


Hormonal Regulation of Root Induction in Mulberry (Morus spp.): Advances and Challenges

Abstract
Mulberry (Morus spp.) plays a pivotal role in sericulture as the primary food source for silkworms, and its successful propagation is essential for sustainable silkworm farming. This review comprehensively examines the physiological, molecular, and biotechnological aspects of root induction in mulberry, with a focus on hormonal interventions. Auxins such as IBA, NAA, and synthetic analogs like ABT-1 have shown significant efficacy in enhancing adventitious root formation, especially in difficult-to-root cultivars. The synergistic roles of cytokinins, gibberellins, abscisic acid, ethylene, and jasmonic acid are also explored. In addition, transcriptomic studies reveal the involvement of key regulatory genes, while enzymatic and biochemical profiles offer further insight into rooting dynamics. The paper also evaluates propagation techniques, the role of biostimulants and microbial inoculants, environmental and genetic factors affecting rooting, and the future potential of CRISPR and omics-based technologies. This review provides a consolidated platform for developing optimized, eco-friendly, and genotype-responsive propagation protocols in mulberry.
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1. Introduction
Mulberry (Morus spp.), a deciduous plant belonging to the family Moraceae, holds paramount significance in the field of sericulture due to its role as the primary food source for the silkworm (Bombyx mori). The economic importance of mulberry is largely intertwined with the sericulture industry, which depends on high-quality, nutritious mulberry leaves to support optimal silk production (Saini et al., 2023). Globally, over 24 species of mulberry have been identified, among which M. alba, M. indica, and M. nigra are the most commercially exploited for their agronomic value and adaptability to diverse environmental conditions (Datta, 2002). India, China, Japan, and other Asian countries are among the leading cultivators of mulberry, with extensive research being conducted to improve its propagation, productivity, and stress tolerance. Vegetative propagation, especially through adventitious root formation, is a preferred method for ensuring genetic fidelity and rapid multiplication of elite genotypes. In contrast, propagation through seeds often results in genetic heterogeneity, which can compromise the quality and yield of mulberry crops (Gulabrao et al., 2024). Adventitious root formation is essential for the clonal propagation of mulberry, particularly in the context of breeding programs, germplasm conservation, and large-scale nursery production for sericulture farms. The success of this propagation technique depends on multiple factors, including genotype, cutting position, environmental conditions, and, most importantly, hormonal balance.
Root induction is a highly coordinated physiological, biochemical, and molecular process involving a series of developmental events, such as dedifferentiation of cells, formation of root primordia, and emergence of roots. These events are orchestrated by an intricate network of endogenous plant hormones and exogenously applied plant growth regulators (PGRs). Among these, auxins—particularly indole-3-acetic acid (IAA), indole-3-butyric acid (IBA), and naphthaleneacetic acid (NAA)—play a central role in triggering root primordia formation and enhancing cell division in the basal region of cuttings (Li et al., 2009; Karthik et al., 2024). Auxins are known to induce the expression of root-specific genes and activate various downstream signaling pathways that facilitate cell reprogramming and organogenesis (Sukumar et al., 2013). In addition to auxins, several other phytohormones such as cytokinins, abscisic acid (ABA), gibberellins (GA), ethylene, and jasmonic acid (JA) modulate root development either synergistically or antagonistically. Cytokinins generally inhibit root formation by promoting shoot development and are often considered antagonistic to auxins in root induction pathways (Werner et al., 2003). ABA plays a context-dependent role, often associated with stress responses and root system architecture modulation under drought and salinity stress (Sharp et al., 2004). Ethylene has a dual role in root induction—enhancing adventitious root formation under specific conditions but inhibiting it when present in excess. Similarly, JA is emerging as a modulator in root development, especially under stress and wounding conditions, often acting through crosstalk with auxin pathways.
The advent of modern biotechnological tools has further refined our understanding of hormonal regulation in root induction. Techniques such as in vitro tissue culture, histological analysis, and molecular profiling have enabled researchers to dissect the stages of root development and identify key genetic and hormonal players. Tissue culture-based micropropagation has proven especially useful for mass multiplication of disease-free, genetically uniform mulberry plantlets, enabling year-round propagation regardless of season. Additionally, the application of synthetic hormones, slow-release formulations, and nano-encapsulated PGRs offers innovative strategies to enhance root induction efficiency under both in vitro and ex vitro conditions (Small & Degenhardt, 2018). Despite the considerable progress made, challenges remain in optimizing rooting protocols for different mulberry cultivars, particularly under field conditions. Factors such as hormonal concentrations, type of explants, seasonal variations, and substrate composition significantly affect rooting success and plantlet survival. Moreover, the molecular mechanisms underlying hormone perception, signal transduction, and gene expression during root initiation in mulberry are still not fully understood, warranting further investigation.
This review aims to synthesize current knowledge on the hormonal control of root induction in mulberry, with a special focus on the roles of various endogenous and exogenous plant growth regulators. It explores the physiological and molecular basis of root formation, evaluates conventional and advanced propagation techniques, and highlights recent innovations such as hormone synergy, molecular markers, and biotechnological interventions. By integrating findings from classical propagation studies and cutting-edge molecular research, this review provides a comprehensive framework for understanding and improving root induction in mulberry cultivation systems. The insights presented in this review are expected to contribute to the development of standardized and efficient rooting protocols for mulberry, thereby supporting large-scale propagation, genetic improvement, and sustainable sericulture practices. With increasing demand for high-yielding and stress-tolerant mulberry varieties, optimizing root induction through precise hormonal interventions represents a promising avenue for future research and commercial application.
2. Hormonal Regulation of Root Induction
Plant hormones, or phytohormones, act as critical biochemical regulators of growth and development, particularly in the initiation and emergence of adventitious roots. In mulberry (Morus spp.), root induction is primarily influenced by the type, concentration, and interactions of these hormones under varying environmental and physiological conditions. The application of exogenous plant growth regulators (PGRs) not only enhances rooting success but also mitigates varietal recalcitrance in hard-to-root genotypes. Understanding the individual and synergistic actions of auxins, cytokinins, gibberellins, abscisic acid (ABA), ethylene, and jasmonic acid (JA) is essential to optimize propagation practices, both in vitro and in vivo.
2.1 Auxins
Auxins are the principal hormonal drivers of root formation, acting as critical regulators in the induction of adventitious roots. Endogenously, indole-3-acetic acid (IAA) is the primary auxin involved in root development, while exogenous analogs such as indole-3-butyric acid (IBA), naphthaleneacetic acid (NAA), and synthetic compounds like ABT-1 are extensively applied to improve root initiation rates. Among these, IBA has emerged as the most effective and widely used rooting agent in mulberry propagation due to its chemical stability, low photodegradability, and efficient conversion into IAA by β-oxidation in plant tissues (Regmi et al., 2022). IBA is known to stimulate the activities of peroxidase and IAA-oxidase—enzymes closely associated with lignification and auxin catabolism—thus enhancing the cellular reprogramming required for root primordium formation (Husen & Pal, 2007). Studies have consistently demonstrated that IBA concentrations ranging from 1000 to 4000 ppm significantly enhance rooting percentages and root biomass in mulberry cuttings (Fig. 1).
