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Abstract
Climate change poses serious challenges to pigeon pea (Cajanus cajan), a vital legume crop, by intensifying drought and heat stress in its growing environments. Drought and high temperature episodes adversely impact pigeon pea physiology and yield through mechanisms like oxidative damage, disrupted photosynthesis, and impaired reproductive development. This review examines emerging biostimulant strategies—turmeric (Curcuma longa) leaf extracts, humic substances, and nanomaterials—for enhancing pigeon pea’s resilience to these stresses. We discuss how turmeric leaf extracts, rich in antioxidants, can improve germination, antioxidant defenses, and growth, thereby helping plants cope with water deficits and thermal stress. Humic substances, as soil-derived biostimulants, are explored for their ability to improve soil moisture retention, root development, nutrient uptake, and stress-responsive metabolism (including antioxidant and hormonal regulation) under drought and heat. Nanoparticles are reviewed as novel agro-inputs that can bolster stress tolerance by boosting protective proteins (like heat shock proteins), osmolyte accumulation, and antioxidant activity, while also acting as nano-fertilizers for efficient nutrient delivery. Recent studies specific to pigeon pea and related legumes are highlighted to provide data-driven insights—such as improved seedling vigor, photosynthetic rates, and yield outcomes with biostimulant application. We identify current gaps, including limited field studies on pigeon pea with these biostimulants and concerns about nanoparticle safety, and propose future research directions to bridge existing knowledge gaps and facilitate practical applications in diverse agro-climatic zones. This study also underscores the importance of adopting integrative approaches that combine traditional practices with modern innovations.   
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Introduction
Recent developments have emphasized the role of molecular and cellular responses in dictating plant adaptability to hostile environments. Understanding the multifactorial causes of stress in crops is vital for developing holistic mitigation strategies. Recent advances have also drawn attention to the intricate interplay between biotic and abiotic stress factors, which can exacerbate the effects on plant health and productivity. Pigeon pea (Cajanus cajan (L.) Millsp.) is an important protein-rich legume cultivated in tropical and subtropical regions, often in semi-arid climates. It serves as a staple for millions and contributes to soil fertility through nitrogen fixation. However, the crop’s production is increasingly threatened by climate change-induced abiotic stresses. Rising global temperatures and erratic rainfall patterns have led to more frequent droughts and heat waves, which can severely limit pigeon pea growth and yield (Pandey et al., 2022; Halladakeri, P., 2023). Although pigeon pea is considered relatively drought-tolerant compared to other legumes, it still suffers considerable stress-related damages under extreme conditions. Prolonged water deficits and episodes of high heat, especially during sensitive growth stages (flowering and pod filling), result in oxidative stress, reduced photosynthetic activity, and reproductive failures that ultimately diminish yield quantity and quality (Pandey et al., 2022; Halladakeri, P., 2023). For instance, severe heat stress around flowering can lead to flower drop, poor pod set, and smaller grains, causing substantial yield losses (Halladakeri, P., 2023). Likewise, drought stress can stunt plant growth and reduce seed yield by impairing carbon assimilation and inducing cellular damage (Pandey et al., 2022). These challenges underscore an urgent need for strategies to bolster pigeon pea’s resilience to abiotic stress. Conventional approaches to improve stress tolerance in pigeon pea include breeding drought- and heat-tolerant cultivars and optimizing agronomic practices. While breeding efforts are ongoing, developing new tolerant varieties is time-consuming and may not keep pace with the rapid onset of climate stressors (Pandey et al., 2022).   
In this context, plant biostimulants have gained attention as a complementary and sustainable means to enhance crop stress tolerance. Biostimulants are natural or biologically derived substances (other than standard fertilizers) that, when applied to plants or soils, stimulate physiological processes to improve plant growth, health, and productivity under both optimal and stressful conditions (Lucini et al., 2019; Ertani et al., 2013). They include diverse materials such as microbial inoculants, plant extracts, composts, protein hydrolysates, seaweed products, humic substances, and emerging tools like nanoparticles. Biostimulants can help crops mitigate abiotic stresses by eliciting beneficial responses like enhanced root growth, osmotic adjustment, antioxidant production, and stress-signaling modulation (Fig.1).   
