. For example, germination at 40/30°C and 45/35°C decreased by 23% and 36%, respectively, compared to control conditions (30/20°C), though ascorbic acid application (50 μM) effectively mitigated this reduction, improving germination percentages under heat stress​  (Kumar et al., 2011)
Effect of temperature on Phenology of mungbean
Phenology, the study of the timing of developmental stages in plants, plays a critical role in determining crop adaptation and productivity under varying environmental conditions. In mungbean critical phenological phases such as flowering onset, pod formation, and physiological maturity are strongly influenced by variations in ambient temperature (Kaur et al., 2015a).
Under non-stress conditions, substantial genetic variability exists for phenological traits such as days to first flower (36–48 days), days to podding (45–56 days), days to maturity (73–79 days), and plant height (34.5–55.5 cm) (Manjunatha et al., 2023). Exposure to heat stress (39/30 °C and 42/30 °C) significantly accelerated phenological transitions while maintaining a range of genotypic responses. Days to first flower were reduced to 32–47 days (39/30 °C) and 34–45 days (42/30 °C), while podding occurred between 43–51 and 42–50 days, respectively. Similarly, days to maturity reduced to 64–70 and 63–69 days, with a concomitant decrease in plant height to 31.1–54.8 cm and 30.4–48.5 cm under the two stress regimes.(Jha et al., 2025). Elevated temperatures hasten developmental progression, particularly flowering initiation, but adversely affect reproductive potential by reducing total flower number and plant biomass (Choukri et al., 2022).
 Heat stress effects on seed development & nutrient quality 
Mungbean is particularly vulnerable to elevated temperatures during its reproductive phase, where even slight increases above the optimal range can lead to severe yield losses.(Van Haeften et al., 2023) This sensitivity is primarily attributed to disruptions in reproductive development, such as reduced initiation of floral structures, increased flower abortion, and sterility (Zinn et al., 2010). High temperatures interfere with key reproductive processes, including meiosis in both pollen and ovule development, often resulting in compromised viability, reduced pollen germination, impaired pollen tube growth, and a decline in pollen production(Monterroso & Wien, 2019). Moreover, high temperatures restrict leaf expansion and decrease assimilate production, thereby impairing the development of reproductive structures, including flowers, pods, and seeds. Pollen viability is particularly vulnerable to heat stress, possibly due to structural changes such as pollen wall thickening and degeneration of associated supportive tissues (Luria et al., 2019). Male reproductive development is generally more heat-sensitive than female counterparts, particularly with respect to pollen viability and tube elongation (Rieu et al., 2017). These physiological and cellular disruptions lead to impaired pollination and fertilization, ultimately reducing pod formation. In extreme heat conditions, especially temperatures exceeding 40 °C, substantial flower and pod drop is commonly observed (Petkova et al., 2009). The cumulative effect of these factors includes reduced fertilization success, increased blossom shedding during early reproductive stages, and a marked decline in seed yield (Rieu et al., 2017). Additionally, heat stress negatively affects carbohydrate metabolism in developing pollen grains by suppressing key enzymes involved in sucrose breakdown and starch accumulation, further compromising reproductive efficiency (Kumar et al., 2013).
In legume crops, seed shrivelling is strongly linked to reduced biosynthesis of carbohydrates and storage proteins when exposed to elevated temperatures (Nguyen et al., 2013). Heat stress impairs key metabolic enzymes, notably those involved in nitrogen assimilation, which in turn hinders protein synthesis during the critical phases of grain filling and reproductive development (Kaushal et al., 2013). As a result, the nutritional composition of seeds, especially protein and carbohydrate content, is adversely affected (Jha, et al., 2025).
