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ABSTRACT

	The sericulture industry, while technologically evolving and economically valuable, presents substantial waste management challenges across its production chain—from mulberry cultivation to post-reeling processing. The accumulation of biodegradable waste like silkworm litter, pupal remnants, and rearing refuse, along with non-biodegradable residues such as plastics and chemical effluents, contributes to significant environmental stress and health hazards in silk-producing regions. This review critically analyzes eco-friendly strategies for managing sericulture waste, including vermicomposting, microbial degradation, pupal valorization for animal feed, mushroom cultivation, and biotechnological extraction of fibroin for biomedical applications. It also explores the emerging role of circular bioeconomy models in linking waste recycling with resource recovery and rural development. Drawing on empirical insights and case studies from diverse agro-climatic zones, the paper highlights both the transformative potential and operational challenges of sustainable waste management in sericulture. It concludes by recommending an integrated approach encompassing decentralized infrastructure, policy incentives, and digital monitoring tools to scale circular, climate-resilient practices across the silk value chain.
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1. INTRODUCTION 
Sericulture, the cultivation of silkworms for silk production, is a traditional and labor-intensive agro-based industry that plays a significant role in rural economies, especially in developing nations like India [1,2,3]. It involves multiple interconnected activities such as mulberry cultivation, silkworm rearing, cocoon harvesting, and silk reeling, which collectively provide gainful employment to a large rural population [1]. Due to its low investment and high employment potential, sericulture is often promoted as an ideal livelihood option in economically backward and remote areas. The industry not only generates income for farmers but also supports women and elderly populations who are often engaged in different stages of production [4,5].
Beyond its role in employment generation, sericulture offers opportunities for income diversification. Farmers can supplement their earnings through by-products such as mulberry fruits, sericin, and leaf-based medicinal extracts, which have growing value in pharmaceutical, nutraceutical, and cosmetic industries [6]. These avenues reduce economic vulnerability and contribute to the financial resilience of rural households involved in sericulture [7].
However, this growing industry also generates substantial quantities of waste throughout its production cycle. These wastes can be broadly categorized into biodegradable and non-biodegradable types [1]. Biodegradable waste materials include silkworm excreta, rearing bed refuse, dead larvae, cut and pierced cocoons, and pupa residues. If not managed properly, these waste products can decompose and lead to foul odors, attract pests, and contribute to unhygienic conditions [1,5]. Nevertheless, many of these biodegradable wastes hold potential for beneficial reuse, such as composting to produce organic manure or using pupa and larval residues in animal feed and biofertilizer formulations [8]. Their appropriate management can turn environmental liabilities into valuable agricultural inputs.
In contrast, non-biodegradable wastes in sericulture, though less voluminous, pose a more serious threat due to their resistance to natural degradation. These include synthetic netting, plastic packaging materials, and chemicals used during cocoon processing and silk reeling [1]. Their accumulation can lead to long-term pollution of soil and water bodies, affecting both local biodiversity and human health [9]. The absence of structured waste disposal systems in many sericulture regions exacerbates the problem, resulting in indiscriminate dumping and open burning of waste.
The improper handling of these diverse waste streams carries both environmental and economic consequences. Unmanaged organic waste can lead to eutrophication in nearby water bodies, while toxic leachates from synthetic materials can degrade soil quality and reduce agricultural productivity in surrounding areas [9]. Economically, the burden of environmental remediation and health impacts can outweigh the profits gained from silk production, making it essential to adopt waste management practices that align with sustainability goals [4].
With the global demand for silk on the rise, driven by the fashion, textile, and personal care industries, there is increasing pressure on sericulture systems to scale up production sustainably [10]. Traditional practices, if left unmodified, may not be sufficient to meet this demand without further environmental compromise. Additionally, the impacts of climate change—such as altered rainfall patterns, rising temperatures, and increased pest outbreaks—pose new challenges to silk production. These changing conditions necessitate a paradigm shift towards eco-friendly and climate-resilient practices that can ensure long-term viability and reduce the carbon footprint of silk farming [7,8].
Hence, the urgency for sustainable strategies in sericulture is twofold: to cope with the environmental threats posed by its waste and to adapt to the socio-economic vulnerabilities associated with climate change [1,8]. Innovations such as bioconversion of waste into value-added products, integrated farming systems, and the use of biodegradable inputs can pave the way toward a circular economy within the sericulture sector [10]. Furthermore, sensitizing stakeholders—including farmers, researchers, policymakers, and entrepreneurs—about the environmental implications and potential of sustainable waste management is vital to catalyzing collective action [11].
In conclusion, while sericulture continues to offer promising economic opportunities, an overemphasis on immediate returns often overshadows long-term sustainability. If the industry remains focused solely on profit-driven growth, without accounting for the ecological costs, it risks undermining both environmental integrity and economic stability. Therefore, balancing economic growth with ecological responsibility is not just desirable—it is essential for ensuring the future of sericulture as a sustainable and resilient rural enterprise.