This review focuses on three promising biostimulant approaches for pigeon pea: turmeric (Curcuma longa) leaf extracts, humic substances, and nanoparticles. Turmeric leaves are an agri-food residue rich in antioxidants (e.g., curcuminoids and polyphenols) and their extracts have shown plant growth-promoting and protective effects in preliminary studies. Humic substances (such as humic and fulvic acids) are well-known organic matter derivatives that improve soil fertility and stimulate plant development, especially under stress conditions (Ertani et al., 2013). Nanoparticles (engineered at the nanoscale) represent a novel class of biostimulants or “nano-fertilizers” that can improve nutrient use efficiency and activate plant stress defenses (Raliya et al., 2017; Kah et al., 2018). Here, we explain the physiological and agronomic challenges that pigeon pea faces under drought and heat stress, and then discuss the mechanisms by which turmeric leaf extracts, humic substances, and nanoparticles can alleviate these stresses. We highlight recent research findings relevant to Cajanus cajan and examine how these biostimulants contribute to improved stress tolerance, plant growth, yield, and soil health. Finally, we identify knowledge gaps and suggest future directions for the sustainable deployment of biostimulants to safeguard legume productivity in a changing climate.   

Climate Change Challenges for Cajanus cajan: Drought and Heat Stress
Pigeon pea plants experience a range of physiological challenges when exposed to drought and high temperature, which are increasingly frequent under climate change. Drought stress imposes a water deficit that affects nearly every aspect of plant function. In pigeon pea, water scarcity significantly hinders seedling establishment and can disrupt development during early reproductive stages (Pandey et al., 2022). A major consequence of drought is the generation of excessive reactive oxygen species (ROS) and reactive nitrogen species (RNS) in plant cells due to impaired cellular homeostasis. This oxidative burst overwhelms the antioxidant defense system, leading to oxidative stress that damages lipids, proteins, and nucleic acids in the cells. Membrane lipids undergo peroxidation, causing loss of membrane integrity and selective permeability; enzymes and structural proteins become inactivated or denatured; and DNA may incur oxidative lesions. Cumulatively, such damage inhibits cell division and elongation, manifesting as stunted shoots, reduced leaf area, and poor root growth in drought-affected pigeon pea plants. Under drought, pigeon pea also implements protective responses like stomatal closure to conserve water, but this comes at the cost of reduced CO₂ uptake for photosynthesis. Consequently, photosynthetic rates decline, limiting biomass accumulation. Prolonged drought periods upset phytohormonal balances (e.g., elevated abscisic acid levels) that regulate growth and stress responses. Key developmental processes are disrupted: for example, flower initiation may be delayed and fewer pods set, as the plant diverts energy to survival rather than reproduction. Yield components such as pod number, seed number, and seed size are therefore markedly reduced by drought stress. Studies have documented that severe drought can cause substantial dry matter and yield losses in pigeon pea; even relatively tolerant genotypes showed ~35–47% decrease in biomass under prolonged water deficit. In essence, while pigeon pea’s deep root system and drought-hardiness confer some resilience, extreme or long-lasting droughts still pose a critical threat to its productivity.   
Heat stress (high temperature above optimal levels) is equally detrimental. Pigeon pea is typically grown in warm climates, but when temperatures soar beyond the mid-30°C range, especially during flowering and pod filling, the plant’s physiological processes are impaired. Heat stress can cause pollen sterility and hasten flower drop, drastically lowering pod set. Research indicates that pigeon pea suffers “substantial yield losses due to severe heat stress during reproduction” (Halladakeri, P., 2023). Elevated temperatures speed up respiration and transpiration, potentially leading to quicker water loss and tissue desiccation (often in tandem with drought). They also denature proteins and destabilize membranes, which is partly counteracted in plants by the production of heat shock proteins (HSPs) – molecular chaperones that protect and refold stressed proteins. However, if the heat is extreme or persistent, the plant’s capacity to cope can be overwhelmed. In pigeon pea, heat stress disrupts germination, pod development, and photosynthesis, resulting in smaller grains and overall yield decline (Halladakeri, P., 2023). Photosynthetic enzymes and membranes (like those in chloroplasts) are heat-labile, so photosynthetic efficiency drops under heat stress, compounding the effect of any drought-induced stomatal closure. Moreover, high soil surface temperatures can impair root function and nutrient uptake, while leaf temperatures beyond a threshold can cause leaf scorching and accelerated senescence.   