To assess the impact of heat stress on seed quality, 13 mungbean genotypes were evaluated under both normal and heat-stressed environments by varying the sowing time normal sowing in late March and late sowing in late April. In heat-stressed, late-sown plants, total seed protein content showed a noticeable reduction ranging from 4.1% to 9.3% (Jha, et al., 2025). A shift in the composition of seed storage proteins was also observed: the proportions of glutelins and prolamins increased, while albumins and globulins declined under high-temperature conditions. Furthermore, electrophoretic analysis revealed a reduction in polypeptide band intensity, suggesting a decrease in protein synthesis or increased degradation. Some polypeptides were newly expressed, whereas others were absent in heat-stressed plants, indicating temperature-induced alterations in protein expression profiles (Y. Liu et al., 2019). 
Previous studies have investigated the effects of heat stress on seed nutritional composition in mungbean (Farooq et al., 2017; Y. Liu et al., 2019). In one such study, ten genetically diverse mungbean genotypes were evaluated to determine changes in the concentration of major seed constituents under both control and elevated temperature conditions. The analysis included macronutrients such as carbon (C), phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg), along with micronutrients including iron (Fe), zinc (Zn), manganese (Mn), copper (Cu), and sulfur (S). (Priya et al., 2023) The findings consistently showed a decline in the concentration of all nutrients under heat stress, except for seed protein, which remained unaffected or showed slight increases in some genotypes. 
Heat stress effects on physiology of plants 
Heat stress in mungbean initiates a series of physiological and biochemical responses that disrupt key processes, including photosynthesis, respiration, and the maintenance of oxidative balance (Bhardwaj et al., 2024). Elevated temperatures disrupt carbon assimilation, alter energy metabolism, and promote excessive production of reactive oxygen species (ROS), leading to cellular damage. A genotype’s capacity to preserve photosynthetic efficiency, modulate respiration, and sustain reactive oxygen species (ROS) homeostasis is pivotal for its thermotolerance and yield stability under high-temperature stress (Kumar et al., 2011b).
Photosynthesis
In mungbean, heat stress markedly reduces photosynthetic efficiency by adversely affecting multiple components of the photosynthetic machinery (Bhardwaj et al., 2024). Elevated temperatures inhibit the activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), reducing carbon fixation and limiting the synthesis of sugars and other assimilates (C Ortiz, 2001). To conserve water, plants close their stomata under high temperatures; however, this also restricts CO₂ influx, compounding the decline in photosynthetic rates (Y. P. Guo et al., 2006). Prolonged heat exposure damages thylakoid membranes and chlorophyll pigments, disrupting light harvesting and electron transport. structural impairments in photosystem II (PSII) lead to reduced photochemical efficiency, as indicated by declines in the chlorophyll fluorescence Fv/Fm ratio (Jha, et al., 2025b).
Respiration
High temperatures also alter respiratory metabolism in mungbean (Kaur et al., 2015). Respiration rates typically increase under heat stress due to the elevated energy demand for maintaining cellular function and repairing heat-induced damage While this initial increase supports the stress response, prolonged elevation in respiration depletes carbohydrate reserves and reduces net carbon gain (Thornley, 1970). Under extreme heat, photosynthesis declines, leading to reduced energy availability for growth and reproduction (Xalxo et al., 2020).
Reactive Oxygen Species (ROS) Mechanisms Heat stress accelerates the production of reactive oxygen species (ROS), including superoxide radicals (O₂•⁻), hydrogen peroxide (H₂O₂), and hydroxyl radicals (•OH). Excessive ROS production results from electron leakage within the chloroplast and mitochondrial electron transport chains, notably at photosystems I and II, as well as mitochondrial complexes I and III (Edreva, 2005). Additional ROS are generated through the activation of NADPH oxidase at the plasma membrane and by ROS-producing enzymes such as lipoxygenases (Magnani & Mattevi, 2019). Concurrently, heat stress may compromise antioxidant defense mechanisms by diminishing the activity of key enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidases, thereby promoting ROS accumulation and consequent oxidative damage (Joshi & Chinnusamy, 2014). Despite their potential toxicity, ROS also serve as signaling molecules, activating defense responses such as heat shock protein synthesis and antioxidant gene expression (D’Autréaux & Toledano, 2007).