2. TYPES AND COMPOSITION OF SERICULTURE WASTE 
Sericulture waste can be broadly classified into three main categories: rearing waste, reeling waste, and post-reeling waste. Each of these categories contains distinct compositions and offers unique potential for recycling and resource utilization. A comprehensive understanding of these types is essential for implementing effective eco-friendly waste management strategies in the sericulture industry. Table 1 provides a comparative overview of the key sericulture waste categories, highlighting their major components, associated environmental concerns, and potential for sustainable reuse.

Table 1: Types and Composition of Sericulture Waste

	Waste Type
	Main Components
	Environmental Concern
	Potential for Reuse

	Rearing Waste
	Mulberry litter, excreta, dead larvae
	Foul odor, vector attraction
	Composting, vermicomposting

	Reeling Waste
	Pierced cocoons, pupae, silk threads
	Decomposition, odor
	Animal feed, bioplastics

	Post-reeling Waste
	Wastewater, dyes, chemicals
	Water & soil pollution
	Bioremediation, wastewater treatment


2.1. Rearing Waste
Rearing waste primarily includes leftover mulberry leaves, silkworm excreta, dead larvae, and rearing bed refuse. These materials are generated in bulk during the rearing phase of silkworms. The organic matter content in rearing waste is notably high, especially in terms of organic carbon and nitrogen, making it highly suitable for composting, vermicomposting, and microbial degradation [9,12]. Furthermore, the nutritional value of this waste supports its utilization in bioenergy production and organic agriculture. When processed through methods such as vermicomposting or anaerobic digestion, rearing waste can significantly improve soil health and crop yield [4,5,13]. Several studies have emphasized its role in enhancing microbial biodiversity and providing slow-release nutrients, which are essential for sustainable farming.
2.2. Reeling Waste
Reeling waste consists of pierced and cut cocoons, boiled pupae, and waste silk threads generated during the extraction of silk fibers. These waste products are often discarded, yet they are rich in protein and biodegradable materials. Silkworm pupae, in particular, contain up to 70% protein and can be effectively repurposed as animal feed or even as a base material for bioplastics and fertilizers [9,14]. Scientific explorations into the valorization of reeling waste reveal promising economic returns for sericulture farmers. Processing and commercializing pupal powder or silk waste-derived products not only reduce environmental load but also offer additional income streams [4,14,15]. The promotion of decentralized pupal processing units in rural sericulture zones can aid in scaling this waste-to-wealth model.
2.3. Post-Reeling Waste
Post-reeling waste includes chemical-laden wastewater from degumming, dyeing, and finishing processes involved in the later stages of silk production. This category of waste poses significant environmental challenges due to its content of synthetic dyes, surfactants, and heavy metals. Without adequate treatment, these effluents can contaminate surface and groundwater and adversely affect aquatic ecosystems and human health [9,16]. Effective wastewater management techniques such as bioremediation, activated carbon filtration, and constructed wetlands are necessary to mitigate these impacts [4,14]. Addressing the issue of post-reeling waste is critical not just for pollution control but also for aligning sericulture with green industry standards. Continued research and the adoption of zero-discharge technologies can play a key role in managing these effluents sustainably.
3. ENVIRONMENTAL CONCERNS
If untreated, sericultural waste can cause extensive environmental pollution, adversely affecting water, air, and soil quality. Reeling units discharge untreated effluents containing harsh chemicals and dyes that contaminate nearby rivers and seep into groundwater systems [17]. This is particularly problematic in silk-producing regions such as Assam and Karnataka, where high rainfall facilitates leachate percolation into aquifers. The wastewater from silk reeling processes contains high concentrations of chemicals, contributing to water toxicity and posing significant risks to aquatic life and human populations relying on groundwater for drinking and domestic use [9]. Treatment methods, such as the application of sericin protein-Fe3+ complexes, have demonstrated potential in reducing chemical oxygen demand (COD) by approximately 50%, thereby minimizing the environmental load [18,19].
Air pollution is another major concern linked to decomposing silkworm pupae. When discarded in open areas without treatment, the protein-rich pupae decompose anaerobically, emitting foul odors and greenhouse gases such as methane and carbon dioxide [20]. These emissions contribute to poor air quality and raise concerns over public health, especially in densely populated sericulture zones [9]. In addition, the odor attracts scavengers and insects, leading to the spread of disease and further degrading the local environment [21].
Health and sanitation issues in sericulture villages often arise due to improper disposal of rearing bed refuse and mulberry litter. These organic materials, when dumped indiscriminately, attract rodents, flies, and other vectors, creating hygiene problems and increasing the risk of disease transmission [4,8,9]. Addressing these issues requires shifting towards composting and controlled waste decomposition. Composting silkworm culture waste not only mitigates health risks but also creates nutrient-rich compost that can be reused in agriculture, as demonstrated in studies by Sharma et al. (1999) [22].