Combined drought and heat stress often occur in the field, creating a compounding effect on pigeon pea. Drought reduces transpirational cooling, making plants more prone to overheating, and heat can exacerbate water loss. Together, these stresses amplify oxidative damage and metabolic disruption. If pigeon pea experiences high temperature stress during early growth, seedling establishment is poor; if during flowering/pod filling, reproductive failure causes yield collapse. Thus, the physiological and agronomic challenges for C. cajan under climate change include maintaining cellular redox balance, protecting photosynthetic machinery, sustaining water status, and ensuring reproductive success despite adverse conditions. The severity of these challenges highlights why innovative interventions are needed to support pigeon pea farmers as climate variability increases. In the following sections, we review how specific biostimulants – turmeric leaf extracts, humic substances, and nanoparticles – can help pigeon pea mitigate drought and heat stress at physiological and agronomic levels. Some of the key studies related to application of bio-stimulant in improving resilience to drought and heat stress in legumes have been presented in Table 1. 
Turmeric Leaf Extracts as Biostimulants for Stress Mitigation
Botanical extracts from certain plants have been traditionally used in agriculture to promote growth and resilience. Turmeric (Curcuma longa) leaf extract is an emerging biostimulant derived from the leaves of the turmeric plant, which are rich in bioactive compounds. Turmeric leaves contain phenolic compounds and antioxidants (including curcumin, demethoxycurcumin, and various flavonoids) that can confer protective effects to plants . When used as a seed priming agent or foliar spray, turmeric leaf extract can enhance the stress tolerance of crops by jump-starting their defensive metabolism. Recent research on legumes provides promising evidence of turmeric leaf extract’s efficacy. In chickpea (a crop analogous to pigeon pea in stress response), seed priming with turmeric leaf aqueous extract significantly improved seed germination and seedling vigor under suboptimal conditions (Kaushal, K.,2024). Turmeric-primed chickpea seeds showed ~15% higher germination percentage than unprimed seeds (94.5% vs 82.5%) and produced more robust seedlings, with about 29% longer seedling length and markedly higher vigor indices. These enhancements are partly attributed to the bioactive compounds in turmeric leaves that likely stimulate metabolic activity in the seed (such as amylase and protease enzymes for quicker mobilization of reserves) and fortify the antioxidant system during early growth (Sivakumar et al., 2020). Indeed, turmeric-primed seeds exhibited lower malondialdehyde (MDA) levels – an indicator of lipid peroxidation – compared to controls, indicating reduced oxidative damage in cells (Kaushal, K., 2024). By the time these seedlings established in soil, they had a physiological head-start, making them better prepared to withstand drought or heat episodes later on. Turmeric leaf extracts also seem to influence growth and yield in later stages. Field trials with chickpea reported that turmeric-primed seeds led to increased biomass, more vigorous plants, and ultimately a yield increase of up to 16% over non-primed controls (Sivakumar et al., 2020). This yield improvement under real field conditions suggests that the initial biochemical boost from the botanical extract has lasting effects – possibly by inducing systemic changes such as deeper root development or heightened stress-responsive gene expression. While specific studies on pigeon pea with turmeric leaf extract are still lacking, it is reasonable to extrapolate similar benefits given the physiological commonalities among legumes. Pigeon pea seeds or seedlings treated with turmeric leaf extract could exhibit improved germination in moisture-stressed soil and enhanced seedling establishment, thereby reducing early-stage losses under drought. Furthermore, the antioxidant constituents from turmeric may remain active in planta, helping pigeon pea leaves to scavenge ROS during heat waves or water deficit periods.
The mechanisms through which turmeric leaf extract confers stress tolerance can be summarized as follows: 
(1) Antioxidant boost – The extract directly provides antioxidants or induces the plant’s antioxidant enzymes (like superoxide dismutase, catalase, peroxidases), thereby mitigating oxidative stress damage under drought/heat. Researchers have noted distinct bioactive compounds in turmeric leaves that contribute to strong antioxidant activity, which likely translates into bolstered ROS-scavenging capacity in treated plants.
 (2) Metabolic activation – Botanical priming can upregulate enzymes involved in germination and early growth. For instance, higher activity of dehydrogenase, amylase, and protease in turmeric-primed seeds helps rapid and uniform germination. This robust start means plants are healthier and more robust when stress hits. 
(3) Osmoprotection – Though specific studies on turmeric extract inducing osmoprotectants are not yet reported, by analogy to other plant extracts, it may trigger accumulation of osmolytes (like proline, sugars) that protect cells during dehydration and high heat. 
(4) Disease and microbe suppression – Turmeric is known for antimicrobial properties; its extract might reduce pathogenic stress or seed rot during germination, indirectly aiding plant vigor under abiotic stress (when plants are often more vulnerable to diseases).