Physiological Traits in Heat-Tolerant Mungbean The ability to maintain physiological stability under heat stress is a important mechanism of thermotolerance in mungbean (Bhardwaj et al., 2024). Heat-tolerant genotypes, such as PI 425238 and PI 364044, sustain higher chlorophyll index, greater PSII efficiency (Fv/Fm ratio), and enhanced stomatal conductance compared with sensitive lines (Jha, et al., 2025b). High chlorophyll index indicates better pigment retention and light-harvesting capacity, while elevated stomatal conductance facilitates CO₂ uptake and transpiration cooling (Sharma et al., 2016). Collectively, these traits contribute to sustained photosynthetic performance, enhanced biomass production, and stable yields under elevated temperature conditions (Iqbal et al., 2021).

Molecular Response to Heat Stress in Mungbean (Vigna radiata)
Perception and Signaling of Heat Stress
In mungbean, heat stress is perceived at the cellular level via temperature-sensitive biomolecules that function as thermosensors (Karim et al., 2003). These include plasma membrane–associated proteins, cytosolic heat-labile enzymes, and macromolecules whose conformations shift in response to elevated temperature. Such structural changes are rapidly translated into intracellular signals via changes in membrane fluidity and the activation of signaling cascades. Secondary messengers such as calcium ions (Ca²⁺), reactive oxygen species (ROS), and mitogen-activated protein kinase (MAPK) pathways serve as key intermediates (Ahsan et al., 2010). A rapid Ca²⁺ influx through membrane channels, often within minutes of temperature rise, works synergistically with ROS bursts to initiate the heat stress response (HSR) (Pollastri et al., 2021). This signaling convergence drives transcriptional reprogramming aimed at maintaining proteostasis and preventing irreversible cellular damage (D’Autréaux & Toledano, 2007).
Activation of Heat Shock Transcription Factors (HSFs)
Under high-temperature conditions, heat shock transcription factors (HSFs) undergo conformational modifications that expose their DNA-binding domains, promoting the assembly of active trimeric complexes (Simões-Araújo et al., 2003). Once activated, these HSFs translocate into the nucleus and specifically bind to conserved heat shock elements (HSEs) within the promoter regions of heat shock protein (HSP) genes, thereby initiating a transcriptional cascade (Åkerfelt et al., 2010). This process is further enhanced by the recruitment of transcriptional co-activators and chromatin-remodeling complexes, which facilitate RNA polymerase II engagement and activity, ultimately driving strong HSP gene expression. Following transcription, HSP pre-mRNAs undergo standard processing including 5' capping, splicing, and polyadenylation before nuclear export. Cytoplasmic translation produces HSP precursor polypeptides that require proper folding, oligomerization, and in some cases glycosylation to achieve functional maturity. Throughout this process, molecular chaperones such as Hsp70 and Hsp90 play dual roles, both assisting in the folding of nascent HSPs and stabilizing heat-denatured client proteins (Hahn et al., 2011). This coordinated molecular response forms the core of the eukaryotic heat stress defense network.
Mature HSPs act as molecular chaperones, preserving protein conformation, maintaining membrane fluidity, and stabilizing organelle integrity during heat stress. They facilitate the refolding of partially denatured proteins, prevent aggregation of unfolded polypeptides, and, where damage is irreversible, direct proteins toward proteasomal degradation pathways (Mondal et al., 2023). Through these mechanisms, HSPs maintain proteome integrity and cellular homeostasis, significantly contributing to sustained thermotolerance in plants.(C Ortiz, 2001).
Molecular-Level Regulatory Mechanisms in the Heat Stress Response
1. Expression of Membrane Sensors
The plasma membrane serves as an early sensing platform for heat stress. Heat-induced increases in membrane fluidity activate cyclic nucleotide–gated channels (CNGCs), enabling a rapid influx of Ca²⁺ into the cytosol—typically within 10 minutes of stress onset. Increased cytosolic Ca²⁺ functions as a key secondary messenger, initiating downstream signaling pathways that include the activation of HSP gene expression (X. Kang et al., 2023).