NAA is also an effective auxin for in vitro root induction and callus-mediated regeneration. Its role in root induction is often linked to altered cytokinin perception and signaling, especially during early developmental phases under tissue culture conditions (Mishra et al., 2024). Though less stable than IBA, NAA's influence on auxin-responsive gene expression, including the activation of PIN-FORMED (PIN) proteins and auxin response factors (ARFs), contributes to cellular dedifferentiation and organogenic competency. ABT-1, a relatively novel synthetic auxin compound, has gained prominence in rooting recalcitrant mulberry cultivars. Dou et al. (2024) reported that ABT-1 not only improved rooting efficiency (up to 85%) in difficult genotypes but also enhanced antioxidant enzyme activities, including catalase and superoxide dismutase, thereby promoting cellular homeostasis during root emergence. At the molecular level, auxin signaling initiates a cascade involving auxin/indole acetic acid (Aux/IAA) proteins and ARFs. The degradation of Aux/IAA repressors under high auxin concentrations leads to the activation of ARFs, which in turn promote transcription of downstream genes such as LBD, WOX, and GH3, associated with root identity and cell proliferation (Adem et al., 2024).
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Fig. 1: Comparative effectiveness of different hormonal treatments on mulberry root induction showing average rooting percentages across multiple studies.
Legend: IAA (Indole-3-acetic acid), IBA (Indole-3-butyric acid), NAA (Naphthalene acetic acid), and AND-1 (1-Naphthaleneacetamide) (Source: Husen & Pal, 2007)
In fig 1 The effectiveness of IBA can be attributed to its stability, controlled release characteristics, and efficient conversion to active IAA in plant tissues. Research by Husen & Pal (2007) revealed that IBA treatment enhances the activities of key enzymes including IAA-oxidase and peroxidase, which play crucial roles in auxin catabolism and root initiation processes. The enzymatic cascade triggered by IBA involves peroxidase-mediated lignification of developing root primordia and catalase-mediated oxidative stress management.
2.2 Cytokinins and Auxin–Cytokinin Balance
Cytokinins, particularly zeatin and benzylaminopurine (BAP), influence root induction largely by modulating their interaction with auxins. In general, cytokinins promote cell division and shoot proliferation while inhibiting root development at higher concentrations. However, a transient increase in cytokinin levels, particularly zeatin, during the early stages post-wounding has been shown to be essential for establishing cellular competence in root-forming founder cells (Shang et al., 2019). The auxin-to-cytokinin ratio (IAA/zeatin) is a critical determinant of organogenesis. A high auxin-to-cytokinin ratio favors root initiation, whereas a low ratio supports shoot induction. In mulberry, transcriptomic analyses indicate that a sharp increase in IAA concentration, along with a short-lived zeatin spike within 6–24 hours of cutting preparation, facilitates root competency establishment (Li et al., 2023). This temporal hormone regulation is crucial for the transition of somatic cells into a root-inductive state. BAP, commonly used in tissue culture for shoot multiplication, is known to suppress rooting when present in higher concentrations (>2.0 mg/L) due to antagonistic interaction with auxin-responsive pathways (Kumar et al., 2024). Therefore, careful calibration of cytokinin concentrations is essential during the transition from shoot to root induction phases.
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Fig. 2: Temporal changes in endogenous hormone levels during mulberry adventitious root formation showing characteristic patterns of auxin (IAA), cytokinin (Zeatin), ABA, JA, and GA3.
Legend: IAA (Indole-3-acetic acid), ABA (Abscisic Acid), JA (Jasmonic acid), and GA3 (Gibberellic Acid) (Source: Shang et al., 2019)
In fig 2 Transcriptomic analysis reveals that zeatin concentrations exhibit rapid elevation during the first 6 hours after cutting preparation, coinciding with IAA peak levels (Shang et al., 2019). This early cytokinin response appears to be essential for establishing competence in founder cells, despite the general inhibitory effects of cytokinins on root formation.
2.3 Gibberellins, ABA, Ethylene, and JA
Gibberellins: Gibberellins (GAs), particularly GA₃, are known to antagonize root initiation. Their principal role in promoting stem elongation and cell expansion often diverts metabolic resources away from root development (Castro-Camba et al., 2022). During adventitious rooting, GA levels typically decrease to allow for auxin-mediated gene expression to dominate the developmental process. Exogenous GA₃ application has been shown to suppress rooting in mulberry cuttings, particularly when applied concurrently with auxin treatments.
Abscisic Acid (ABA): ABA exhibits a dualistic effect on root induction, with its influence being context- and concentration-dependent. At low concentrations, ABA enhances rooting efficiency by improving water-use efficiency and reducing oxidative stress, particularly under abiotic stress conditions such as salinity and drought (Singh et al., 2024). Conversely, elevated ABA levels inhibit root initiation by repressing cell division and inducing dormancy-related gene expression. ABA's interaction with auxin and ethylene pathways further modulates its effect on root induction.
Ethylene: Ethylene, a gaseous hormone produced endogenously in response to wounding or auxin application, plays a synergistic role in root formation. It enhances cell wall loosening and promotes the expansion of root primordia (Dandin et al., 2003). Ethylene’s action is often modulated via crosstalk with auxin transport mechanisms, particularly through the regulation of ethylene response factors (ERFs) and PIN proteins. However, excess ethylene can lead to callusing and necrosis, highlighting the need for hormonal balance during propagation protocols.
Jasmonic Acid (JA): JA and its derivatives (e.g., methyl jasmonate) have recently been recognized as critical modulators during the later phases of root development. JA is involved in enhancing stress tolerance and coordinating defense-related gene expression during root emergence (Li et al., 2023). Studies in mulberry indicate that JA may work in tandem with IAA during root maturation by regulating transcriptional networks such as MYC2, which bridges JA and auxin signalling.
2.4 ABT-1 and Other Synthetic Auxins
Among the synthetic auxins developed to improve rooting efficiency in woody plants, ABT-1 (4-amino-3,5,6-trichloropicolinic acid) has emerged as a promising compound for mulberry propagation. Recent studies have highlighted its efficacy in enhancing adventitious root induction, particularly in genotypes known for poor rooting responses. Dou et al. (2024) reported that ABT-1 application at concentrations ranging from 800 to 1000 mg/L resulted in rooting rates between 68.7% and 85% in Morus alba and its hybrids. These findings suggest that ABT-1 can serve as a viable alternative or supplement to traditional auxins like IBA and NAA, especially under challenging propagation conditions. The physiological basis of ABT-1's rooting enhancement lies in its modulation of endogenous hormone ratios, particularly the IAA/ABA and IAA/zeatin riboside (ZR) balances. By elevating IAA levels while suppressing inhibitory signals from ABA and excessive cytokinins, ABT-1 establishes a conducive hormonal environment for root primordia formation (Dou et al., 2024). This favorable shift in hormone balance closely mimics the natural rooting induction phase, thus accelerating cellular reprogramming and organogenesis in cutting bases.
In addition to its hormonal effects, ABT-1 has been shown to upregulate the activities of antioxidant enzymes, such as peroxidase, catalase, and superoxide dismutase, which play critical roles in protecting root-forming cells from oxidative stress during the early stages of root development. Enhanced reactive oxygen species (ROS) scavenging not only promotes cell viability but also supports the lignification and stabilization of newly formed root structures (Dou et al., 2024). This dual action—hormonal regulation and oxidative stress management—explains ABT-1’s superior performance, particularly in difficult-to-root mulberry cultivars. Given its demonstrated effectiveness, ABT-1 holds substantial promise for commercial-scale mulberry propagation, particularly where traditional auxins fall short. Its potential integration into nursery protocols, especially for elite genotypes and stress-prone regions, could significantly improve multiplication rates, uniformity, and field performance of propagated plants. However, long-term studies on its residual effects, cost-effectiveness, and compatibility with organic systems are warranted to guide its widespread adoption in sericulture.
Table 1. Effects of Plant Hormones on Root Induction in Mulberry
	Hormone
	Optimal Concentration
	Rooting Effect
	Notes

