Review Article

Composites of biochar and biofertilizer pellets: preserving nutrients, stabilising microorganisms, and enhancing soil health in mulberry gardens
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ABSTRACT

	Mulberry-based sericulture relies on high-quality leaf production, which demands intensive nutrient management and careful soil stewardship. Conventional chemical fertilizers, while effective in boosting leaf biomass, often lead to nutrient losses, soil degradation, and environmental pollution. Recent advances in biochar-biofertilizer pellet technology offer a promising sustainable alternative. These pellets combine biochar’s physical and chemical benefits with the delivery of beneficial microbial inoculants, enabling controlled nutrient release, enhanced soil fertility, and improved microbial viability. Empirical studies demonstrate that biochar-based pellets increase mulberry leaf biomass, crude protein, chlorophyll content, and essential nutrient uptake, while stabilizing nutrient availability across successive harvests. Improved leaf quality in turn enhances silkworm growth, cocoon yield, and silk quality, linking soil health directly to sericulture productivity. Despite these advantages, challenges remain regarding long-term field performance, large-scale adoption, production costs, and microbial stability. Future research should focus on low-cost, waste-derived biochar, customized microbial consortia, and integrated multi-year trials to optimize agronomic outcomes and promote environmentally sustainable sericulture.
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1. INTRODUCTION

Mulberry cultivation demands high nutrient inputs due to its rapid vegetative growth, repeated pruning, and frequent leaf harvesting. Chemical fertilizers have conventionally been used to meet this demand; however, excessive reliance on synthetic Nitrogen (N), Phosphorus (P), Potassium (K) leads to soil degradation, nutrient leaching, elevated production costs, and environmental issues such as eutrophication and greenhouse gas emissions (Devi & Sakthivel, 2018; Ahmed et al., 2017). Recent field trials in mulberry gardens show that addition of biochar with farmyard manure (FYM) or NPK improves nutrient uptake, leaf yield, and soil properties compared to standard fertilizer regimes (Ranjitha Bai et al., 2024; Nandini et al., 2024a). These findings suggest the limitations of chemical fertilisers alone in supporting sustainable mulberry production.
Biofertilizer pellets serve as carriers for beneficial microbes, including plant growth-promoting rhizobacteria (PGPR), phosphate-solubilizing bacteria, and nitrogen-fixing microorganisms, and they provide several advantages over liquid or loose formulations. These pellets help maintain microbial viability during storage, protect against environmental stresses, and allow for slow or controlled nutrient release, thereby improving nutrient use efficiency and crop productivity (Zhang et al., 2025). Proper handling and storage conditions, including controlled temperature and humidity, are essential to preserve microbial viability and effectiveness, ensuring that biofertilizers remain functional until field application (Shravani et al., 2019). Moreover, advances in formulation technologies, including encapsulation with biopolymers such as chitosan, have been shown to enhance microbial stability, protect against nutrient losses through volatilization or runoff, and improve crop yield, as evidenced in studies where encapsulated Pseudomonas fluorescens demonstrated improved shelf life and field performance (Fadiji et al., 2024)
Meanwhile, biochar, a carbon-rich material produced by the pyrolysis of biomass, has become popular as a soil amendment. It offers high porosity, greater cation exchange capacity, improved moisture retention, pH buffering, and a stable habitat for soil microbes. In mulberry cultivation systems, the use of biochar has been shown to enhance the retention of essential nutrients such as nitrogen, phosphorus, potassium, and calcium, while also increasing leaf yields, improving resistance to diseases, and enhancing soil fertility indicators including organic matter content and the availability of micronutrients when applied along with conventional fertilizers or farmyard manure (Ahmed et al., 2017; Ranjitha Bai et al., 2024; Nandini et al., 2024a).
Recent research highlights growing interest in integrating biochar with pelletized biofertilizers to improve soil fertility and crop performance. Biochar provides a porous and chemically stable matrix that enhances microbial survival, moderates nutrient release, and buffers soil conditions, thereby complementing the functions of microbial inoculants (Singh et al., 2024; Ranjitha Bai et al., 2024). While studies specifically targeting mulberry remain scarce, evidence from other crops demonstrates that biochar-microbe composites can enhance nutrient use efficiency, plant growth, and soil health (Zhang et al., 2025; Patil et al., 2024). These findings underscore the potential of biochar-based biofertilizer pellets as a sustainable nutrient management strategy for sericulture soils. The overall mechanism of how biochar–biofertilizer pellets function in soil is summarized in Figure 1.
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Figure 1: Biochar–biofertilizer pellet mechanism in soil showing the sequence from pellet disintegration to improved soil fertility and microbial activity.
2. FORMULATION AND CARRIER PROPERTIES OF BIOCHAR-BIOFERTILIZER PELLETS