2. Regulation of Transcription Factors
The transcription factor DREB2A (Dehydration-Responsive Element-Binding Protein 2A) is a key activator of thermotolerance-related genes. Under optimal conditions, Growth-Regulating Factor 7 (GRF7) binds the DREB2A promoter, repressing its expression. Heat or oxidative stress induces the substitution of GRF7 with JUNGBRUNNEN1 (JUB1), which in turn activates DREB2A transcription. Multiprotein bridging factor 1c (MBF1c) also functions upstream to enhance DREB2A activity, while HSFA1 isoforms directly bind to HSEs within the DREB2A promoter to amplify transcription. Post-translational regulation of DREB2A occurs through proteasomal degradation facilitated by the DRIP1 and DRIP2 proteins. Stabilization of DREB2A, aided by its Negative Regulatory Domain (NRD), enables activation of downstream stress-responsive genes (Bharti et al., 2000).
3. Regulation by non-coding RNAs (ncRNAs)
Non-coding RNAs—including miRNAs, siRNAs, lncRNAs, and circRNAs—add an extra layer of regulation in the heat stress response. For example, miR156, which is upregulated by HSFA1, indirectly promotes HSFA2 expression while repressing SPL transcription factors, thereby sustaining the activation of heat-responsive genes. Heat stress enhances tocopherol accumulation, leading to increased levels of 3′-phosphoadenosine 5′-phosphate (PAP). PAP inhibits XRN exoribonucleases, thereby promoting the biogenesis of miR398. miR398 targets Cu/Zn-superoxide dismutase genes (CSD1, CSD2) and copper chaperone (CCS), modulating ROS signaling to further activate HSFA1s. TAS1-derived ta-siRNAs: These siRNAs repress HTT1 and HTT2 genes, which promote thermotolerance. HSFA1a directly upregulates HTT1 and HTT2 under heat stress, overriding TAS1-mediated suppression (Ding et al., 2020).
4. Epigenetic Regulation
Epigenetic changes, particularly DNA methylation, contribute to heat stress memory in plants(Zhao et al., 2020). Elevated temperatures trigger genome-wide hypermethylation, predominantly at cytosine residues, resulting in increased 5-methylcytosine levels. These epigenetic modifications modify chromatin accessibility and regulate the transcriptional activity of thermotolerance-related genes, allowing plants to mount more rapid and robust defenses during subsequent heat stress events (Talarico et al., 2024).
Conventional Approaches for Mitigating Heat Stress in Mungbean
Heat stress, particularly during the reproductive stage, is one of the most critical abiotic constraints limiting plant productivity in tropical and subtropical regions. Traditional agronomic strategies—including adjusting sowing dates, selecting optimal growing seasons, modifying irrigation schedules, and implementing mulching—have been widely employed to reduce crop exposure to terminal heat stress (Resentini et al., 2023). However, these measures are largely reactive, environment-dependent, and often limited by resource availability, making them less reliable under unpredictable climate scenarios (Batra et al., 2023). In mungbean, early sowing in spring or post-rainy season has been a conventional strategy to avoid peak summer temperatures(Batra et al., 2023) . Similarly, management practices like supplemental irrigation during flowering and pod-filling stages, and shading in extreme heat conditions, have demonstrated partial success. Foliar application of osmoprotectants (e.g., glycine betaine, proline) and plant growth regulators has also been used to improve thermotolerance (Mitra & Kumar, 2024). While these interventions can provide temporary relief from stress, they are primarily reactive, heavily influenced by environmental conditions, and frequently limited by resource availability, rendering them less dependable in the face of unpredictable climate scenarios (Batra et al., 2023).