In summary, turmeric leaf extract represents a low-cost, eco-friendly biostimulant that can improve pigeon pea’s tolerance to drought and heat stress. Its richness in natural antioxidants helps maintain cellular integrity during oxidative stress, while its growth-stimulating effects lead to stronger plants. A key advantage is sustainability: turmeric leaf extract is biodegradable and non-toxic, making it an attractive tool for organic and climate-resilient farming. The positive results seen in chickpea  call for targeted research on pigeon pea, to evaluate optimal application methods (seed priming vs foliar feeding), appropriate concentrations, and its efficacy under field drought/heat scenarios. Such studies will clarify how turmeric leaf biostimulant can be integrated into pigeon pea cultivation to safeguard yields against climate stress. Notably, enhanced tolerance correlated strongly with higher levels of antioxidant enzyme activity under stress conditions. The observed variation in physiological responses highlights the genotypic diversity among the tested cultivars.
Humic Substances: Soil-Derived Biostimulants for Drought and Heat Tolerance
Humic substances (HS) are a category of naturally occurring organic compounds resulting from the decomposition of plant and microbial residues in soil. They include humic acid, fulvic acid, and humin, and are major components of soil organic matter. For decades, humic substances have been recognized for their beneficial effects on soil fertility and plant growth. In recent years, they have also been classified as plant biostimulants because of their ability to enhance crop vigor, especially under stress conditions (Lucini et al., 2019; Ertani et al., 2013). HS can be applied to crops through soil amendments or foliar sprays, and they influence plant physiology both directly and indirectly. One primary way humic substances aid plants is by improving soil properties. HS increases the soil’s water-holding capacity and improve its structure (aggregation), which is crucial under drought conditions (Ertani et al., 2013). By binding soil particles and creating a more porous structure, humic matter allows better infiltration and retention of moisture. For a deep-rooted crop like pigeon pea, enhanced soil moisture availability in the root zone means the plant can maintain higher relative water content during dry spells. Additionally, humic acids have high cation exchange capacity, helping soils retain and supply nutrients (like potassium, magnesium, and trace minerals) more effectively to plants (Ertani et al., 2013). This nutrient availability prevents deficiencies that could exacerbate stress impacts. In essence, incorporating humic substances into the soil can create a more resilient root environment, buffering pigeon pea against drought by reducing the intensity of water and nutrient stress. Beyond soil conditioning, humic substances have direct biochemical effects on plants. They can be absorbed by roots (and even leaves in foliar applications) and act somewhat like plant growth regulators. Research has shown that humic acids can stimulate root elongation and branching – effectively increasing the root surface area for water uptake, a trait highly beneficial under drought. They also interact with plant hormonal pathways; for instance, humic acids have been reported to upregulate auxin-like activity in roots, promoting growth, and to modulate stress hormones such as abscisic acid and ethylene, potentially enhancing stress tolerance responses. Under heat stress conditions, humic substances have demonstrated an ability to trigger heat-responsive protective mechanisms. Notably, a study in Arabidopsis found that humic acid treatment led to the transcriptional activation of heat shock protein genes and increased accumulation of HSP70, HSP90, and HSP101 chaperones, which help protect cells from thermal damage. Wild-type plants grown with humic acid were markedly more heat-tolerant than controls, whereas mutant plants lacking a key heat shock protein did not benefit from humic application. This indicates that humic acid can induce HSP expression, thereby fortifying the plant’s natural defense against high temperatures. Under drought stress, humic substances similarly confer resilience by tweaking the plant’s metabolic and defense pathways. A recent field study on cereal crops (maize and sorghum) provides insight applicable to pigeon pea: seeds primed with humic acid showed significantly better growth under drought, maintaining higher leaf relative water content, chlorophyll concentration, and photosynthetic rates than unprimed plants (Nalia, A. et al., 2019). In drought-stressed maize, humic acid increased the net photosynthetic assimilation rate by ~29%, accompanied by higher stomatal conductance and water use efficiency, indicating improved gas exchange despite water limitation (Nalia, A. et al., 2019). Humic substances (HS) also positively influence soil microbial communities, which can indirectly benefit plant stress tolerance. For example, humic amendments often stimulate beneficial soil microbes (like nitrogen-fixing bacteria and mycorrhizal fungi) by providing carbon sources and improving habitat (Ertani, A., et al. 2022). A study on tomato noted that humic substances altered the root endophytic bacterial community, and some of these changes were associated with improved osmotic stress tolerance. In pigeon pea, healthier rhizosphere microbiota (including robust rhizobium for nitrogen fixation) can improve overall plant nutrition and stress resilience. Enhanced biological nitrogen fixation under stress, facilitated by humic substances, would be a boon for pigeon pea because drought often impairs nodule function and N₂ fixation rates (Fahde, S.,et al. 2023). There is evidence that certain strains of rhizobia and other endophytes increase in the presence of humic matter and can help plants with water scavenging and stress hormone modulation (Ertani, A., et al. 2022). In terms of yield and agronomic performance, humic biostimulants have shown considerable benefits. Crops treated with humic acid frequently exhibit increased grain yield, even under stress, thanks to the cumulative improvements in physiology. While specific field data on pigeon pea are sparse, analogous crops offer clues. For instance, in addition to the physiological gains in maize, the humic-primed treatment resulted in better grain yield under drought than the non-primed control, illustrating that the growth and photosynthesis preservation translated to productivity. We can extrapolate that pigeon pea, when supported by humic substances, would likely maintain higher pod numbers and seed weight during drought or heat stress than it otherwise would. The improvements in flowering, fruit set, and seed fill could be expected as the plant experiences less internal stress and nutrient shortage.