2.1. Pelletization Methods
The pelletization of biochar with fertilizers or microbial inoculants has emerged as a practical route to convert loose biochar into a transportable, doseable product that improves handling and field placement while enabling engineered nutrient release profiles. Common pelletization strategies include dry mixing followed by mechanical compression, extrusion of moist mixtures, and wet granulation where binders and plasticizers are added before pelleting (Yun et al., 2022; Mohammadi, 2021). Choice of method depends on feedstock moisture, biochar particle size and hardness, and the target pellet density and friability; for example, extrusion with a binder yields denser pellets that resist disintegration during transport but may reduce immediate nutrient exposure at application (Yun et al., 2022; Bolan et al., 2023).
2.2. Role of Binders
Binders play a central role in pellet integrity and in shaping release behaviour. Natural polysaccharides (starch, alginate), proteinaceous binders, and low-molecular-weight organic binders such as condensed molasses soluble (CMS) have been used to agglomerate biochar and organic amendments into stable pellets (Osman et al., 2022; Yun et al., 2022). Starch is attractive because it is inexpensive and forms strong hydrogen-bonded matrices upon drying, while alginate can encapsulate liquids and cells through ionotropic gelation, producing beads or pellet coatings that protect biologicals (Osman et al., 2022; Cesari et al., 2024). Composite binders (e.g., starch and clay or starch and CMS) are frequently reported to balance mechanical strength and biodegradability, allowing pellets to survive handling but to progressively disintegrate in soil environments, releasing entrapped nutrients and microbes (Mohammadi, 2021; Yun et al., 2022).
2.3.  Biochar Properties as a Carrier
Biochar’s physical and chemical properties determine its carrier performance. High surface area and multi-scale porosity increase the sorption capacity for soluble nutrients and provide microhabitats for microbial colonization; surface functional groups support ionic interactions with ammonium, phosphate, and organic nutrient fractions (Bolan et al., 2023; Gao et al., 2022). Pyrolysis conditions and feedstock significantly alter these traits, higher pyrolysis temperatures generally raise surface area and aromaticity but reduce labile surface oxygen groups, which in turn modifies nutrient adsorption kinetics and microbial attachment (Bolan et al., 2023; Shabir et al., 2024). Post-processing (milling, pelletizing, activation) is often applied to tailor particle size distribution and pore accessibility for target microbes and fertilizer molecules (Thomas, 2021; Gao et al., 2022).
2.4.  Microbial Viability and Shelf-Life
Microbial viability and shelf-life in biochar–biofertilizer pellets hinge on both carrier environment and formulation technique. Biochar’s porous structure, water-holding capacity and surface chemistry create buffered microenvironments that can enhance survival and colonization of plant growth-promoting bacteria relative to unprotected liquid inoculants (Bolan et al., 2023; Vlajkov et al., 2023). Empirical studies demonstrate that immobilizing Bacillus spp. on biochar or combining biochar with organic carriers (compost, vermicompost) improves short-term survival and maintains functional activity (Vlajkov et al., 2023; Rubel et al., 2024). Pyrolysis temperature and feedstock alter biochar surface functional groups and porosity, which in turn modulate both microbial attachment and storage performance; lower-temperature biochars often provide more labile surface sites favorable to rhizobial survival (Shabir et al., 2024; Hardy & Knight, 2021). Encapsulation strategies such as alginate beads and biodegradable polymer coatings further extend shelf-life. Alginate immobilization maintained Bradyrhizobium viability and infectivity over multi-year refrigerated storage (Cesari et al., 2024), while composite biochar–compost pellet formulations have preserved microbial indicators of activity during short-term storage and during subsequent release in soil (Rubel et al., 2024; Jiang et al., 2024). Storage trials also show rapid viability loss under elevated temperature and humidity, underscoring the necessity of optimized drying, binder choice and packaging for tropical supply chains (Shabir et al., 2024; Cesari et al., 2024). The integrated structural and functional elements of biochar–biofertilizer pellets are summarized in Figure 2, highlighting the role of the biochar matrix, binders, and microbial inoculants in enabling nutrient release and stability.
