


Plant growth regulators
: Enhancing Mulberry leaf characteristics for Sustainable Sericulture

[bookmark: _GoBack]Abstract
Mulberry (Morus spp.) is the exclusive feeding source for the silkworm Bombyx mori, and its physiological and biochemical traits directly influence silkworm growth, cocoon yield, and silk quality. The productivity and nutritive value of mulberry leaves are governed not only by genotype and environment but also by endogenous plant hormones and exogenous growth regulators that coordinate growth, metabolism, and stress responses. Hormones such as auxins, cytokinins, gibberellins, abscisic acid, jasmonates, salicylic acid, and brassinosteroids regulate key processes including leaf expansion, chlorophyll stability, nutrient assimilation, and secondary metabolite accumulation. Exogenous application of growth regulators has been shown to enhance leaf biomass, improve protein and carbohydrate content, delay senescence, and mitigate abiotic stresses, thereby improving leaf quality for sericulture. Recent advances in molecular biology, omics technologies, nanotechnology, and biostimulant-based practices are providing new avenues to manipulate hormone pathways for sustainable mulberry improvement. This review integrates advances in understanding the hormonal regulation of mulberry physiology and biochemistry, critically evaluates outcomes of growth regulator interventions, and identifies innovative approaches to enhance resilience and sustainability in sericulture.
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1. Introduction
Sericulture, the practice of rearing the silkworm Bombyx mori for silk production, is an important agro-based industry that provides livelihood opportunities for millions of rural households, particularly in countries such as India, China, and Japan. The productivity and quality of silk are strongly dependent on the physiological and biochemical characteristics of mulberry (Morus spp.) leaves, which serve as the sole food source for silkworms (Ssemugenze et al., 2021; Hăbeanu et al., 2023). Leaf quality, defined by parameters such as protein, carbohydrate, amino acid content, chlorophyll concentration, and secondary metabolites, directly influences silkworm growth, cocoon yield, and silk filament strength (Singhal et al., 2021; Liu et al., 2024).
Mulberry leaf physiology and biochemistry are influenced by genotype, environmental conditions, soil fertility, agronomic practices, and stress exposure (Nazar et al., 2019). Beyond these factors, endogenous plant hormones act as master regulators of growth and development, coordinating cell division, leaf expansion, nutrient uptake, photosynthetic efficiency, and stress adaptation (Wani et al., 2016). Among these, auxins, cytokinins, gibberellins, abscisic acid, jasmonates, salicylic acid, and brassinosteroids have been identified as pivotal in regulating leaf yield and quality (Lv et al., 2021). Exogenous application of growth regulators, either as foliar sprays or soil amendments, has been shown to enhance leaf biomass, improve protein and sugar content, delay senescence, and strengthen plant resilience to abiotic stresses such as drought, salinity, and high temperature (Di Sario et al., 2025).
Recent advances in plant physiology and biochemistry highlight the importance of hormonal crosstalk in integrating growth with stress responses. For example, the antagonistic interaction of abscisic acid and gibberellins mediates stomatal regulation under drought, while jasmonic and salicylic acid pathways control secondary metabolite accumulation and defense signaling (Kundu and Gantait, 2017). Such interactions not only determine leaf quality under stress but also influence silkworm health and silk yield when stress-affected leaves are fed (Shu et al., 2018). Moreover, novel approaches such as molecular breeding, omics technologies, and nanotechnology-based hormone delivery are being explored to manipulate hormonal pathways in mulberry for enhanced leaf quality and sustainable sericulture (Mangammal et al., 2025; Ds et al., 2024).
This review emphasizes current knowledge on the roles of plant hormones and growth regulators in improving mulberry leaf physiology and biochemistry, evaluates the effects of exogenous hormone applications on leaf quality and silkworm performance, and identifies emerging strategies for developing sustainable sericulture practices.
2. Physiological and Biochemical Basis of Mulberry Leaf Quality
The quality of mulberry (Morus spp.) leaves is the primary determinant of silkworm growth, cocoon yield, and silk filament quality (Nguyen et al., 2024). Since Bombyx mori is monophagous, the nutritional and biochemical composition of mulberry foliage is directly converted into silk proteins, making leaf physiology a central factor in sericulture productivity (Chundang et al., 2020). Several physiological and biochemical traits govern mulberry leaf quality, and these vary significantly across genotypes, environmental conditions, and agronomic management (Kumar et al., 2021; Tunç et al., 2025).