In summary, humic substances function as a multifaceted biostimulant for pigeon pea: they enrich the soil environment (increasing moisture and nutrients), directly stimulate root and shoot growth, modulate stress physiology (antioxidants, osmolytes, hormone crosstalk), and even encourage beneficial soil life – all of which contribute to greater drought and heat tolerance. The use of humic products (often derived from leonardite, composts, or other organic resources) is also environmentally friendly, recycling natural materials and reducing the need for synthetic chemical inputs. However, it is important to use quality-controlled humic substances at appropriate doses, as very high concentrations might not further benefit and could even impede growth (by, for example, excessively chelating nutrients or altering pH). Nevertheless, as part of an integrated stress management strategy, humic biostimulants hold strong promise for sustaining pigeon pea yields in the face of climate change.
Nanoparticles in Enhancing Crop Resilience to Drought and Heat
Nanotechnology has rapidly entered the agricultural scene, offering innovative solutions in the form of nanoparticles (NPs) that can be used as biostimulants, fertilizers, or protective agents. Nanoparticles are ultrafine particles (1–100 nm in size) that often have unique physicochemical properties compared to their bulk counterparts. In plant science, various types of nanoparticles – including metal-based (e.g., zinc oxide, silver, copper), metal oxides, silica, carbon-based (carbon nanotubes, graphene), and polymeric nanoparticles – have been studied for their effects on plant growth and stress tolerance. The appeal of NPs lies in their high reactivity and surface area, which can facilitate novel interactions with plant tissues and biochemistry (Singh, A., et al. 2022), (Ma, X., et al. 2022).
Improving stress tolerance with NPs: Research has demonstrated that certain nanoparticles can alleviate abiotic stress in plants by acting at multiple levels. At low, carefully administered concentrations, NPs can exhibit antioxidant properties and modulate stress-responsive genes (Singh, A., et al. 2022), (Ma, X., et al. 2022). For instance, nano-forms of cerium oxide (CeO₂) can scavenge reactive oxygen species (ROS) because CeO₂ NPs can switch oxidation states and behave like catalytic antioxidants. Studies in maize have shown CeO₂ NPs increased HSP70 levels and improved heat tolerance. Carbon nanotubes (multi-walled) have been reported to induce the expression of HSP90 and other heat shock genes in plants. This means that treating pigeon pea with certain NPs might pre-condition the plant to better handle heat by ramping up its internal protective proteins (similar to a mild stress vaccine). Additionally, nanoparticles such as silicon (SiO₂) and lanthanum oxide have been found to regulate aquaporin genes and improve water content in wheat and maize. Aquaporins are membrane channels that control water movement in plant cells; by enhancing their expression or activity, NPs help plants maintain hydration and turgor under drought. In soybean, ZnO nanoparticles (in appropriate doses) boosted drought and heat tolerance by elevating levels of osmolytes (proline), chlorophyll, and antioxidant enzymes, alongside upregulating stress-related transcription factors (like heat shock factors HSFs and WRKY genes) (Singh, A., et al. 2022), (Ma, X., et al. 2022). These modes of action – increasing osmoprotectants, antioxidants, and protective proteins – align well with the needs of pigeon pea facing drought/heat stress. 