Groundwater contamination is especially concerning in high-rainfall areas where unprocessed sericultural waste is piled openly. Rainwater leaches contaminants from these waste heaps into subsurface aquifers, elevating nitrate levels and microbial load in drinking water sources [23]. This poses long-term health risks to communities dependent on well and borehole water [9]. Therefore, safe containment and treatment of sericulture waste are essential to safeguard groundwater quality.
Soil degradation is an overlooked yet significant consequence of continued dumping of organic sericultural waste without proper treatment. This practice alters the pH of the soil, reduces microbial diversity, and affects nutrient cycling, eventually leading to decreased soil fertility and reduced crop productivity [4,9]. However, when properly digested through anaerobic or aerobic processes, such waste can enhance soil texture, increase organic carbon content, and stimulate beneficial microbial activity. Techniques like bio-digestion using earthworms or microbial consortia not only manage waste but also rejuvenate soil health, offering a dual benefit for environmental conservation and agricultural sustainability [13].
While these environmental concerns are pressing, they also present opportunities for innovation. By embracing waste recycling, bioremediation, and bioenergy production from sericulture waste, the industry can move towards a closed-loop system that reduces environmental burden while generating value. Developing eco-friendly waste management models and educating sericulture communities about sustainable practices is imperative for mitigating these impacts and ensuring the long-term viability of the silk industry [9,24].
4. VERMICOMPOSTING
Vermicomposting is a biological process that utilizes earthworms such as Eisenia fetida and Eudrilus eugeniae to convert organic waste into nutrient-rich compost known as vermicast. This eco-friendly approach is increasingly recognized as a sustainable solution for managing agricultural waste, particularly sericulture waste, which is rich in organic matter [25]. The digestive action of earthworms plays a pivotal role in breaking down complex organic substances into simpler, bioavailable nutrients, making the resulting vermicompost highly beneficial for soil fertility and plant growth [6,25].
The process of vermicomposting is considerably faster than traditional composting due to the enhanced microbial activity stimulated by earthworms. The worms aerate the compost and introduce beneficial microbes that accelerate decomposition and stabilize organic matter [8]. This results in the production of high-quality compost within a relatively short period. However, for effective vermicomposting, especially when using sericulture waste, the material needs to undergo a pre-decomposition step. During this phase, which typically lasts 10 to 15 days, the waste is partially decomposed to reduce pathogenic organisms and enhance its palatability for earthworms. This step is crucial as it facilitates quicker digestion and prevents harm to the earthworms due to excessive heat or acidity during early decomposition [26].
To optimize the composting process, sericulture waste is often blended with cow dung in a 1:1 or 2:1 ratio. This mixture balances the carbon-to-nitrogen ratio, moisture content, and microbial population necessary for efficient decomposition [8,26]. The cow dung not only acts as a buffer and a microbial inoculant but also enhances the nutrient profile of the final product. Studies have shown that such mixtures result in vermicompost with improved levels of essential macronutrients—nitrogen (N), phosphorus (P), and potassium (K)—as well as higher microbial diversity, which collectively contribute to better soil structure, aeration, and water-holding capacity [8,27,28].
Vermicompost derived from silkworm litter has been reported to significantly enhance the growth and yield of mulberry plants, which form the primary diet of silkworms. Improved soil conditions due to the application of vermicompost have a direct impact on leaf quality, thereby influencing silkworm health and silk productivity. Furthermore, vermitechnology supports sustainable agriculture by reducing reliance on chemical fertilizers, which often degrade soil quality over time [4,26,29].
In Karnataka, the practical application of this technique by Self-Help Groups (SHGs) and marginal farmers has demonstrated tangible socio-economic benefits. These communities have adopted vermicomposting to transform their sericulture waste into valuable compost, which is either sold locally or used in their own fields to boost agricultural productivity. This model has not only addressed waste management challenges but also created a new source of income, thereby enhancing livelihoods and encouraging circular economy practices in rural sericulture belts [4,30].
Despite its advantages, vermicomposting does face certain challenges. Initial setup costs for beds, shade nets, and water supply systems can deter small-scale farmers. Moreover, the lack of training in composting techniques and knowledge gaps about maintaining optimal environmental conditions for earthworms can lead to inconsistent results. However, these hurdles can be overcome through capacity-building programs, government incentives, and the establishment of demonstration units at the village level [8,31,32].
Overall, vermicomposting stands out as an effective, environmentally sound, and economically viable strategy for sericulture waste management. It aligns with the principles of sustainable agriculture and offers a replicable model for waste valorization that supports both ecological and economic resilience. A comparative analysis of key eco-friendly waste management techniques used in sericulture is presented in Table 2, providing a snapshot of their respective benefits, limitations, and practical applications.