Physiological parameters such as leaf area, chlorophyll content, photosynthetic efficiency, and stomatal regulation strongly influence leaf biomass and nutrient accumulation (Al-Gaadi et al., 2024). High photosynthetic rate and stable chlorophyll pigments are associated with greater carbohydrate production, which in turn supports silkworm energy metabolism and cocoon formation (Wu et al., 2024). Water status and turgor maintenance also play critical roles, as adequate hydration preserves leaf succulence and palatability, thereby enhancing larval feeding efficiency (Nguyen et al., 2024).
Biochemically, protein content is the most important quality indicator, as leaf proteins serve as the nitrogen source for fibroin and sericin synthesis in silkworms. Amino acids such as glycine, alanine, and serine are particularly vital because they form the structural basis of silk proteins (Aad et al., 2024). Carbohydrates, especially soluble sugars, not only supply energy but also affect the silkworm’s metabolic efficiency (Shen et al., 2023). Lipid content, although relatively low in mulberry leaves, contributes to membrane stability and silkworm energy reserves. In addition, vitamins (e.g., vitamin C and folates) and minerals (e.g., calcium, magnesium, and iron) enhance both leaf nutritional balance and silkworm health (Dong et al., 2017).
Secondary metabolites such as phenolics, flavonoids, and tannins are also key modulators of leaf quality. While moderate levels of phenolics and antioxidants improve silkworm immunity and oxidative stress tolerance, excessive accumulation often triggered by abiotic stress can reduce palatability and feeding efficiency (Dehghanian et al., 2022). Therefore, the balance of primary and secondary metabolites is crucial for determining overall leaf suitability (Kumar et al., 2023).
Environmental stressors such as drought, salinity, and high temperature alter both physiological and biochemical profiles of mulberry leaves, often leading to reduced protein levels, increased phenolic content, and decreased palatability (Ackah et al., 2021). This stress-induced shift underscores the importance of hormonal regulation and exogenous growth regulators in maintaining favorable physiological and biochemical status under fluctuating conditions (Wahab et al., 2022).
3. Hormonal Regulation of Mulberry Physiology and Quality
Plant hormones are central regulators of mulberry growth, leaf yield, and biochemical composition. They orchestrate a wide range of physiological processes from cell division and elongation to photosynthetic efficiency, stress adaptation, and nutrient allocation which directly determine mulberry leaf quality and, consequently, the performance of silkworms in sericulture (Geetha and Murugan, 2017; Sun et al., 2023). Among the major classes of hormones, auxins, cytokinins, gibberellins, abscisic acid, jasmonates, salicylic acid, and brassinosteroids have been identified as key modulators in mulberry physiology (Bajguz and Piotrowska-Niczyporuk, 2023; Yadav et al., 2025).
Auxins play a fundamental role in regulating root and shoot architecture, thereby improving nutrient and water uptake efficiency (Jan et al., 2024). In mulberry, auxin application promotes leaf expansion and biomass accumulation, while influencing nitrogen assimilation and protein metabolism. Enhanced auxin activity has been correlated with higher protein content in leaves, which improves silkworm growth and cocoon weight (Chaitanya et al., 2001).
Cytokinins are primarily involved in cell division, chloroplast development, and delay of leaf senescence. Their application has been shown to maintain chlorophyll stability and prolong photosynthetic activity in mulberry leaves, resulting in greater leaf yield and higher protein and sugar content (Hönig et al., 2018). Cytokinin-mediated delay of senescence is particularly valuable in regions with extended rearing seasons, as it ensures sustained supply of nutritionally rich leaves for silkworms (Guo et al., 2021).
Gibberellins promote stem elongation and leaf expansion through cell wall loosening and enhanced carbohydrate metabolism. In mulberry, foliar application of gibberellic acid has been linked to improved leaf biomass and enhanced soluble sugar accumulation, traits that directly benefit silkworm metabolism and silk filament production (Sun, 2007).
Abscisic acid (ABA), while classically considered a stress hormone, plays a dual role in mulberry. Under drought or salinity stress, ABA regulates stomatal closure, osmotic adjustment, and antioxidant enzyme activities, thereby maintaining leaf turgidity and preventing excessive loss of nutritional quality (Aslam et al., 2022). However, elevated ABA under prolonged stress can also induce early senescence and reduce palatability, highlighting the importance of balanced hormonal regulation (Bharath et al., 2021).
Jasmonates and salicylic acid function as defense hormones, modulating secondary metabolism and stress-responsive pathways (Majeed et al., 2024). In mulberry, jasmonic acid application has been reported to enhance phenolic content and antioxidant activity, thereby strengthening silkworm immunity when fed with treated leaves. Similarly, salicylic acid improves leaf antioxidative defense and modulates protein and carbohydrate metabolism under stress, ensuring better nutritive value for rearing (Ali et al., 2024).