Nutrient delivery and physiological support: Nanoparticles can also act as nano-fertilizers or nano-conditioners, enhancing plant nutrition and thus indirectly improving stress resilience. Because of their tiny size, NPs can be taken up more efficiently by roots or even leaves (if foliar applied) and can deliver nutrients in a controlled release manner. For example, nano forms of zinc, iron, or phosphorus have been used to correct deficiencies with smaller amounts of input, reducing potential soil immobilization and loss. In the context of drought, better nutrition (especially of micronutrients like Zn, B, or Fe that are important for enzyme function) can make pigeon pea physiologically sturdier. Studies have noted that NP treatments can enhance photosynthetic pigments and rates, even under stress. By improving photosynthesis and water-use efficiency, NPs help maintain growth. Some nanoparticles can influence stomatal behavior – one study mentioned NPs aiding stress tolerance by regulating stomatal opening to optimize cooling via transpiration without excessive water loss . This fine-tuning of stomata could be valuable for pigeon pea in hot, dry environments to avoid overheating.
When it comes to practical evidence in pigeon pea, there have been a few targeted studies. One investigation found that applying silver nanoparticles (Ag NPs) to C. cajan seeds under a fluoride toxicity stress improved their performance: Ag NPs increased germination rates and reduced oxidative stress markers compared to untreated seeds (Ibrahim, S., et al. 2021). The treated pigeon pea seedlings had lower levels of ROS and activated glyoxalase enzymes (which detoxify stress-induced toxic aldehydes), indicating that nanoparticles can bolster the plant’s detoxification pathways in stress conditions. While this example is about fluoride stress, it mirrors drought/heat stress in that ROS management is crucial. It suggests that nanoparticles can enhance pigeon pea’s innate stress defenses. Another example involving zinc oxide nanoparticles on pigeon pea showed that there is a dose-dependent effect: low-to-moderate concentrations might stimulate growth, but high concentrations (e.g., 200–250 mg/L) became phytotoxic, reducing seedling growth and biomass (Singh, A., et al. 2020), (Mishra, S., et al. 2020). At excessive levels, ZnO NPs generated too much ROS, causing lipid peroxidation and growth inhibition in pigeon pea seedlings. This underscores a key point for nanotechnology use – dose and particle type are critical. Effective stress mitigation is seen with optimized nanoparticle treatments, whereas over-application can harm the plant.
Heat stress mitigation: Nanoparticles have shown particular promise in helping plants cope with heat. Besides inducing heat shock proteins as mentioned, they may also protect the photosynthetic apparatus. Some metal oxide NPs (like TiO₂) can act as light reflectants or absorbents, potentially reducing heat load on leaves (this is an area of ongoing research). Additionally, NPs such as selenium (Se) have been reported to improve thermotolerance in wheat by enhancing antioxidant capacity and osmolyte accumulation (Singh, A., et al. 2022). Though untested in pigeon pea, a nano-Se or similar approach could theoretically be beneficial during heat waves.
Drought mitigation: For drought, certain nanoparticles (e.g., silica NPs) can physically fortify plant tissues, making them less prone to water loss. Silica deposition in cell walls is known to improve cell rigidity and drought tolerance. Nanosilica, due to its greater reactivity, might be taken up more easily and induce these benefits. Moreover, by boosting root growth and branching (observed with some NPs), plants can explore a larger soil volume for water. One review noted that NP treatments often led to improved root-to-shoot ratios under stress conditions . This trait helps in drought endurance as the plant prioritizes water foraging.
In practice, the application of nanoparticles to pigeon pea could be via seed priming (soaking seeds in a nano-solution before sowing) or foliar sprays at certain growth stages. Seed priming with NPs can embed nanoparticles on or within the seed coat, enabling early uptake as the seed germinates. This has the advantage of influencing the plant from the get-go. Foliar application during vegetative or pre-flowering stage might help the plant gear up its defenses before critical stress-sensitive phases. The appropriate type of NP would depend on the specific limiting factor: for example, nano-silicon or TiO₂ for drought (to improve water retention and reduce transpiration), nano-Zn or Cu for metabolic and enzymatic support (as these micronutrients are enzyme cofactors), or nano-Se/Ag for boosting antioxidant systems.
Crucially, environmental and safety considerations of nanoparticle use must be addressed. Unlike traditional biostimulants, some NPs are non-biodegradable and could accumulate in soil or enter the food chain. However, many of the NPs considered for agriculture (like silica or iron oxides) are relatively benign at low levels, essentially delivering elements that plants need in trace amounts. The key is to avoid overuse and to choose nanoparticles that do not persist or cause toxicity. Encouragingly, certain studies have found that nanoparticle treatments can achieve the desired stress tolerance effect without adverse trade-offs. For instance, a comparison in plants showed that using silver nanoparticles caused less damage than equivalent doses of silver in ionic form (AgNO₃), implying a controlled release and lower effective toxicity. Moreover, expanding interdisciplinary collaborations and leveraging genomic tools are critical for achieving sustainable agricultural resilience.