Breeding as a Sustainable Strategy for Heat Stress Mitigation
Compared to agronomic or chemical interventions, genetic improvement through breeding offers a more sustainable and cost-effective approach for developing heat-resilient mungbean cultivars (Jha et al., 2017). Furthermore, breeding enables the integration of multiple adaptive traits such as improved reproductive efficiency under stress, enhanced membrane thermostability, and better antioxidant defense into a single genetic background. This cumulative and heritable enhancement ensures lasting resilience to heat stress across varied environments. Unlike transient agronomic interventions, breeding offers a proactive and enduring solution that complements other management strategies, thereby enhancing the overall adaptive capacity of mungbean production systems(Jha et al., 2017).
Conventional Breeding Strategies for Heat Stress Tolerance in Mungbean
Conventional breeding for heat stress tolerance in mungbean has mainly depended on phenotypic selection conducted under field conditions. This involves identifying genotypes with superior performance during naturally occurring or artificially induced high-temperature conditions(Ha & Lee, 2019). Landraces, wild relatives, and existing cultivars are evaluated for traits such as pollen viability, pod set percentage, seed yield under stress, and canopy temperature depression (Bhardwaj et al., 2023b). The most commonly employed conventional breeding method is pure line selection, Pedigree method. Backcross breeding Mass selection, (Feng et al., 2022).
Limitations of Conventional Breeding for Heat Stress Tolerance
Despite some success, conventional breeding for heat tolerance in mungbean is challenged by the complex and quantitative nature of the trait. Heat tolerance is a polygenic trait with numerous genes exerting small individual effects and is highly influenced by genotype-by-environment interactions, which reduces the efficiency of phenotypic selection (Kim et al., 2015). Additionally Low heritability and strong G × E interactions often obscure true genetic differences. Limited genetic variation within the cultivated gene pool restricts the potential for improvement through traditional crossing. Time-consuming and labor-intensive processes slow the pace of varietal development (Chaudhary et al., 2022). These limitations highlight the difficulty of achieving significant genetic gain for heat tolerance solely through conventional breeding approaches.
Genome-Assisted Breeding for Heat Tolerance in Mungbean
The advent of modern genomic tools has created new opportunities to accelerate the genetic enhancement of mungbean (Vigna radiata) for heat tolerance. The crop, long considered an “orphan legume” due to limited molecular resources, has recently benefited from significant advances in genome sequencing, molecular marker development, and high-throughput genotyping platforms (Ahmed et al., 2024). These genomic resources, combined with the crop’s inherent advantages—such as its relatively small genome size (~579 Mb) (Y. J. Kang et al., 2014)—facilitate more efficient genetic studies and breeding efforts. and a short life cycle, make mungbean an excellent candidate for rapid genetic gains through genome-assisted breeding strategies (Somta et al., 2022).
Genomic Resources in Mungbean
The release of the high-quality reference genome of mungbean (Ha et al., 2021) has been a landmark, enabling genome-wide discovery of single nucleotide polymorphisms (SNPs), simple sequence repeats (SSRs), and insertion–deletion markers (InDels) (Sinha et al., 2023). Numerous re-sequencing projects utilizing diverse germplasm panels have documented extensive genomic variation, enabling association mapping and the identification of candidate genes linked to stress-related traits (Manjunatha et al., 2023), Furthermore, transcriptomic studies under heat stress conditions have identified differentially expressed genes (DEGs) involved in heat shock protein (HSP) synthesis, reactive oxygen species (ROS) scavenging, and signal transduction pathways, providing key targets for functional validation (Feng et al., 2025; X. Guo et al., 2023; C. Liu et al., 2016).
The relatively small genome size of mungbean offers several advantages for molecular breeding (Manjunatha et al., 2023). A compact genome lowers sequencing costs, streamlines genome assembly, and enhances the accuracy of quantitative trait loci (QTL) mapping (Kohli et al., 2024). This accelerates marker development and shortens the breeding cycle, allowing for more efficient integration of genomic tools into breeding pipelines (Reddappa et al., 2025).