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Figure 2: Structure of a biochar–biofertilizer pellet showing biochar matrix, binder, microbial inoculants, and pathways for nutrient adsorption and controlled release.
2.5.  Controlled Release Properties
Controlled-release characteristics of biochar-based pellets are realized through a combination of sorption/desorption, diffusion through pellet matrices, and physical coating technologies. Nutrient molecules (urea, ammonium, phosphate) adsorbed to biochar surfaces are released slowly as equilibrium and desorption kinetics play out in soil solution; pellet binders and polymer coatings (PLA, biopolymer blends) further retard leaching by introducing diffusion barriers and biodegradable release timing (Rubel et al., 2024; Gao et al., 2022). Studies that combine pellet core formulation with spray or dip coatings report markedly extended nutrient release windows and improved nitrogen use efficiency compared with unbound fertilizers (Rubel et al., 2024; Gao et al., 2022). Hybrid approaches that impregnate biochar with nutrient-rich compost or digestate before pelletizing allow simultaneous delivery of labile nutrients and microbial inoculants while leveraging biochar’s adsorption to slow peak losses (Mohammadi, 2021; Rubel et al., 2024).
2.6.  Emerging Empirical Insights
Scale-up and field performance of designer biochar pellets have now moved beyond lab trials into engineering and on-farm demonstrations. Recent engineering-scale work shows that pellet geometry, binder selection, and mass production methods can be tuned to produce durable pellets that retain phosphorus from runoff and later re-release it to crops, while surviving transport and tile-drain conditions typical of intensive row-crop systems (Zhou et al., 2024). Field trials of designer biochar pellets documented measurable reductions in dissolved reactive phosphorus losses and demonstrated that pellet design (porosity, density) mediates both retention during transport and nutrient release in soil, supporting the feasibility of pelletized biochar as an on-farm mitigation and nutrient-recycling tool (Zhou et al., 2024; Yun et al., 2022). These engineering-scale findings complement pot and lysimeter studies that link pellet physical integrity to release kinetics, and they underscore the importance of integrating pellet mechanical testing with agronomic performance metrics during scale-up. To consolidate the diverse findings on formulation strategies, carrier characteristics, and controlled-release behaviours, the key properties of biochar/biofertilizer pellets reported in recent studies are summarized in Table 1.
A second empirical advance is the development of biochar–compost composite controlled-release fertilizers that preserve microbial viability while extending nutrient release windows. Rubel et al. (2024) formulated a biochar-compost based controlled-release urea (BCRUF) in which compost supplies labile carbon and microbes, while biochar and binder matrices moderate urea diffusion and reduce early losses. In pot and short-term field assays, BCRUF retained higher microbial activity and functional markers (e.g., dehydrogenase activity, nitrification potential) relative to unprotected compost or urea alone, and it achieved slower mineral N release consistent with reduced leaching risk (Rubel et al., 2024; Gao et al., 2022). These results indicate that composite pellets can simultaneously target nutrient use efficiency and microbial delivery, but they also highlight formulation trade-offs. Higher binder or coating fractions improve release control but may reduce immediate microbial metabolic activity unless labile substrates are co-formulated (Rubel et al., 2024; Cesari et al., 2024).
Table 1: Biochar/Biofertilizer Pellet Formulation and Properties