	IBA
	1000–4000 ppm
	Strong stimulation
	Widely used in field and tissue culture; promotes enzyme activity (Regmi et al., 2022; Husen & Mishra, 2001)

	NAA
	1000–3000 ppm
	Moderate to strong
	Effective in callus-mediated rooting (Mishra et al., 2024; Kumar et al., 2020)

	ABT-1
	800–1000 ppm
	High success
	Enhances rooting in difficult cultivars (Dou et al., 2024)

	BAP
	0.5–2.0 mg/L
	Inhibits root
	Promotes shoot multiplication in vitro (Kumar et al., 2024)

	Zeatin
	Variable
	Inhibitory at high levels
	Essential for early competence (Shang et al., 2019; Li et al., 2023)

	GA₃
	0.1–1.0 mg/L
	Inhibits root
	Promotes shoot elongation (Castro-Camba et al., 2022)

	ABA
	0.1–0.5 mg/L
	Mixed
	Enhances rooting under stress; high levels inhibitory (Singh et al., 2024)

	Ethylene
	Endogenous
	Synergistic
	Stimulates root primordia with auxins (Dandin et al., 2003)

	JA
	Endogenous
	Supports maturation
	Regulates stress response during later rooting stages (Li et al., 2023)


3. Molecular and Biochemical Mechanisms
While exogenous application of plant growth regulators significantly improves adventitious root formation in mulberry, the underlying success of root induction also relies on complex molecular signalling networks and biochemical transformations. These internal processes include differential gene expression, transcription factor regulation, enzymatic activity shifts, metabolic reprogramming, and oxidative stress mitigation—all of which together govern the efficiency and quality of root development. Recent advances in plant molecular biology and -omics technologies have enabled deeper insight into these events, allowing researchers to target key pathways for enhancing propagation success in both in vitro and ex vitro systems.
3.1 Transcriptomic and Genomic Regulation
Transcriptomic analyses have significantly advanced our understanding of gene expression patterns during root formation in Morus spp. High-throughput RNA sequencing (RNA-Seq) technologies have revealed thousands of genes that are differentially expressed across three major phases of adventitious root development—induction, initiation, and emergence. In a comprehensive study by Shang et al. (2019), over 4,276 genes were found to be differentially expressed during these stages in mulberry cuttings. These genes are primarily involved in hormone signaling, cell wall modification, metabolic reprogramming, transcriptional regulation, and stress responses. A major focus of transcriptomic studies in mulberry root induction is the auxin signaling pathway, which involves Auxin Response Factors (ARFs) and Aux/IAA proteins. ARFs regulate transcription of auxin-responsive genes by binding to auxin response elements in their promoters. Aux/IAA proteins function as repressors that modulate ARF activity. In the presence of high auxin levels, such as during exogenous IBA or NAA application, the degradation of Aux/IAA proteins via the SCF^TIR1 ubiquitin ligase complex releases ARFs to activate root-specific gene transcription (Adem et al., 2024).
Specifically, genes such as MiARF13, MiIAA27, LBD16, and GH3 have been shown to play crucial roles in adventitious root development in mulberry. The functional characterization of MiARF13, a mulberry-specific ARF gene, has demonstrated its dual role in regulating both root induction and abiotic stress responses. Tang et al. (2016) found that overexpression of MiARF13 in transgenic mulberry lines led to significantly higher rooting percentages, increased root length, and greater lateral root density under both normal and stress conditions. Other transcriptional regulators, including MYB, NAC, and WRKY families, also participate in regulating cell fate decisions, lignin biosynthesis, and secondary metabolism during root initiation (Li et al., 2023). Furthermore, genes associated with MAP kinase (MAPK) signaling, photosynthetic adaptation, and sugar metabolism have been found upregulated during root emergence, reflecting the metabolic reprogramming and stress mitigation requirements for root establishment. Overall, transcriptomic data provide a comprehensive framework for dissecting the regulatory mechanisms of root induction and point to potential gene targets for biotechnological interventions.
3.2 Enzymatic Activities and Oxidative Stress Management
The rooting process involves substantial cellular remodeling, including cell division, dedifferentiation, and elongation—all of which are accompanied by the production of reactive oxygen species (ROS) and changes in enzyme activities. Proper regulation of enzymatic systems is thus essential to ensure redox homeostasis and successful root development.
One of the most studied enzymatic changes during root induction in mulberry is the activity of peroxidase (POD). POD is a key player in cell wall lignification, a process essential for the structural reinforcement of emerging root primordia. Increased POD activity is often correlated with enhanced rooting rates, particularly under IBA or ABT-1 treatment, which trigger early lignin polymerization around root initials (Regmi et al., 2022).
Another enzyme, catalase (CAT), plays a pivotal role in scavenging hydrogen peroxide (H₂O₂), a by-product of oxidative metabolism. Elevated CAT activity mitigates oxidative stress caused by ROS accumulation, thus protecting meristematic cells during root organogenesis (Li et al., 2023). Enhanced catalase levels have been reported in mulberry cuttings treated with synthetic auxins such as ABT-1, suggesting a direct role in redox balance and tissue viability.
Indole-3-acetic acid oxidase (IAAO) also shows significant activity during root induction. As an enzyme involved in the catabolism of endogenous IAA, IAAO helps modulate local auxin concentrations, thus ensuring that optimal hormone levels are maintained for root primordium formation without causing tissue toxicity (Husen & Mishra, 2001).
Polyphenol oxidase (PPO) is another enzyme implicated in adventitious rooting, especially under stress conditions. PPO is involved in the oxidation of phenolics, contributing to cellular defense, lignification, and prevention of pathogen attack at wound sites. Increased PPO activity during the early stages of root development reflects its protective function and correlation with higher rooting percentages in mulberry (Zhang, 2023). Collectively, these enzymes work in coordination to manage ROS, regulate hormone levels, and prepare the cellular microenvironment for successful root emergence. Monitoring their activity profiles offers practical indicators for evaluating the success of hormone treatments and rooting protocols.
3.3 Metabolic Reprogramming
Adventitious root development is an energy-intensive process requiring significant shifts in primary and secondary metabolism. These biochemical changes reflect both the structural reorganization of tissues and the physiological reorientation necessary for independent plantlet growth. One of the first metabolic shifts observed during rooting is a rise in soluble protein content. This increase is attributed to heightened transcription and translation activity during cell proliferation and differentiation in the root primordia zone (Kumar et al., 2020). Elevated levels of soluble proteins have been consistently reported in mulberry cuttings treated with auxins, particularly IBA and ABT-1, underscoring the importance of de novo protein synthesis for root development. Conversely, a decline in soluble sugars and starch content is typically observed during the root induction phase. These carbohydrates are mobilized from storage tissues and hydrolyzed to meet the increased energy demand required for cell wall loosening, cytoskeletal restructuring, and signal transduction. Sucrose, in particular, serves as both a metabolic substrate and a signaling molecule, playing a dual role in supporting root elongation and activating sugar-responsive gene networks.