Marker-Assisted Breeding (MAB) for Heat Tolerance
Marker-assisted breeding has emerged as a powerful approach to introgress desirable alleles from diverse germplasm or wild relatives into elite mungbean cultivars (Chang et al., 2023). Molecular markers linked to traits such as canopy temperature depression, chlorophyll stability index, membrane thermostability, and yield stability under heat stress have been identified through QTL mapping and genome-wide association studies (GWAS) (Fumia et al., 2023). While most current marker-assisted selection (MAS) efforts in mungbean have targeted disease resistance (e.g., mungbean yellow mosaic virus, powdery mildew) (Kohli et al., 2024), preliminary studies have demonstrated the feasibility of MAS for abiotic stresses.
One of the key advantages of marker-assisted breeding (MAB) is its capacity to select traits with low heritability or those influenced by complex environmental interactions. For instance, traits such as pollen viability under heat stress or early flowering can be targeted indirectly through tightly linked molecular markers, thereby minimizing the reliance on extensive phenotyping across variable field conditions. However, the adoption of MAB for heat tolerance in mungbean has been limited by the small number of validated markers and the need for multi-environment QTL validation (Ahmed et al., 2024).
Genomic Selection (GS) 
Genomic selection represents a paradigm shift from MAS by utilizing genome-wide marker data to predict breeding values without prior identification of specific QTLs (Singh & Singh, 2015). In mungbean, GS is still at an exploratory stage, but its potential is significant for accelerating heat tolerance breeding (Chen et al., 2022). Since heat tolerance is a polygenic trait controlled by numerous loci with small effects, genomic selection (GS) can more effectively capture their cumulative influence compared to traditional marker-assisted selection (MAS) (Crossa et al., 2022).
Simulation studies and empirical data from other legumes such as chickpea, soybean, and cowpea suggest that GS can increase selection accuracy and reduce breeding cycles (Budhlakoti et al., 2022; Fumia et al., 2023). In mungbean, the integration of GS would require the establishment of well-characterized training populations phenotyped under heat stress across multiple environments, coupled with high-density genotyping (Fumia et al., 2023). Incorporating secondary traits like canopy temperature, SPAD chlorophyll index, and NDVI (normalized difference vegetation index) into GS models could further improve prediction accuracies for complex heat tolerance traits (Fumia et al., 2023).
Genome Editing for Heat Stress Tolerance
Genome editing, particularly CRISPR/Cas systems, offers unprecedented precision in modifying target genes associated with heat stress tolerance. While genome editing in mungbean is still in its infancy, successful proof-of-concept studies in related legumes such as cowpea (Vigna unguiculata) and soybean demonstrate its potential (Monfort et al., 2025). In these crops, precise editing of transcription factors such as HSFA2 and DREB2A, along with genes involved in ROS detoxification like APX and CAT, has enhanced thermotolerance (Ohama et al., 2017).
The current bottlenecks for genome editing in mungbean include the lack of robust transformation and regeneration protocols, genotype dependency, and limited functional characterization of candidate genes (Swain et al., 2025) . However, with improvements in transformation efficiencies and the identification of additional stress-responsive genes via comparative genomics and transcriptomics, genome editing holds promise for precise manipulation of key regulatory networks governing heat tolerance without the risk of undesirable linkage drag.
Advanced Phenomics Strategies for Heat Stress Phenotyping 
Accurate and high-throughput phenotyping remains a critical bottleneck in breeding programs aimed at improving heat tolerance in crops (Pieruschka & Schurr, 2019) . While genomics and molecular breeding approaches have advanced significantly, their success ultimately depends on the quality, precision, and scalability of phenotypic data used for trait dissection and selection (Furbank et al., 2019). Conventional phenotyping for heat stress tolerance in mungbean has traditionally involved manual assessment of morphological, physiological, and yield-related traits under both heat-stressed and control environments (Gao et al., 2020). Such methods, although cost-effective, are time-consuming, prone to observer bias, and insufficient for capturing subtle or dynamic responses to high temperature (Gao et al., 2020). The recent adoption of advanced phenomics platforms provides valuable opportunities to unravel the complex physiological responses to heat stress with enhanced temporal and spatial resolution.