In conclusion, nanotechnology offers a cutting-edge addition to the toolkit for enhancing pigeon pea resilience to drought and heat. By delivering nutrients more efficiently and activating stress-defense pathways (antioxidant, osmotic, and heat shock responses) , nanoparticles can help pigeon pea plants maintain growth and yield under climate stress conditions. Ongoing research and field trials will refine the application methods and dosages to maximize benefits while ensuring safety. The integration of NPs with traditional practices (like fertilization and irrigation) could lead to synergistic effects—such as reduced fertilizer rates (hence cost savings and less environmental loading) and improved drought tolerance at the same time. Nanoparticles, when used judiciously, thus represent a promising frontier in sustainable agriculture for climate adaptation.
Research Gaps and Future Directions
While the use of turmeric leaf extracts, humic substances, and nanoparticles shows great promise for improving pigeon pea’s drought and heat tolerance, several gaps in knowledge and practice must be addressed to fully realize these benefits:
· Crop-Specific Studies: To date, much of the evidence for these biostimulants comes from studies on other crops or model plants. There is a need for more research directly on Cajanus cajan. For example, turmeric leaf extract has proven effective in chickpea , but its impacts on pigeon pea physiology (germination kinetics, enzyme activities, yield components) under stress remain untested. Similarly, trials of humic substances on pigeon pea under field drought/heat conditions would help quantify yield gains and optimal application rates for this particular legume. Every crop can respond somewhat differently to biostimulants; thus, pigeon pea-focused experiments (both greenhouse and field) are crucial.
· Mechanistic Understanding: The complex interactions by which biostimulants confer stress tolerance are not fully understood. Future studies should employ physiological and molecular analyses to unravel these mechanisms in pigeon pea. This could include transcriptomic or proteomic studies to see which stress-related genes (antioxidant enzymes, heat shock proteins, osmolyte-synthesis genes, etc.) are up- or down-regulated by a given treatment. For instance, does turmeric leaf extract trigger specific drought-responsive signaling pathways in pigeon pea? Does humic acid priming induce expression of particular aquaporin or LEA (late embryogenesis abundant) proteins that help in dehydration tolerance? Answering such questions will help fine-tune recommendations (like timing of application to activate certain protective pathways at the right stage).
· Optimal Application Strategies: There are practical questions on how best to deploy these biostimulants. Future research should explore dosing, timing, and modes of application:
· For turmeric extracts, what concentration yields the best stress mitigation without phytotoxicity? Is seed priming more effective than foliar feeding for pigeon pea, or could combining both maximize benefits?
· For humic substances, should they be applied as soil amendments at planting, or as foliar sprays during stress periods, or both? The persistence of humic effects over the season also needs study – e.g., a one-time soil incorporation vs. split applications.
· For nanoparticles, determining the safe and effective dose range is critical. Low concentrations can help, but high concentrations can hurt (Singh, A., et al. (2020), Mishra, S., et al. 2020). Research should aim to identify the nanoparticle types and sizes that offer maximum stress protection with minimal residual accumulation. Additionally, the method of delivery (embedding NPs in seed coatings, irrigation water, or foliar formulations) should be optimized for field conditions.
· Long-term and Field-Scale Impact: Most current studies are short-term or pot experiments. Long-term trials across multiple seasons and locations would shed light on the consistency of biostimulant benefits under variable real-world climate conditions. It’s important to examine whether repeated use of these biostimulants has any cumulative effects – for instance, building up soil organic matter (in the case of humic substances) or, conversely, nanoparticle buildup. Field-scale studies would also allow assessment of economic feasibility – do yield increases and stress loss reductions outweigh the costs of biostimulant application? This is particularly relevant for resource-poor farmers who rely on pigeon pea for subsistence; solutions must be cost-effective.
· Soil Health and Ecosystem Effects: A sustainable approach requires that these interventions do not adversely affect soil or the environment. Humic substances are generally beneficial to soil health (encouraging microbes and improving structure), and turmeric extracts are organic and biodegradable. However, nanoparticle fate in soil is an area needing further study. Research should monitor if there is any toxicity to beneficial soil organisms (like nitrogen-fixing bacteria, mycorrhizae, and earthworms) from chronic NP use. If any negative impacts are observed, future development could focus on green or biogenic nanoparticles (such as those synthesized by plants or microbes, which might be more ecologically friendly) or coatings on NPs that make them more degradable. On the flip side, it's worth exploring if combining humic substances with nanoparticles can mitigate potential NP toxicity – humic acids could perhaps bind excess metal ions from NPs and reduce their bioavailability to non-target organisms.