	Pellet Type / Biochar Source
	Binder Type
	Microbial Inoculant
	Pellet Properties (Strength / Friability)
	Nutrient Release Behavior
	Reference

	Biochar + Starch
	Starch
	Bacillus spp.
	High strength, moderate friability
	Slow N, P, K release
	Mohammadi, 2021; Yun et al., 2022

	Biochar + CMS
	CMS
	Pseudomonas fluorescens
	Moderate strength, good disintegration
	Gradual nutrient release, enhanced microbial survival
	Yun et al., 2022; Fadiji et al., 2024

	Biochar + Clay
	Clay
	Rhizobium spp.
	High mechanical stability
	Controlled nutrient release
	Mohammadi, 2021; Osman et al., 2022

	Biochar + Compost
	Organic
	Bacillus + other PGPR
	Moderate strength, biodegradable
	Sustained nutrient release, retains microbial activity
	Rubel et al., 2024; Jiang et al., 2024

	Biochar + Alginate coating
	Alginate
	Bradyrhizobium spp.
	Good handling, slow biodegradation
	Extended shelf-life, slow nutrient release
	Cesari et al., 2024



2.7.  Agronomic Performance and Future Directions
Performance evaluation and agronomic outcomes show promise but underscore the need for standardized testing. Field and pot trials report improved fertilizer recovery, reduced N leaching, and yield gains when biochar-based pellets are used as slow-release or co-applied amendments; however, efficacy varies with soil type, climate, and crop, and with pellet composition and manufacturing parameters (Gao et al., 2022; Yun et al., 2022). Economic and life-cycle assessments are increasingly recommended to compare pellet production costs and environmental benefits against conventional fertilizers, especially when polymer coatings or intensive post-processing are used (Rubel et al., 2024; Mohammadi, 2021). Future work should couple mechanistic release modelling with storage-to-field studies that track microbial survival and functional resilience under real-world transport and storage conditions.
3. NUTRIENT DYNAMICS AND SOIL HEALTH IMPROVEMENT
Biochar-based materials and biochar-enriched fertilizers alter nutrient dynamics in soil through combined physical, chemical and biological mechanisms that commonly produce a slow-release behaviour for key macronutrients. Biochar can act as a sorbent and a depot for adsorbed or chemically bound N, P and K, and engineered biochar-based slow-release fertilizers (BSRFs) or co-pyrolysed nutrient-loaded biochars have been shown to extend release of P and K relative to soluble inputs while improving plant uptake efficiency in pot and field tests (An et al., 2021; Piash et al., 2022; Wang et al., 2022). Reviews and empirical studies agree that co-processing (co-pyrolysis) and post-pyrolysis enrichment or polymer coatings are effective routes to tune release kinetics, producing formulations that release a fraction of nutrients rapidly for early crop demand while holding back more labile pools for later uptake (Wang et al., 2022; An et al., 2021). These approaches reduce leaching losses and increase nutrient-use efficiency when matched to crop uptake curves and soil texture. (An et al., 2021; Piash et al., 2022; Wang et al., 2022).
The capacity of biochar to retain nutrients is strongly mediated by its effects on cation exchange capacity (CEC), surface functional groups and liming (pH) effects. Engineered or ash-rich biochars can substantially increase measured soil CEC and exchangeable base cations, but responses are conditional on feedstock, pyrolysis temperature and application rate (Antonangelo et al., 2024; Gao et al., 2022). Chemical activation or modification (oxidation, metal salt treatments) increases both CEC and anion-exchange capacity (AEC), improving retention of NH₄⁺, PO₄³⁻, and K⁺ in leaching tests. At the same time, biochar’s alkaline ash fraction and surface base cations can raise soil pH (liming effect), which modifies P solubility and microbial-mediated N transformations; the net effect on plant-available P or mineral N therefore depends on initial soil acidity, biochar composition and subsequent aging in soil (Gao et al., 2022; Antonangelo et al., 2024; Dey et al., 2023).
Biochar also modifies soil physical conditions that interact with nutrient retention and release. Its porous matrix and high specific surface area increase water-holding capacity and alter pore size distribution, which slows advective nutrient loss and changes diffusion pathways for dissolved nutrients (An et al., 2021; Acharya et al., 2024). Several empirical studies show that moisture-retention properties of biochar-based SRFs or biochar–bentonite composites greatly reduce short-term P and K leaching and buffer nutrient availability during dry-wet cycles (Piash et al., 2022; An et al., 2021; Acharya et al., 2024). These hydrological effects are strongly soil-texture dependent. Biochar tends to increase plant-available water in coarse soils more than in fine-textured soils, so the nutrient buffering benefit is likewise greater in sands and loamy sands (An et al., 2021; Acharya et al., 2024).
Changes in nutrient pools driven by biochar additions are accompanied by systematic shifts in the soil microbiome and in extracellular enzyme activities that mediate nutrient cycling. Meta-analyses and three-level syntheses show that biochar commonly increases microbial biomass carbon and stimulates N- and P-acquiring enzymatic activities (urease, phosphatase) in many agricultural contexts, although responses are highly variable and controlled by pyrolysis temperature, biochar pH and feedstock, application rate, and soil type (Zhang et al., 2019; Kerner et al., 2023; Deshoux et al., 2023). Recent field and mesocosm studies document that biochar-induced shifts in community composition can favor taxa involved in nutrient mineralization and nitrification, but they also report context-dependent reductions in some C-degrading enzymes when high-temperature, highly aromatic biochars are used (Zhang et al., 2019; Kerner et al., 2023; Kracmarova-Farren et al., 2024). Thus, microbiome outcomes are a critical control on long-term nutrient availability after biochar amendment.