Moreover, the synthesis of secondary metabolites, including phenolic compounds and flavonoids, also increases during rooting. These compounds exhibit antioxidant activity, reduce oxidative damage, and participate in hormone transport and signaling. The presence of phenolics is often correlated with improved rooting capacity, although their exact role remains to be fully elucidated in mulberry (Shang et al., 2019). In mulberry tissue culture systems, the application of activated charcoal or polyvinylpyrrolidone (PVP) is often employed to absorb phenolic exudates, which otherwise may inhibit rooting. This reflects the delicate balance between beneficial and inhibitory roles of phenolic metabolism in root induction protocols. Taken together, the metabolic reprogramming during root induction in mulberry represents a tightly regulated network of resource allocation, biochemical adaptation, and structural transformation. These metabolic shifts are not merely consequences of hormonal application but integral to the successful formation and growth of adventitious roots.
4. Application Techniques and Protocols
Propagation of mulberry (Morus spp.) through vegetative means has been a cornerstone of its commercial cultivation due to the plant's high heterozygosity and outbreeding nature, which limit the utility of seed-based propagation. To ensure genetic fidelity, uniformity in traits, and rapid multiplication, various hormone-mediated and tissue culture-based propagation protocols have been developed and refined. These methods differ in their applicability, scalability, and success rates depending on cultivar specificity, environmental factors, and resource availability.
4.1 Stem Cutting Propagation
Propagation through stem cuttings remains the most common and practical method for mass multiplication of mulberry, particularly under field conditions. This technique is simple, cost-effective, and easily adopted by farmers and nurseries. The success of rooting from stem cuttings is influenced by several factors including the physiological state of the mother plant, type and size of the cutting, seasonality, hormone treatment, and rooting medium.
Cutting Type: Semi-hardwood cuttings, typically 8–12 mm in diameter and 15–20 cm in length, have shown higher rooting potential compared to softwood or hardwood cuttings. Their intermediate lignification level ensures both optimal water retention and nutrient conduction while minimizing desiccation risk (Sarkar et al., 2019).
Auxin Treatment: Exogenous application of auxins at the basal end of cuttings significantly enhances adventitious root formation. The quick-dip method in indole-3-butyric acid (IBA) solutions at concentrations ranging from 1000–3000 ppm is widely practiced. Similarly, naphthaleneacetic acid (NAA) at 500–1000 ppm has also been effective in stimulating early root development. Pre-treatment of cuttings for 5–10 seconds has been found sufficient to induce biochemical and physiological changes conducive to rooting (Husen & Mishra, 2001; Regmi et al., 2022).
Seasonality: The timing of propagation greatly affects rooting success. Higher rooting percentages are observed during spring (March–April) and monsoon (July–August) seasons, coinciding with optimal temperature (25–30°C), humidity (>70%), and photoperiod conditions. These environmental cues favor hormone activation and cellular differentiation at the cutting base (Pooja et al., 2022).
Substrate Selection: Rooting medium plays a critical role in aeration, moisture retention, and hormone absorption. Sand, cocopeat, and perlite in various combinations are preferred for their porosity and drainage. Studies suggest that a 1:1 cocopeat and perlite mix ensures consistent rooting by preventing microbial infections and enhancing oxygen availability (Kaushal et al., 2020).
4.2 Tissue Culture and Micropropagation
Tissue culture techniques provide an efficient and disease-free approach for rapid propagation of elite or genetically improved mulberry lines. This method is particularly valuable for multiplying difficult-to-root cultivars and for maintaining clonal fidelity during breeding programs and germplasm conservation.
Shoot Multiplication: Shoot proliferation is initiated using Murashige and Skoog (MS) basal medium supplemented with cytokinins such as 6-benzylaminopurine (BAP) at 1.5–2.5 mg/L and a low concentration of NAA (0.2–0.5 mg/L) for shoot elongation. These conditions facilitate axillary bud break and promote multiple shoot formation per explant (Rohela et al., 2020).
Root Induction: Once shoots reach an adequate length (3–5 cm), they are transferred to rooting media containing IBA or NAA in concentrations of 0.5–1.0 mg/L. Among these, IBA has shown superior performance due to its stability and ability to mimic endogenous auxin signaling (Kumar et al., 2020). Rooting frequencies in optimized protocols range between 80–100%, particularly when cultures are maintained under low light intensity and high humidity conditions.
Hardening and Acclimatization: The in vitro-raised plantlets are hardened under shade nets and gradually exposed to ambient conditions to ensure survival during transplantation. Use of hormone-free medium and anti-transpirants during this phase has been shown to improve post-transplant success (Chitra et al., 2016).
4.3 Callus-Mediated Regeneration
Indirect regeneration using callus culture is valuable for genetic transformation, mutation breeding, and clonal verification studies. It allows regeneration of whole plants from somatic tissues like leaves, petioles, or nodal segments.
Callus Induction: Callus is induced using auxins like 2,4-dichlorophenoxyacetic acid (2,4-D) or NAA, often at concentrations of 1.0–2.5 mg/L in combination with low cytokinin levels. Leaf explants are commonly preferred due to their high regenerative potential (Vijayan et al., 2014).
Shoot Regeneration: Once the callus is established, cytokinin-rich media, particularly those containing BAP (1.0–2.0 mg/L) and thidiazuron (TDZ) at low levels (0.1–0.5 mg/L), are used for shoot induction. TDZ, a phenylurea compound, has been found to be effective in inducing multiple shoots and reducing vitrification (Chitra & Padmaja, 2005).
Rooting and Plantlet Formation: Shoots regenerated from callus are rooted in auxin-enriched MS media, followed by acclimatization and field transfer.
4.4 Advanced Propagation Techniques
As mulberry research advances, several innovative techniques have emerged to support high-throughput propagation and conservation.
Synthetic Seed Technology: Encapsulation of microshoots or somatic embryos in calcium alginate beads creates "synthetic seeds," which can be stored, transported, and germinated under controlled conditions. This approach has potential in germplasm exchange and ex situ conservation (Pooja et al., 2022).
Hormone-Free Protocols: To minimize physiological disorders such as hyperhydricity and somaclonal variation, hormone-free or minimal-hormone media are used during certain micropropagation stages. This strategy promotes better root architecture and improved field adaptability (Rohela et al., 2020).