Table 2: Comparative Analysis of Eco-Friendly Waste Management Techniques

	Technique
	Waste used
	Benefits
	Challenges

	Vermicomposting
	Rearing waste
	Improves soil health, low cost
	Initial setup, training needed

	Pupal Valorization
	Reeling waste (pupae)
	Animal feed, extra income
	Drying/storage

	Microbial Degradation
	Rearing/reeling waste
	Accelerated composting
	Strain selection, climate factors

	Mushroom Cultivation
	Mulberry litter, refuse
	Extra food & income, zero-waste farming
	Pasteurization & handling



5. BIOCONVERSION INTO VALUE-ADDED PRODUCTS 

5.1.  Pupal Waste as Animal Feed
Silkworm pupae are exceptionally rich in proteins, containing about 60–70% crude protein along with essential amino acids. This makes them a viable, sustainable substitute for conventional protein-rich feeds like soybean meal in poultry, aquaculture, and livestock feed formulations [33,34]. Research confirms that pupal meal can fully or partially replace soybean meal in poultry diets without compromising animal health or productivity [12,33,35,36]. Additionally, its application in aquaculture has shown promising results in terms of fish growth and feed efficiency. With proper drying and preservation, pupae can be processed into shelf-stable feed, offering a circular solution to sericulture waste while reducing feed costs for farmers [37].
5.2.  Fibroin for Biomedical Use
Silk fibroin, a fibrous protein extracted from degummed silk cocoons and reeling waste, is gaining recognition in the biomedical sector for its outstanding biocompatibility, biodegradability, and mechanical strength. Fibroin-based materials are already being used in tissue engineering, wound healing scaffolds, and drug delivery systems [12,34,38]. The ability of fibroin to form stable films, gels, and sponges makes it suitable for various forms of biomedical applications. Additionally, fibroin is being explored for sustainable textile applications, such as bio-textiles and eco-films, replacing synthetic polymers in niche industries. These applications contribute to value creation from silk waste that would otherwise be discarded [39].
5.3.  Microbial Degradation
Microbial degradation of sericultural waste involves the use of selected fungi and bacteria to decompose organic waste components like cellulose, lignin, and proteins. Notable organisms such as Trichoderma viride and Bacillus subtilis have been successfully applied to accelerate the breakdown of seri-waste, producing compost rich in nutrients and beneficial microbes [4,12,40]. Such microbial compost not only supports faster waste turnover but also enhances soil fertility when used in agriculture. States like Himachal Pradesh and West Bengal have implemented on-farm microbial composting units that use local strains and farmer-adapted methods to convert rearing bed waste and mulberry litter into high-value organic compost [40]. This represents a low-cost and scalable model for rural sericulture zones.
5.4.  Mushroom Cultivation on Sericulture Waste
Mushroom cultivation is an effective method for converting nutrient-rich sericulture waste into valuable food products, offering both environmental and economic benefits. Waste materials such as mulberry litter, rearing bed refuse, and leftover chaff from silkworm rearing are rich in nitrogen and cellulose, making them ideal substrates for edible mushroom production. Research has shown that species like Pleurotus sajor-caju and Volvariella volvacea grow efficiently on these substrates. Nath et al. (2024) reported a yield improvement of up to 25% when mulberry litter was used to replace wheat or rice straw in mushroom cultivation [41]. The high nitrogen content in sericulture waste supports faster mycelial colonization, resulting in shorter cropping cycles and better productivity [42].