Biochar and biochar-based fertilizers can improve nutrient retention and generate slow-release behaviour while also improving certain soil health indicators (CEC, moisture buffering, microbial biomass). But the direction and magnitude of effects depend on (i) feedstock and production conditions, (ii) post-production engineering (co-pyrolysis, chemical activation, coating), (iii) the soil’s initial chemistry and texture, and (iv) matching the release profile to crop nutrient demand (Wang et al., 2022; Gao et al., 2022; Piash et al., 2022; Antonangelo et al., 2024). Future work should prioritise longer-term field trials across soil types, integration with fertilizer scheduling, and mechanistic studies linking biochar aging, nutrient speciation and microbial functional responses. (Wang et al., 2022; Antonangelo et al., 2024; Deshoux et al., 2023).
4. EFFECTS ON MULBERRY GROWTH AND LEAF NUTRITIONAL QUALITY
Mulberry biomass and leaf yield respond consistently to improved soil fertility and targeted amendments, including pelletized or biochar-based inputs. Field experiments show that biochar (often made from mulberry stalks) combined with farmyard manure or balanced NPK produces measurable increases in leaf biomass and seasonal yield compared with standard fertilization or untreated controls. These studies show that higher biochar application rates (e.g., 7.5–15 t ha⁻¹ when combined with FYM) improved root development, plant vigor and the harvested leaf mass across multiple cuts, indicating biochar’s value for sustaining multicut mulberry systems under real field conditions (Nandini et al., 2024a; Nandini et al., 2024b). Results from controlled pot and field trials also indicate that co-formulated slow-release biochar fertilizers can match or improve nutrient delivery timing and maintain yield while potentially reducing soluble fertilizer inputs (Piash et al., 2022; An et al., 2021).
Leaf nutritional quality, especially crude protein and chlorophyll content is sensitive to both agronomic inputs and genotype. Multi-year field trials show that irrigation and genotype selection strongly affect leaf protein and photosynthetic capacity, as higher irrigation or better water management increased net photosynthetic rate and leaf crude protein in forage mulberry varieties (Ren et al., 2025). Nitrogen fertilization during cultivation increases crude protein and certain soluble nutrient fractions in leaves, but excessive N may negatively affect downstream preservation (e.g., silage fermentation) and can alter microbial communities on leaves; therefore, fertilizer rate needs to be optimized for both leaf quality and post-harvest handling (Li et al., 2021). Empirical mulberry trials that combined moderate inorganic fertilizer with organic amendments report both higher chlorophyll indices and higher crude protein when fertilizer timing matches harvest demand (Ren et al., 2025; Li et al., 2021).
Pelletized inputs and engineered biochar-fertilizer formulations influence leaf nutrient composition through controlled nutrient release and soil microenvironment modification. Studies of biochar-amended mulberry gardens demonstrate higher leaf N, P and K concentrations and higher nutrient uptake than NPK alone when biochar is applied with FYM or NPK (Nandini et al., 2024a; Nandini et al., 2024b). Mechanistic work on biochar-based slow-release fertilizers shows that co-pyrolysis with nutrient feedstocks or inclusion of mineral sorbents (e.g., bentonite/Ca sources) slows P and K release, thereby reducing early leaching and synchronizing nutrient availability with leaf growth phases which helps sustain leaf nutritional quality over successive harvests (Piash et al., 2022; An et al., 2021). These findings indicate pelletized or engineered biochar inputs can be particularly useful in multicut systems like mulberry where leaf quality must be maintained across repeated harvests.
Plant health outcomes and product (leaf) quality need integrated measurement across yield, chlorophyll/photosynthetic metrics, and biochemical composition. Several robust studies and reviews emphasize that matching amendment type and rate to soil texture and water regime is critical, as benefits to leaf protein and chlorophyll are most consistent where biochar improves soil water retention or buffers pH (thereby improving root uptake) and where slow-release formulations reduce nutrient stress during dry–wet cycles (An et al., 2021; Piash et al., 2022; Ren et al., 2025). A cautionary note from silage and ensiling studies is that very high N fertilization can alter leaf biochemical composition and microflora in ways that harm post-harvest quality unless appropriate additives or ensiling inoculants are used (Li et al., 2021). In short, pelletized and biochar-based inputs can support sustainable leaf yield and improved nutritive quality, but they must be matched to genotype, irrigation, and harvest scheduling to capture the agronomic and economic benefits in mulberry systems. Table 2 integrates the reported effects of biochar and pelletized amendments on mulberry growth, leaf nutritive quality, and silkworm performance. Figure 3 further illustrates the soil-to-silk pathway, showing how pelletized inputs enhance soil fertility, improve mulberry leaf quality, and ultimately benefit silkworm productivity.
Table 2: Effects of Biochar/Pellet Amendments on Mulberry Growth, Leaf Quality, and Silkworm Performance