Bioreactor Cultivation: Temporary immersion bioreactors and air-lift systems are employed for mass multiplication under sterile, automated conditions. These systems allow controlled gas exchange, uniform nutrient supply, and reduce contamination, making them suitable for commercial-scale production of mulberry plantlets (Paek et al., 2005).
5. Biostimulants and Microbial Interactions
The process of adventitious root formation in mulberry (Morus spp.) is multifactorial, regulated not only by endogenous and exogenous hormonal cues but also by the involvement of biostimulants and plant-beneficial microbes. While synthetic auxins like IBA and NAA have been widely adopted to enhance rooting efficiency, increasing evidence supports the role of biostimulants and microbial inoculants in improving root induction through eco-friendly and sustainable approaches (Rouphael & Colla, 2020). These agents influence various physiological and biochemical pathways, including hormonal signaling, nutrient acquisition, oxidative stress mitigation, and gene expression, offering new avenues for improving mulberry propagation protocols.
5.1 Biostimulants
Biostimulants are natural or biologically derived substances that promote plant growth and development independent of nutrient content. They work through several mechanisms, such as enhancing nutrient assimilation, modulating hormonal activity, and improving stress tolerance (du Jardin, 2015). Their inclusion in mulberry propagation programs has gained momentum due to their compatibility with organic and sustainable farming practices.
Humic and Fulvic Acids: These organic acids are derived from the decomposition of plant and microbial matter. They improve rooting by enhancing membrane permeability, which facilitates better uptake of minerals like calcium, potassium, and phosphorus—essential elements for root morphogenesis (Trevisan et al., 2010). Their role in chelating micronutrients and improving cation exchange capacity also supports enzymatic and hormonal functions during the root induction phase. In mulberry, application of humic acid-based formulations has led to significant increases in root length and number, particularly when used in conjunction with auxins (Ekin, 2024).
Seaweed Extracts: Seaweed-based biostimulants, especially from Ascophyllum nodosum and Sargassum spp., contain naturally occurring auxins, cytokinins, betaines, and trace minerals that enhance root primordia formation. These extracts are known to upregulate auxin-responsive genes and increase cell division in root meristems. Trials conducted in mulberry cuttings treated with seaweed extract reported a 20–30% increase in rooting efficiency over untreated controls (Ali et al., 2021).
Amino Acid Formulations: Amino acids, such as tryptophan and methionine, serve as precursors for IAA biosynthesis and glutathione production, which are vital for rooting and redox balance. Exogenous application of amino acid complexes has been observed to enhance metabolic activity, promote protein synthesis, and accelerate the root initiation process (Calvo et al., 2014). In mulberry, amino acid sprays have been used in nurseries to improve survival and establishment rates of rooted cuttings.
5.2 Microbial Inoculants
Plant growth-promoting microbes (PGPMs) play a critical role in plant development by producing phytohormones, improving nutrient mobilization, and enhancing stress resistance. These beneficial organisms, when applied as inoculants, have shown significant promise in improving root architecture in several woody species, including mulberry.
Arbuscular Mycorrhizal (AM) Fungi: AM fungi such as Glomus mosseae and Rhizophagus irregularis establish symbiotic associations with mulberry roots, improving phosphorus and micronutrient uptake. More importantly, these fungi are known to enhance auxin signaling pathways, thereby influencing root initiation and elongation (Smith & Read, 2008). Field trials have demonstrated that mycorrhizal inoculation of mulberry cuttings not only improves rooting percentage but also accelerates overall plant growth and establishment (Sundaram et al., 2020).
Rhizobacteria and PGPRs (Plant Growth-Promoting Rhizobacteria): Several species of rhizobacteria, including Azospirillum brasilense, Bacillus subtilis, and Pseudomonas fluorescens, are capable of synthesizing IAA or producing volatile organic compounds that stimulate root development. These microbes can also suppress pathogenic organisms in the rhizosphere, contributing to a healthier rooting environment (Vacheron et al., 2013; Laishram et al., 2025). In mulberry, PGPRs have been reported to increase root biomass and improve plant vigor when co-applied with organic amendments.
5.3 Synergistic Effects
Combining biostimulants with low-dose synthetic auxins has emerged as an effective strategy to maximize root induction while minimizing chemical inputs. Such synergistic interactions can enhance the efficacy of rooting treatments by simultaneously influencing hormonal pathways and providing metabolic support. For example, the combined use of seaweed extract with IBA (2000 ppm) significantly improved rooting percentage in mulberry cuttings compared to IBA alone, suggesting that biostimulants can potentiate auxin activity (Ali et al., 2021). Similarly, integrating humic acid with microbial inoculants like Bacillus spp. and AM fungi led to faster root emergence and increased root biomass in nursery studies (Ekin, 2024). These findings advocate for the development of integrated rooting formulations that harness the strengths of both biological and chemical inducers. Such formulations are especially valuable for sustainable mulberry cultivation, where reducing synthetic input is crucial for environmental compliance and ecological safety.
6. Factors Affecting Rooting Success
The efficiency of adventitious root formation in mulberry (Morus spp.) is governed by a complex interplay of genetic, physiological, environmental, and technical factors. Optimizing these variables is essential to improve propagation success across species, cultivars, and propagation systems. This section labors to elucidate key parameters influencing rooting outcomes and offers mechanistic explanations supported by current literature.
6.1 Genetic and Physiological Factors
Species and Cultivar Variability: Among mulberry species, Morus alba consistently exhibits higher rooting responsiveness to auxin treatments, particularly IBA, compared to M. indica and M. nigra. Field and in vitro studies highlight significant variation in rooting percentage, root number, and root length across these genotypes (Vijay et al., 2023).
Genotype-Specific Hormonal Sensitivity: Rooting ability varies not only by species but within cultivars based on inherent hormone biosynthesis and receptor expression. Some genotypes have higher endogenous auxin levels and more active IAA‑oxidase or peroxidase enzymes, resulting in faster root initiation upon auxin treatment. Others may express root‑inhibitory hormones such as ABA or cytokinins at higher levels, reducing responsiveness to exogenous auxins.
Tissue Maturity and Cutting Age: Juvenile or semi‑hardwood tissues generally root more successfully than mature, lignified wood. Younger tissues possess higher metabolic activity, more carbohydrate reserves, and greater cellular plasticity, all favoring root induction.