Brassinosteroids, though less studied in mulberry, are emerging as important regulators of photosynthetic efficiency and oxidative stress tolerance. Exogenous brassinosteroid treatment has been shown to enhance chlorophyll content, improve water use efficiency, and enrich antioxidant metabolites in mulberry leaves, resulting in superior cocoon yield and silk filament quality (Guo et al., 2022).
4. Exogenous Application of Growth Regulators in Mulberry Cultivation
Exogenous application of growth regulators has been widely explored as a practical approach to improve mulberry leaf yield and quality. Unlike endogenous hormonal signaling, which is strongly influenced by genetic and environmental factors, foliar sprays or soil applications of plant growth regulators allow farmers to directly manipulate physiological and biochemical processes to optimize leaf productivity and nutritive value for silkworm rearing (Zhang et al., 2023).
Auxin-based formulations, such as indole-3-acetic acid (IAA) and naphthaleneacetic acid (NAA), have been applied to mulberry seedlings and cuttings to promote rooting and establishment, which ultimately results in greater biomass production (Sourati et al., 2022). Foliar application of auxins also enhances leaf expansion and protein accumulation, providing a richer nitrogen source for silkworm nutrition. Cytokinin sprays, including kinetin and benzylaminopurine (BAP), are particularly effective in delaying senescence and maintaining chlorophyll stability. Several field studies have shown that cytokinin-treated mulberry leaves retain higher protein, carbohydrate, and moisture content, making them more palatable and beneficial to silkworm growth (Sosnowski et al., 2023).
Gibberellic acid (GA₃) has been extensively used in mulberry plantations to promote leaf elongation, stem growth, and overall biomass accumulation. Application of GA₃ not only improves leaf yield but also increases soluble sugars, which are essential for silkworm metabolism and energy supply (Diga, 2021). Brassinosteroid treatments, though less common in routine sericulture practices, are gaining attention due to their role in enhancing photosynthetic efficiency and antioxidant metabolism. Brassinosteroid sprays have been reported to improve leaf biomass and silk cocoon productivity in experimental trials (Xia et al., 2009).
Salicylic acid and jasmonic acid sprays are primarily used for stress mitigation in mulberry cultivation. Their exogenous application induces defense pathways, improves antioxidant enzyme activity, and enhances secondary metabolite profiles that strengthen silkworm immunity when fed with treated leaves (Mohi-Ud-Din et al., 2021). Similarly, abscisic acid (ABA) applications in low concentrations have been used to improve drought tolerance by modulating stomatal behavior, thereby maintaining leaf water status and nutritive quality under limited irrigation (Saradadevi et al., 2017).
The mode of application is critical to effectiveness. Foliar sprays are the most common due to rapid absorption and uniform distribution, while soil drenching is occasionally employed for hormones such as auxins and gibberellins to stimulate root activity (Handoko and Lin, 2025). Seedling treatments during nursery stages have also been reported to improve early vigor and subsequent leaf yield. However, the concentration, frequency, and timing of application must be carefully optimized, as overdoses may trigger undesirable physiological responses such as excessive elongation, premature senescence, or accumulation of anti-nutritional compounds (Kisvarga et al., 2022).
5. Hormonal Cross-talk and Stress Adaptation in Mulberry
Mulberry, being a perennial crop cultivated across diverse agro-climatic regions, is often exposed to abiotic stresses such as drought, salinity, temperature extremes, and nutrient imbalances. These stresses adversely affect leaf physiology and biochemical composition, leading to reductions in protein content, chlorophyll stability, and overall nutritive quality of leaves for silkworm rearing (Sun et al., 2023). Plant hormones play a crucial role in regulating stress responses, not in isolation but through complex cross-talk among signaling pathways. Such interactions enable plants to integrate growth, defense, and metabolic adjustments, thereby maintaining leaf productivity and quality under adverse conditions (Chand  et al., 2022; Khan, 2025).
Abscisic acid (ABA) is the principal hormone mediating drought and salinity stress tolerance by inducing stomatal closure, promoting osmotic adjustment, and activating antioxidant enzymes (Bharath et al., 2021). However, ABA signaling is intricately balanced with gibberellins (GAs), as the two hormones exhibit antagonistic interactions in regulating leaf expansion and stress adaptation. Under drought, ABA-induced growth suppression is often counteracted by GA-driven cell elongation, and this balance determines overall leaf yield and succulence (Rai et al., 2024).