	Treatment
	Soil Type / Site
	Leaf Yield
	Leaf Protein / Chlorophyll
	NPK Uptake
	Silkworm Growth / Cocoon Weight
	Reference

	Biochar + FYM (7.5–15 t ha⁻¹)
	Field, loamy soil
	More root development & biomass
	More protein & chlorophyll
	Increased N, P, K uptake

	More larval growth, cocoon weight
	Nandini et al., 2024a; Nandini et al., 2024b

	Biochar-based slow-release fertilizer
	Pot / Field
	Maintained yield
	Maintained protein over multiple cuts
	Synchronized nutrient availability
	Improved feed conversion & silk yield
	Piash et al., 2022; An et al., 2021

	Moderate inorganic fertilizer and organic amendments
	Field
	More leaf biomass
	More chlorophyll & protein
	Balanced NPK
	Better cocoon metrics, shell ratio
	Ren et al., 2025; Li et al., 2021

	Leaf biofortification (amino acids / microbes)
	Controlled trials
	N/A
	More protein, balanced amino acids
	N/A
	Increased larval weight, cocoon weight, filament length
	Muzamil et al., 2023; Wang et al., 2019

	Biochar + NPK
	Field, multicut
	Increased seasonal leaf yield
	Increased leaf nutrient content
	Increased N, P, K uptake
	Improved silkworm performance
	Nandini et al., 2024a; Nandini et al., 2024b
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Figure 3. Conceptual pathway linking biochar–biofertilizer pellet application to improved soil fertility, mulberry leaf quality, silkworm growth and productivity, and overall sustainability of sericulture systems.