Nutritional Status: The reserves of soluble carbohydrates and macro- and micronutrients in cutting tissues strongly influence rooting. Adequate carbohydrate storage supports energy-intensive root initiation and early growth. Studies on mini‑clonal technology of M. indica demonstrated superior rooting and survival rates when cuttings had higher carbohydrate and protein levels (Kiruthika et al., 2024).
6.2 Environmental Conditions
Temperature and Humidity: Optimal root induction occurs at moderate ambient temperatures (around 25–30 °C) with high relative humidity (>80–90%). A moisture‑controlled environment minimizes desiccation stress and permits sustained gas exchange during the critical callus and initial root stages (Longman & Wilson, 2002). Aeroponic and mist‑house trials of mulberry have revealed that maintaining humidity between 95–100% and root‑zone temperatures of 25–27 °C significantly increased callus formation and rooting rates while reducing mortality.
Photoperiod and Light Intensity: Rooting tends to be more successful under diffused or low light conditions. High intensity can increase transpiration and oxidative stress, delaying or inhibiting root formation (Tombesi et al., 2015). Partial shading or indirect light helps retain leaf turgor and carbohydrate reserves while avoiding photoinhibition of root meristem formation.
Seasonality: Propagation in spring and monsoon seasons often yields higher rooting success, attributed to favourable humidity, temperature, and endogenous hormonal peaks—particularly auxin levels. Observational data in field nurseries corroborate that cuttings collected and treated during these periods root more rapidly.
6.3 Technical and Substrate-Related Factors
Cutting Preparation: Proper trimming—removing lower leaves, creating clean basal cuts, and optionally scoring the bark or cambium—improves auxin uptake and wound response. Quick‑dip basal application of IBA or NAA is standard practice. Ensuring tools are sterilized helps reduce pathogen ingress and basal necrosis.
Substrate Type: Rooting media with ideal aeration and moisture retention are critical. Substrate combinations such as sand + cocopeat, sand + perlite, and vermiculite-based media consistently outperform others in promoting root development and survival. For example, sand + cocopeat mixtures provided superior root length and density in multiple hardwood trials, due to balanced water retention and oxygen supply. In single‑node cutting experiments, vermiculite‑based substrates yielded survival rates up to 96% and greater root numbers compared to hydroponic or soil-only options.
Sanitation and Handling: In tissue culture, aseptic technique reduces contamination and improves rooting consistency. In field propagation, clean tools, hormone solutions, and substrate handling minimize mechanical damage and microbial infection. Proper handling during transplantation avoids root disturbance and enhances transplant success.
6.4 Propagation Methodology
Direct vs. Indirect Regeneration: In vitro protocols that directly induce rooting from shoots generally preserve genetic fidelity and minimize somaclonal variation compared to callus-mediated pathways. Callus regeneration can introduce unwanted mutations or epigenetic changes, although it is useful for genetic transformation or clonal testing.
Auxin Delivery Systems: The method of auxin application critically affects rooting dynamics. Quick‑dip treatments, pulse soaking, or incorporation of auxin into rooting media each have distinct uptake kinetics. For difficult-to-root cultivars, repeated pulse treatments or embedding hormone in slow‑release carriers can improve results. For instance, mini‑clonal M. indica treated with IBA at 3000 ppm in soil:coirpith:FYM substrate achieved rooting rates around 63% and long root lengths (~22 cm) (Vijay et al., 2023).
By integrating the above factors into propagation design, researchers and practitioners can tailor protocols to the specific needs of mulberry species and cultivars:
1. Genotype-Specific Protocols: Select auxin type and dosage based on species and cultivar rooting propensity. M. alba may require lower doses, while M. indica or M. nigra may benefit from synthetic auxins like ABT‑1 or higher IBA concentrations.
2. Seasonal Planning: Schedule cutting collection and planting during optimal rooting windows (spring, monsoon) to capitalize on endogenous hormonal peaks and favorable climate.
3. Environmental Control: Use mist‑house, humidity dome, or aeroponic setups to maintain high humidity and root‑zone warmth, especially during early rooting phases.
4. Substrate Engineering: Use well‑aerated, moisture‑retentive mixes such as cocopeat–sand, vermiculite, or perlite mixes to provide oxygen and prevent hypoxia at the cutting base.
5. Precise Hormone Applications: Apply quick‑dip or pulse treatments in sterile conditions, ensuring hormone concentration and contact duration are optimized.
6. Aseptic Practices: Ensure cleanliness in all operations—especially in tissue culture—to reduce contamination and mechanical stress.
7. Minimize Somaclonal Variation: Prefer direct rooting from shoots when genetic uniformity is essential; reserve callus-mediated regeneration for transformation or experimental applications.
7. Comparative and Optimization Strategies
Optimizing root induction protocols for Morus species requires a comprehensive understanding of species-specific responses, hormonal dynamics, and the influence of environmental and technical factors. Comparative studies and advanced experimental designs have enabled researchers to identify best practices for rooting success, particularly for genotypes with recalcitrant rooting behaviors. This section synthesizes current research on comparative propagation responses and strategies to refine and enhance rooting protocols for diverse Morus species.
7.1 Species and Cultivar Comparisons
Mulberry species and cultivars exhibit wide variability in their rooting behavior due to inherent genetic and physiological differences. Morus alba is widely recognized as the most amenable to vegetative propagation, showing consistent and high rooting percentages under indole-3-butyric acid (IBA) treatments. According to Chen et al. (2023), M. alba stem cuttings treated with IBA (2000 ppm) exhibited over 85% rooting success under optimal substrate and humidity conditions. This makes M. alba a preferred choice for commercial propagation programs.
M. indica, a widely cultivated species in South Asia, demonstrates intermediate rooting performance. While it responds moderately to field-based stem cutting propagation, it shows significant promise under tissue culture systems, where controlled environments can better manage its physiological sensitivity (Raghunath et al., 2013). Cultivars such as ‘V1’ and ‘S-36’ of M. indica have shown enhanced rooting under in vitro conditions supplemented with 0.5–1.0 mg/L IBA.
Conversely, M. nigra and wild Morus species are generally recalcitrant to root induction, often requiring elevated auxin concentrations, prolonged treatments, or integration of biostimulants to achieve acceptable rooting percentages. Studies by Poonam et al. (2024) report that even under optimal auxin regimes (IBA 3000 ppm), M. nigra cuttings showed less than 50% rooting success, suggesting the need for more nuanced or supportive interventions such as microbial inoculation or biostimulant co-application.
Table 2. Comparative Hormonal Responses in Different Mulberry (Morus) Species
	Species
	Most Effective Hormone(s)
	Optimal Concentration Range
	Rooting Response (%)
	Notable Observations (with Source)