1. High-throughput Phenotyping (HTP) Platforms
HTP systems, both field-based and controlled-environment, enable rapid measurement of a wide array of traits in large germplasm panels under natural or simulated heat stress (Danilevicz et al., 2021). Field-based HTP often utilizes ground-mounted or tractor-mounted sensors, while controlled-environment systems combine automated imaging with precise environmental control (Song et al., 2021). These platforms allow for the collection of multi-dimensional datasets on plant architecture, canopy temperature, photosynthetic efficiency, and other key indicators of stress adaptation (Song et al., 2021).
For mungbean, portable multispectral and thermal sensors can be adapted to screen breeding lines for canopy temperature depression (CTD), a proxy for transpirational cooling efficiency and growth rate per unit water (Rane et al., 2021). 
2. Thermal Imaging for Canopy Temperature 
Thermal infrared imaging is a proven method for assessing plant water status and heat avoidance mechanisms(Fan et al., 2024). Under high temperatures, tolerant genotypes generally sustain lower canopy temperatures by regulating stomatal conductance and transpiration more efficiently (Siddiqui et al., 2019). In mungbean, thermal imaging via UAV-mounted or handheld cameras enables rapid detection of genotypic variation in canopy temperature depression (CTD) during key reproductive stages (Fumia et al., 2023). This approach facilitates large-scale screening without destructive sampling, making it ideal for multi-location trials where heat stress intensity varies.
3. Multispectral and Hyperspectral Imaging for Physiological Profiling
Multispectral imaging, which captures reflectance at specific wavelength bands, and hyperspectral imaging, providing continuous spectral profiles, offer detailed insights into plant pigment composition, leaf senescence, and biochemical alterations induced by stress (Houle et al., 2010). Indices such as the Normalized Difference Vegetation Index (NDVI), Photochemical Reflectance Index (PRI), and Red Edge NDVI are valuable for quantifying photosynthetic efficiency and stress-induced damage (Danilevicz et al., 2021; Xu, 2016). In mungbean, these imaging technologies enable early detection of heat stress prior to visible symptoms, facilitating more accurate correlations between physiological responses and yield performance.
4. Chlorophyll Fluorescence Imaging
Chlorophyll fluorescence serves as a direct indicator of photosystem II (PSII) efficiency, which is highly sensitive to heat-induced damage (McAusland et al., 2019). Imaging and portable fluorometers can measure parameters like Fv/Fm (maximum quantum efficiency of PSII) and ΦPSII (effective quantum yield) in leaves subjected to heat stress (Fahlgren et al., 2015). By mapping spatial variability in fluorescence, breeders can identify genotypes with superior photoprotective capacity and sustained photosynthetic function under thermal extremes (Li et al., 2014).
5. 3D Imaging and LiDAR for Canopy Architecture
Heat tolerance in mungbean is partly influenced by canopy structure, which affects light interception, heat load, and microclimate within the canopy. Light Detection and Ranging (LiDAR) and stereo-imaging technologies enable precise three-dimensional reconstruction of plant architecture, allowing accurate measurement of traits such as plant height, leaf angle distribution, and canopy openness (Omasa et al., 2006). These architectural traits play a crucial role in heat avoidance by reducing direct radiation exposure and can also impact photosynthetic efficiency.
6. UAV-based Remote Sensing
The use of UAVs outfitted with thermal, multispectral, and RGB sensors has revolutionized field phenotyping for heat stress tolerance, enabling rapid data acquisition across multiple plots and capturing real-time plant responses to dynamic field conditions (Gano et al., 2024). In mungbean, UAV phenotyping can be synchronized with flowering and pod filling stages to capture the most heat-sensitive phenophases. Integration with GPS-based plot mapping ensures accurate linkage between phenotypic data and genotypic information for genome-wide association studies (GWAS) or genomic selection models.