· Integration with Breeding and Other Practices: Future strategies should look at integrating biostimulants with traditional genetic improvement and agronomy. For example, can we breed pigeon pea varieties that are more responsive to biostimulants? Perhaps certain genotypes have a stronger reaction to humic acid or nano-priming; identifying these could lead to varietal recommendations or even using those traits in breeding. Additionally, combining biostimulants: would a synergy occur if turmeric leaf extract and humic acid are used together (one providing immediate antioxidant protection, the other improving root and soil conditions)? Some studies in other crops suggest multiple biostimulants can have additive effects. However, careful experimentation is needed to avoid antagonism (for instance, an inappropriate mix of chemical environment for the seed).
· Climate Scenario Testing: Given that climate change will bring not just isolated drought or heat, but often combined stresses, future research should test biostimulant efficacy under simultaneous stresses (drought + heat together, possibly also with episodic flooding or salinity as might happen in certain regions). It’s important to ensure that a biostimulant that helps drought tolerance doesn’t inadvertently make plants more heat-sensitive or vice versa. Thus far, evidence suggests these treatments generally improve overall robustness, but multi-factor trials would validate their reliability under complex stress environments that mimic climate variability.
Addressing these gaps will require interdisciplinary efforts – agronomists, plant physiologists, soil scientists, and nanotechnologists collaborating. Importantly, any promising findings should be translated into guidelines for farmers. Extension services and participatory on-farm trials can help fine-tune recommendations and improve farmer acceptance. For instance, farmers might be more inclined to use turmeric leaf extract if they can easily produce it from crop residues; demonstrating a simple extraction method and positive field results would encourage adoption. Similarly, showing the yield gains from humic substances made via compost could motivate on-farm composting and use of farmyard manure (rich in humics). Nanoparticles, which are more technical, can perhaps be incorporated into existing seed treatment products or foliar feeds in a user-friendly way. Moreover, expanding interdisciplinary collaborations and leveraging genomic tools are critical for achieving sustainable agricultural resilience.
Conclusion
Pigeon pea faces significant physiological and agronomic challenges as climate change intensifies drought and heat stress in its growing regions. These stresses disrupt the plant’s water balance, photosynthesis, and reproductive processes, leading to oxidative damage and yield losses. In this review, we explored three innovative biostimulant strategies to enhance pigeon pea’s tolerance to drought and heat: turmeric leaf extracts, humic substances, and nanoparticles. Each of these approaches offers unique and complementary benefits. Turmeric leaf extract, a natural antioxidant-rich botanical, can prime pigeon pea with a stronger defense system and more vigorous early growth, which translates into better performance under stress.
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Figure1: Bio-stimulant Induced Mechanisms Enhancing Crop Tolerance to Abiotic Stresses
 
Table1: Studies related to improving legume resilience to drought and heat stress through bio-stimulant application
	Biostimulant Used
	Legume 
	Key Findings
	Reference

	Protein hydrolysates applied as foliar spray
	Various legumes
	Improved water use efficiency and antioxidant activity under drought stress
	Rouphael et al., 2022. 

	Various biostimulants (microbial, seaweed, humic acids)
	General (including legumes)
	Highlighted biostimulant modes of action under abiotic stress
	Calvo et al. 2014. 

	Plant growth-promoting rhizobacteria (PGPR)
	Chickpea
	Enhanced drought resistance through improved root growth and stress enzyme activity
	Sharma et al. 2015. 

	Seaweed extract application (Ascophyllum nodosum)
	Common bean
	Increased yield and chlorophyll content under heat stress
	Di Mola et al. 2020. 

	Humic substances and microbial consortia
	Soybean
	Boosted stress tolerance, nutrient uptake, and biomass under drought
	Colla et al. 2015. 

	PGPR inoculation (Bacillus and Pseudomonas strains)
	Mung bean, soybean
	Improved osmolyte accumulation and membrane stability under drought/heat stress
	Vurukonda et al. 2016. 

	Rhizobia and PGPR consortia
	Legume crops (general)
	Promoted sustainable growth, nodulation, and yield under water-deficit conditions
	Bhardwaj et al. 2014. 

	Combination of humic acid and seaweed extract
	Lentil
	Enhanced physiological performance and yield under combined drought and heat stress
	Ingle & Kavita, 2022
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