	M. alba
	IBA
	2000–3000 ppm
	80–95
	High rooting efficiency in cuttings; responds well in both field and in vitro systems 

	M. indica
	IBA + NAA
	IBA: 2000 ppm; NAA: 500 ppm
	70–85
	Combination improves root number and length; better performance in tissue culture 

	M. nigra
	ABT-1 or High IBA
	ABT-1: 800 ppm; IBA: 3500–4000 ppm
	60–75
	Recalcitrant species; benefits from antioxidant-rich treatments 

	M. multicaulis
	IBA
	1500–2500 ppm
	75–88
	Strong response under high humidity and controlled environments

	M. cathayana
	IBA + Biostimulant
	IBA: 2000 ppm + seaweed extract
	80–90
	Biostimulant synergism enhances rooting speed and uniformity


(Source: Singh et al., 2014; Kumar et al., 2020; Li et al., 2023)
7.2 Hormonal and Media Optimization
Hormonal treatments, particularly with synthetic auxins like IBA and NAA (naphthaleneacetic acid), play a central role in adventitious root induction. Empirical evidence shows that field applications benefit most from quick-dip IBA treatments at concentrations between 2000–3000 ppm, with increased concentrations sometimes required for hard-to-root species (Poonam et al., 2024). For in vitro systems, lower concentrations of auxins are more effective, usually in the range of 0.5–1.0 mg/L, as excessive auxin levels can cause callusing or inhibit root elongation (Rohela et al., 2020). The auxin-to-cytokinin ratio is another critical determinant. High auxin and low cytokinin environments favor root formation, while higher cytokinin levels shift developmental pathways toward shoot proliferation. An optimal cytokinin-to-auxin ratio, particularly during the rooting phase, enhances shoot-root balance, ensuring plantlet viability upon transfer to soil (Arya et al., 2022). Media and substrate choices also significantly affect hormone uptake and root initiation. A well-aerated medium consisting of sand, cocopeat, and perlite in equal proportions facilitates moisture retention and oxygen availability while supporting hormone diffusion. Chinmaswami et al., (2024) demonstrated that such combinations improved rooting rates by 15–20% over conventional soil-based substrates in multiple Morus genotypes.
7.3 Statistical and Experimental Design Approaches
Optimizing propagation protocols increasingly relies on robust statistical frameworks to identify interaction effects and predict optimal conditions. Response Surface Methodology (RSM) is particularly effective for studying the interaction of multiple variables such as hormone concentrations, light intensity, and cutting diameter. For instance, Fang et al. (2014) employed RSM to optimize rooting in M. indica, identifying 2500 ppm IBA and a substrate ratio of sand:perlite:cocopeat (1:1:1) as the most effective combination. Factorial experimental designs have also been instrumental in understanding how multiple factors interact to influence rooting success. This approach enables researchers to isolate the effects of genotype, hormone type, cutting age, and environmental factors, offering a comprehensive picture of rooting determinants (Poonam et al., 2024). These designs are essential for developing generalized protocols that can be adapted across different mulberry production systems.
7.4 Data-Driven Protocol Development
Modern approaches to propagation optimization increasingly integrate physiological, biochemical, and molecular data to drive decision-making. Using transcriptomic markers and enzyme activity profiles, researchers can precisely time hormone applications and adjust concentrations to suit the developmental stage of the cutting. For example, MiARF13, a transcription factor from the Auxin Response Factor family, has been implicated in both auxin-mediated gene expression and stress-responsive pathways during adventitious rooting (Tang et al., 2016). Monitoring its expression levels can serve as a diagnostic tool to assess rooting potential and adjust protocols accordingly.
Additionally, the ratio of key endogenous hormones—such as IAA/ABA (indole-3-acetic acid to abscisic acid) and IAA/ZR (IAA to zeatin riboside)—has emerged as a biochemical indicator of rooting capacity. Elevated IAA/ABA ratios favor root initiation, while a balanced IAA/ZR ratio supports root elongation and stability (Bai et al., 2020). This hormone profiling enables real-time adjustments to propagation protocols, making the process more predictable and efficient. Integration of omics data (transcriptomics, proteomics, metabolomics) into propagation strategies allows for a holistic view of rooting biology, paving the way for genotype-specific protocols that maximize efficiency and minimize resource inputs (Bai et al., 2020). Such data-driven precision agriculture approaches are poised to transform mulberry propagation into a more reproducible and scalable practice.
8. Challenges and Future Perspectives
Despite considerable progress in understanding hormonal regulation, biostimulant integration, and tissue culture techniques for mulberry (Morus spp.) propagation, several obstacles continue to restrict efficient and sustainable scaling of these systems. Addressing these limitations—and leveraging emerging technologies—will be essential to create resilient, eco-friendly, and broadly applicable propagation protocols.
8.1 Hormonal Residue and Environmental Concerns
While synthetic auxins such as IBA, NAA, and ABT‑1 are effective in stimulating root initiation, their extensive use carries potential risks:
· Hormone Residues in Plants and Soil: High-concentration auxin treatments may leave residual compounds in cuttings, roots, and surrounding soil. These residues are of concern due to potential phytotoxic effects, leaching into groundwater, or altering native microbial communities if persistence is not adequately studied.
· Environmental and Regulatory Issues: In a global environment increasingly focused on chemical reduction, regulatory agencies may restrict synthetic hormone usage unless clear safety profiles are established. There is growing impetus to develop biodegradable or naturally derived alternatives, including plant-derived auxins (e.g., indole-3-butyric acid from plant extracts), amino acid formulations, seaweed-derived auxin equivalents, and microbial biostimulants.
Innovative research is examining alternatives such as slow-release formulations, nano-encapsulated PGRs, and biodegradable carriers to reduce environmental impact while maintaining rooting efficacy (Laishram et al., 2025).
8.2 Genetic and Physiological Limitations
Certain genotypes and elite cultivars remain stubbornly recalcitrant to rooting, even under optimized hormone treatments and propagation systems. The variability stems from:
· Genotype-Specific Hormonal Sensitivity: Differences in auxin receptor abundance, hormone biosynthesis capability, or ratio of endogenous hormones (e.g., IAA/ABA, IAA/zeatin) affect rooting responsiveness. Profiling these traits through transcriptomic or hormone assays is crucial for customized protocols.
· Tissue Physiological State: Rooting depends heavily on cutting age, carbohydrate reserves, and cellular plasticity. Mature or senescent tissues often have reduced rooting potential due to lignification and lower metabolic rates.
Addressing these genetic and physiological bottlenecks requires integrating -omics-based profiling, including transcriptomics and hormonal fingerprinting (Ma et al., 2024), to map and exploit rooting-related pathways.
8.3 Protocol Standardization Across Genotypes
Currently, propagation protocols remain largely species- or cultivar-specific, limiting scalability and broad adoption. Efforts are needed to create modular and flexible protocols based on measurable markers, such as:
· Hormonal ratios (e.g., optimal IBA dosage for different endogenous hormone backgrounds).
· Expression of root regulatory genes like MiARF13 or Gh3 family genes, which can serve as early indicators of rooting competence.
· Enzymatic activity profiles such as peroxidase or catalase, which correlate with early rooting success.
By standardizing protocols guided by physiological or molecular “checkpoints,” propagation systems can be adapted quickly to different genotypes and conditions.
8.4 Emerging Technologies for Enhanced Propagation
Recent advances in plant biotechnology offer promising tools to overcome current limitations:
· Genomic and Proteomic Tools: High-throughput RNA‑Seq and proteomic studies (e.g., BMC Genomics 2024) have identified key transcription factors and co-expression modules involved in root formation and hormone signalling (over 5,000 differentially expressed genes were identified, including 18 key transcription factors). These insights enable targeted selection of elite clones or the modulation of gene networks through breeding.
· CRISPR/Cas Genome Editing: Genome-editing technologies hold significant promise for engineering cultivars with enhanced rooting capability. For example, editing or overexpressing root-promoting genes like MiARF13 or GH3 family members could reduce the need for high exogenous auxin doses. However, successful application faces two major hurdles—efficient delivery of CRISPR reagents to meristematic tissues and regeneration of edited lines via efficient tissue culture. Current bottlenecks in these steps still challenge widespread adoption.
· Integrated Omics Strategies: Combining transcriptomics, metabolomics, proteomics, and epigenetic data provides a systems-level understanding of root induction. Integrated datasets can identify biomarkers and guide dynamic adjustments in propagation protocols—for example, timing hormone applications to coincide with peak expression of specific auxin-responsive genes.
8.5 Climate Resilience and Sustainable Practices
Climate Change Stressors: Increasing temperatures, altered precipitation patterns, and drought episodes challenge common rooting environments. Elevated heat or drought during critical rooting phases can reduce water uptake, impair hormone transport, and increase oxidative stress, lowering rooting success.
Stress-Adaptive Rooting Protocols: Research into stress-primed propagation—such as pre-treating cuttings with mild water deficit or salinity—has shown promise in other woody species. Coupling these with stress-adaptive biostimulants (e.g., seaweed extracts, amino acids, AM fungi) may improve rooting resilience under variable climatic conditions.
Low-Input Eco-Friendly Practices: Development and adoption of organic biostimulants, biodegradable substrates, and microbial inoculants support sustainable scaling of propagation systems. These systems align with consumer and regulatory demands for reduced chemical dependency. Meeting these challenges will require interdisciplinary collaboration between plant physiologists, molecular biologists, and extension practitioners. Continued research investment and the integration of cutting-edge technologies will be essential for advancing mulberry propagation science.
9. Future Priorities
Meeting the challenges associated with mulberry propagation requires interdisciplinary collaboration across plant physiology, molecular biology, biotechnology, agronomy, and extension services. Priorities include:
1. Bounding Residue Risk: Evaluate hormone uptake, persistence, and degradation in plants and soils; develop biodegradable or biological PGR alternatives.
2. Genotype-Adaptive Protocols: Profile cultivars for hormonal sensitivity, gene-expression patterns, and enzyme activity to create genotype-specific strategies.
3. Modular Protocols Based on Biomarkers: Use molecular and physiological markers (e.g., IAA/ABA ratios, gene expression levels) to guide propagation decisions and standardize protocols across genotypes.
4. Harness Emerging Technologies: Leverage CRISPR/Cas editing and omics-driven insights to generate cultivars with inherent rooting competence, minimizing dependence on exogenous treatments.
5. Adapt to Climate Realities: Incorporate stress-priming techniques, use of microbial and biostimulants, and low-input substrate systems to ensure propagation success under environmental uncertainty.
Through sustained research investment and integration of innovative technologies, mulberry propagation can evolve into a highly efficient, robust, and sustainable system, supporting commercial sericulture and ecosystem-friendly cultivation worldwide.
10. Conclusion
Advancing root induction in Morus spp. is critical for enhancing propagation efficiency and ensuring sustainable sericulture. This review highlights the central role of auxins, particularly IBA, NAA, and ABT-1, in stimulating adventitious root formation. Hormonal cross-talk with cytokinins, gibberellins, and stress hormones further modulates the rooting response. Molecular insights from transcriptomic and enzymatic studies reveal the intricate genetic and physiological networks governing root development. Practical propagation protocols—ranging from conventional stem cuttings to tissue culture and synthetic seed technology—are increasingly complemented by biostimulants and microbial inoculants. However, challenges such as genotype-specific responses, environmental variability, and reliance on synthetic hormones persist. Future directions lie in the integration of omics technologies, CRISPR-mediated genetic improvements, and sustainable, climate-resilient practices. Addressing these challenges through interdisciplinary research and precision biotechnology will enable scalable and eco-friendly propagation strategies tailored to the needs of modern sericulture and conservation of mulberry genetic resources.
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