7. Physiological Sensor Networks and IoT Integration
Emerging Internet of Things (IoT)-enabled sensor networks facilitate continuous, in situ monitoring of environmental factors such as air temperature, humidity, and solar radiation, alongside plant physiological responses including leaf temperature, sap flow, and stem diameter fluctuations (Mansoor et al., 2025). It can be deployed in mungbean field trials, these systems can generate time-series datasets capturing the dynamics of heat stress responses, supporting trait dissection for both avoidance and tolerance mechanisms.
8. Controlled Environment Heat Stress Simulation
For traits with low heritability under field conditions due to environmental variability, controlled environment facilities such as growth chambers and phytotrons provide precise regulation of temperature, humidity, and photoperiod (Xu, 2016). Coupling these setups with automated imaging allows researchers to quantify physiological and developmental responses to defined heat stress regimes. This approach is especially valuable for dissecting reproductive resilience traits, such as pollen viability, stigma receptivity, and pod set, which are critical yield determinants in heat-stressed mungbean.
9. Data Analytics and Integration with Genomics
Advanced phenomics generates high-dimensional datasets requiring robust data analytics, including machine learning and image analysis pipelines (Araus & Cairns, 2014). Integrating phenomics data with genomic information through phenome and genome association studies enables the identification of marker–trait linkages for complex heat tolerance traits. For mungbean, such integrative approaches can help dissect genotype × environment × management (G×E×M) interactions, facilitating predictive breeding (Araus et al., 2018).
10. Challenges and Opportunities
Despite significant promise, using advanced phenomics in mungbean faces challenges such as high initial investment costs, the need for species-specific calibration models, and the requirement for data management infrastructure (Fumia et al., 2023). Despite its compact size, brief growing period, and well-defined developmental stages, mungbean is particularly well-suited for high-throughput phenotyping (HTP). Implementing these advanced technologies within breeding programs can speed up the discovery of heat-tolerant varieties, enhance selection precision, and reduce the time required for breeding
Conclusion and Future Prospects
The rising occurrence and severity of heat stress events significantly limits mungbean yields, especially in tropical and subtropical growing regions. Advanced phenomics strategies, integrating high-throughput, precise, and non-destructive phenotyping platforms, have emerged as indispensable tools to dissect the complex physiological responses of mungbean under heat stress. By enabling the accurate measurement of dynamic traits such as canopy temperature depression, chlorophyll fluorescence, transpiration efficiency, and temporal growth patterns, these approaches significantly enhance the resolution and reliability of heat tolerance assessment. Moreover, combining phenomic data with genomic information provides a unique opportunity to discover reliable physiological markers, improve selection criteria, and speed up the breeding of climate-resilient mungbean varieties.
Looking ahead, the future of heat stress breeding in mungbean will hinge on multi-disciplinary integration. Combining phenomic platforms with genomic selection, genome-wide association studies (GWAS), and genome editing can create a synergistic pipeline for rapid genetic gains. Machine learning and artificial intelligence (AI)-driven image analytics will further enhance the capacity to detect subtle, stress-induced phenotypic shifts, even before visual symptoms appear. Moreover, the development of cost-effective, field-deployable sensors and UAV-based phenotyping will be critical to scale these innovations for large breeding programs in resource-limited regions.
To fully realize the potential of advanced phenomics in mungbean improvement, future research must also focus on expanding trait-specific phenotyping protocols, building standardized phenomic databases, and ensuring interoperability with genomic and environmental datasets. Public-private partnerships and global breeding networks can play a pivotal role in democratizing access to phenomic technologies and data. Ultimately, integrating genomics, phenomics, and advanced breeding technologies holds great promise for developing heat-tolerant mungbean cultivars that maintain stable yields and nutritional quality amid increasing climate variability
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