Auxins and cytokinins also participate in stress regulation through their influence on root development and chlorophyll stability. Auxins enhance root plasticity under nutrient or water limitation, while cytokinins delay senescence and preserve protein content under prolonged stress conditions (Bielach et al., 2017). Their synergistic interactions ensure both improved nutrient uptake and prolonged functional leaf life, which are critical for sustaining mulberry leaf supply during stress episodes (Sosnowski et al., 2023).
Jasmonates (JAs) and salicylic acid (SA), although primarily recognized as defense-related hormones, significantly influence stress-induced secondary metabolism. JA signaling enhances the accumulation of phenolics and flavonoids, which not only improve oxidative stress tolerance in mulberry leaves but also benefit silkworm immunity (Wang et al., 2022). Similarly, SA modulates reactive oxygen species (ROS) detoxification and contributes to maintaining photosynthetic efficiency under temperature stress. Brassinosteroids (BRs) further strengthen stress resilience by enhancing chlorophyll content, improving photosystem efficiency, and regulating antioxidant metabolism, thereby synergizing with auxins and cytokinins for sustained leaf yield under stress conditions (Lal et al., 2019; Choudhary et al., 2020; Chauhan et al., 2023; Usmani et al., 2025). 
The integration of these hormonal pathways illustrates that stress tolerance in mulberry is not driven by individual hormones but by dynamic cross-talk. For example, drought stress often induces ABA–GA antagonism, drought–heat stress triggers JA–SA interactions, and nutrient limitation engages auxin–cytokinin synergy (Liu et al., 2021). Such hormonal networks fine-tune the balance between growth and defense, ensuring that mulberry leaves retain their nutritive and palatable qualities for sericulture even under suboptimal conditions (Kaya et al., 2024).
6. Future Perspectives
Advances in biotechnology and sustainable crop management practices are opening new avenues for manipulating hormonal pathways to improve mulberry physiology, leaf yield, and nutritive quality. Traditional reliance on synthetic growth regulators has been effective in enhancing productivity, but emerging molecular and eco-friendly strategies offer more precise and sustainable solutions for sericulture (Kaushik et al., 2025).
Molecular biology and omics-based approaches are providing insights into hormone biosynthesis, signaling, and cross-talk in mulberry. Transcriptomic studies have identified genes associated with auxin and cytokinin signaling that regulate cell division, chloroplast development, and senescence delay (Wu et al., 2025). Proteomic analyses further highlight hormone-regulated antioxidant enzymes and stress-responsive proteins, while metabolomic profiling reveals hormone-mediated accumulation of amino acids, sugars, and secondary metabolites that are directly linked to leaf nutritive (Liu et al., 2021 et al., 2025). Marker-assisted selection for hormone-responsive traits has also been explored, allowing the development of mulberry varieties with improved stress tolerance and higher protein content in leaves.
Genetic engineering holds potential for modifying hormone biosynthesis or signaling pathways to enhance mulberry performance. For instance, overexpression of cytokinin biosynthesis genes can extend leaf longevity, while targeted manipulation of ABA signaling components may optimize drought resilience without compromising leaf quality (Mandal et al., 2022). Although transgenic approaches in mulberry are still at an experimental stage, CRISPR/Cas-mediated genome editing is being investigated to fine-tune hormone regulatory networks with greater precision (Mangammal et al., 2025).
In addition to molecular approaches, nanotechnology offers innovative solutions for hormone delivery in mulberry cultivation. Nano-formulations of auxins, cytokinins, and gibberellins ensure controlled release, higher uptake efficiency, and reduced losses, thereby minimizing environmental contamination while maximizing physiological benefits (An et al., 2022). Similarly, biostimulants derived from seaweed extracts, humic substances, and microbial consortia act as natural hormone analogs or enhancers, improving leaf yield and quality in an eco-friendly manner. These approaches align well with sustainable sericulture, reducing chemical dependency while maintaining high productivity (Rouphael and Colla, 2020).
7. Conclusion
The integration of biotechnology, molecular insights, nanotechnology, and sustainable agronomic practices represents a significant step toward optimizing mulberry physiology and biochemistry for sericulture. Hormonal regulation, both through endogenous signaling and exogenous growth regulator applications, has been shown to improve leaf biomass, protein and sugar content, and stress resilience. These improvements directly enhance silkworm performance, cocoon yield, and silk filament quality, strengthening the overall sustainability of sericulture.
While promising, these strategies require further validation through long-term field studies, dosage optimization, and region-specific management practices. By bridging fundamental plant physiology with applied sericulture, hormone-mediated approaches offer a sustainable pathway to meet growing silk demand under changing climatic conditions.
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