5. IMPLICATIONS FOR SILKWORM PERFORMANCE AND SERICULTURE PRODUCTIVITY 
Mulberry leaf quality is the primary driver of silkworm biological performance. Protein content, amino-acid profile, moisture content and leaf maturity together determine larval consumption, digestion efficiency and the conversion of ingested biomass into cocoon and silk (Doliș et al., 2024; Sangha et al., 2024). Studies quantifying digestibility and proximate composition show that leaves with higher crude protein and favourable soluble carbohydrate fractions increase larval growth rate and shorten larval period, which often translates into higher pupal and cocoon weights and improved silk yield per crop (Doliș et al., 2024; Muzamil et al., 2023). Because mulberry is a multicut crop, maintaining leaf nutritional quality across successive harvests, by appropriate fertilization, irrigation and pruning regimes, is essential to sustain multi-crop silkworm performance on commercial farms (Baciu et al., 2023; Ren et al., 2025).
Leaf biochemical composition affects specific silkworm traits that matter to producers. Higher leaf crude protein and balanced amino-acid availability support silk gland development and increase shell ratio and filament length; conversely, low moisture or overly mature leaves reduce palatability and digestibility, lowering feed conversion efficiency and cocoon quality (Doliș et al., 2024; Muzamil et al., 2023). Experimental fortification trials (amino acids, protein supplements, microbial additives) demonstrate measurable gains in larval weight, cocoon weight and filament properties when leaves are enriched prior to feeding, indicating that targeted leaf biofortification can be an effective short-term strategy to boost cocoon metrics (Muzamil et al., 2023; Wang et al., 2019).
Agronomic inputs and leaf production practices mediate downstream sericultural outcomes and must be optimized for both yield and leaf nutritive value. Nitrogen management, irrigation scheduling and foliar nutrition influence leaf protein and moisture and therefore silkworm nutrition indices; several field studies and reviews report that balanced nutrient management (organic and mineral) and appropriate irrigation raise leaf crude protein and improve nutrition indices that correlate with better cocoon production (Baciu et al., 2023; Li et al., 2021). However, there are trade-offs, like excessive or ill-timed fertilization can alter leaf biochemical profiles and surface microflora, which may negatively affect post-harvest leaf handling (ensiling) or even larval gut microbiota and health, so fertilizer rates and timing need to be tailored to sericulture objectives (Li et al., 2021; Sangha et al., 2024).
Interactions between leaf treatments (biofortification, microbial/plant-extract fortification) and silkworm physiology point to practical intervention points for sustainable productivity. Field and laboratory trials show that enriching leaves with amino acids, beneficial microbes (e.g., Bacillus spp.), or plant extracts improves larval growth, feed conversion ratio, pupal weight and several cocoon quality traits (Muzamil et al., 2023; Wang et al., 2019; Hăbeanu et al., 2024). These interventions can be relatively low-cost and readily integrated into sericulture practice as foliar sprays or post-harvest coatings, offering options to raise silk output without increasing cultivated area; but they require validation across varieties, climates and rearing protocols before wide adoption.
Economic and sustainability implications, linking leaf quality to sector resilience. Improving leaf nutritional quality through sustainable agronomy, including organic amendments, balanced fertilization, water management, and targeted biofortification, enhances silkworm output and raw-silk quality, raising farm incomes and lowering pressure to expand moriculture area (Baciu et al., 2023; Sangha et al., 2024). Integrating these practices into eco-friendly sericulture systems (reduced chemical footprint, use of bioinoculants, mulberry residue recycling) aligns with circular-economy goals and can reduce environmental externalities while maintaining or increasing cocoon yields (Ren et al., 2025; Baciu et al., 2023). Longer-term trials that link leaf chemistry, larval microbiome, cocoon quality and farmer economics remain a priority to quantify trade-offs and scale benefits.
Practical recommendations for sericulture practitioners emphasize the importance of monitoring leaf quality parameters and aligning cultivation with silkworm nutritional needs. Regular assessment of crude protein and moisture at harvest helps match feeding schedules to larval stage requirements, since young and succulent leaves maximize feed conversion efficiency and cocoon traits (Doliș et al., 2024; Sangha et al., 2024). Targeted leaf fortification with amino acids or beneficial microbes during critical larval stages can further enhance silk gland development and shell ratio, although dosages should be validated under local rearing conditions before large-scale use (Muzamil et al., 2023; Wang et al., 2019). Equally important is the alignment of nutrient and water management strategies across multiple cuts, which sustains stable leaf protein levels and avoids the trade-off of maximizing biomass at the expense of nutritive quality; integrated organic and mineral inputs are particularly effective in this regard (Li et al., 2021; Baciu et al., 2023).

6. CONCLUSION AND FUTURE DIRECTIONS
Biochar–pellet composites are emerging as a promising tool for sustainable agriculture and sericulture. By improving the handling and placement of biochar, these pellets enhance nutrient-use efficiency, reduce nutrient leaching, and provide more consistent nutrient release across growing cycles (Wang et al., 2022; Piash et al., 2022). Their engineered structure also allows for integration with beneficial microbes and organic amendments, offering a dual advantage of improving soil fertility while supporting plant growth (Mohammadi, 2021; Zhou et al., 2024). For mulberry-based sericulture, where repeated, high-quality leaf harvests are critical, such composites can help stabilize nutrient availability and maintain leaf protein content, thereby strengthening the linkage between soil health and silkworm productivity (Rubel et al., 2024; Gao et al., 2022).
Despite these benefits, significant challenges remain. Most available studies are short-term trials, leaving uncertainties about long-term performance and sustainability under diverse field conditions (Deshoux et al., 2023; Gao et al., 2022). Scalability and cost-effectiveness require further exploration, particularly regarding pellet production energy, binder sourcing, and supply chain logistics (Mohammadi 2021; Zhou et al., 2024). Moreover, while microbial inoculation within pellets shows potential, more work is needed to ensure viability, storage stability, and regulatory compliance (Cesari et al., 2024; Kerner et al., 2023). Future directions should focus on waste-derived biochar feedstocks to lower costs and improve circularity, tailoring formulations to crop-specific needs, and developing multi-strain microbial consortia to maximize functional benefits. Coordinated multi-year field trials, coupled with farmer-focused cost–benefit assessments, will be essential to translate these innovations into scalable, farmer-friendly practices that support both environmental sustainability and sericulture productivity (Rubel et al., 2024; Cesari et al., 2024).
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