Used silkworm rearing bed materials, after proper pasteurization, can also serve as a cost-effective and sustainable mushroom substrate. This expands the utility of materials that were previously discarded, reducing waste accumulation [14]. States like Assam, Manipur, and Tamil Nadu have begun promoting mushroom cultivation on seri-waste as part of integrated farming programs. These initiatives not only offer supplementary income to sericulture farmers but also address rural unemployment and waste disposal challenges [41,43]. Overall, this practice provides a simple, low-cost strategy for rural households and SHGs to generate income, enhance food security, and contribute to circular waste management in the sericulture sector. 
6. CIRCULAR BIOECONOMY 
Circular bioeconomy (CBE) integrates waste management with resource recovery, particularly in sericulture, where various by-products can be repurposed. For instance, silkworm pupae can be transformed into animal feed, silk waste (fibroin) can be utilized for biomedical products, and rearing litter can serve as biofertilizers and compost [44,45]. This approach not only adds value to waste but also supports rural employment and enhances climate resilience in agriculture and silk production [46]. Recent research by Karuppiah et al. (2023) emphasizes the importance of digital supply chain integration and circular thinking for sustainable practices in the silk industry. The CBE model promotes value addition, job creation, and climate resilience. Key benefits include converting waste materials into valuable products, creating employment opportunities in rural areas, and promoting sustainable agricultural practices that strengthen ecological resilience [45,47].
However, the implementation of circular bioeconomy practices faces several challenges. These include a lack of supportive policies that facilitate CBE adoption, low investment in research and development, and weak institutional and industrial coordination [48]. Pini et al. (2025) and Venkatesh (2022) emphasize that without a robust policy framework and collaborative efforts, the scale-up of circular strategies in sericulture remains limited. While the potential of CBE is significant, addressing these barriers through policy reforms, funding support, and stakeholder engagement is critical for unlocking its full benefits [49,50,51,52].
7. CASE STUDIES 
In Karnataka, Women Self-Help Groups (SHGs) supported by the Department of Sericulture adopted vermitechnology to recycle rearing waste. These groups processed the organic waste into high-quality compost, which was then sold to nearby farms. This initiative not only provided an avenue for income generation but also mobilized local communities to engage in environmentally sustainable practices. The composting activities demonstrated a working model for rural waste recycling that promoted economic empowerment and sustainable agriculture, especially among women and smallholder farmers [8,53].
In Assam, where annual flooding often disrupts agricultural livelihoods, the state has promoted integrated mushroom farming using sericulture waste, particularly silkworm litter and mulberry residues. Farmers who traditionally discarded this waste began using it as a growing medium for edible mushrooms such as Pleurotus sajor-caju. This shift not only provided a new revenue stream but also reduced environmental waste accumulation. Participating farmers reported an increase in household income and diversified food sources, reflecting the model’s potential to address both economic and ecological challenges in flood-prone areas [41,54].
In Jammu & Kashmir, sericulture waste management efforts have focused on on-farm vermicomposting under temperate climatic conditions. Local farmers adopted vermibeds to manage rearing bed refuse and silkworm litter, which improved soil health and fertility in nearby mulberry gardens. This demonstrated the adaptability of vermicomposting to various climatic zones, thereby extending its application beyond tropical regions. These initiatives, although promising, also revealed challenges such as limited access to initial capital and lack of technical know-how among rural households. Addressing these challenges through training programs and microcredit support can enhance scalability and sustainability in such models [12,55,56].
8. CHALLENGES AND FUTURE PROSPECTS 
Despite the proven benefits of eco-friendly waste management strategies in sericulture, several barriers hinder their large-scale implementation. One of the primary obstacles is the lack of farmer awareness and insufficient extension services, which prevents the dissemination of knowledge regarding sustainable practices [4,44]. Additionally, the absence of decentralized waste processing infrastructure in rural areas limits the feasibility of adopting technologies like vermicomposting or microbial degradation at the community level [1]. Poor coordination among research institutions, government agencies, and industry players further complicates the formulation and execution of integrated waste management programs [9,46].
To overcome these challenges and harness the full potential of sericulture waste management, a multi-pronged strategy is essential. Establishing localized waste collection and processing hubs can streamline the logistics of waste recycling [57]. Capacity-building initiatives through farmer training programs, digital extension platforms, and demonstration units can empower stakeholders with the necessary skills and knowledge [58]. Policy incentives aimed at encouraging startups and Farmer Producer Organizations (FPOs) to venture into sericulture waste recycling can stimulate innovation and entrepreneurship in this sector. Furthermore, integrating advanced technologies such as Artificial Intelligence (AI) and Geographic Information Systems (GIS) can facilitate real-time monitoring of waste generation and optimize resource reuse across the sericulture value chain [47,59]. Eco-friendly sericulture waste management strategies present viable solutions for addressing the growing environmental concerns associated with the silk industry. Techniques like vermicomposting, mushroom cultivation, microbial degradation, and circular bioeconomy models not only reduce the ecological footprint of sericulture but also generate secondary revenue and rural employment [8,9,46]. To scale these innovations, strong institutional support, farmer training, and research-driven policy frameworks are essential.
9. CONCLUSION 
Eco-friendly management of sericulture waste holds the key to balancing the industry’s economic growth with its ecological footprint. As silk production expands to meet global demand, the parallel rise in organic and synthetic waste necessitates innovative, sustainable interventions. The valorization of rearing, reeling, and post-reeling waste through methods like vermicomposting, microbial degradation, mushroom cultivation, and pupal protein recovery not only reduces environmental burden but also contributes to soil health, food security, and rural income diversification. Case studies from Indian states illustrate that community-led waste management—when supported by training, infrastructure, and institutional backing—can yield scalable outcomes. Moreover, embedding circular bioeconomy principles into sericulture fosters a closed-loop system where waste is continuously repurposed, aligning with climate adaptation goals and green development agendas. However, for these strategies to achieve full-scale impact, systemic challenges such as lack of policy coherence, technical expertise, and R&D investment must be addressed. A coordinated push involving state agencies, research institutions, startups, and farmer cooperatives is essential to mainstream sustainable waste practices in sericulture and future-proof this sector against both environmental degradation and economic volatility.
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