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A review on silkworm pupae (Bombyx mori) as a sustainable protein source in aquafeeds
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ABSTRACT 

	Aquaculture’s rapid global expansion has heightened the demand for sustainable and cost-effective protein sources in aquafeeds, traditionally dominated by fishmeal. However, reliance on fishmeal raises environmental, economic, and ecological concerns, driving the need for viable alternatives. Silkworm pupae (Bombyx mori), an abundant by-product of the silk industry, have emerged as a promising substitute due to their high protein content, favorable amino acid balance, essential fatty acids, and micronutrient richness. Beyond nutrition, their digestibility, palatability, and functional bioactive compounds further enhance their value in supporting growth, immunity, and feed efficiency in aquatic species. Processing strategies such as defatting, enzymatic hydrolysis, fermentation, and chitin valorization optimize their nutritional quality, bioavailability, and storage stability. Moreover, valorizing silkworm pupae contributes to circular bioeconomy principles by transforming sericulture waste into high-value feed ingredients. This review synthesizes on the nutritional composition, processing methods, digestibility, and functional roles of silkworm pupae in aquafeeds, while highlighting future research priorities for standardization, quality control, and functional applications in sustainable aquaculture.
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1. INTRODUCTION 
Aquaculture has emerged as the fastest-growing food production sector globally, now supplying over 50% of the fish consumed worldwide (FAO, 2022). This rapid growth has intensified the demand for high-quality feed ingredients, with fishmeal (FM) long regarded as the “gold standard” due to its balanced amino acid profile, high digestibility, and palatability (Tacon and Metian, 2015). Historically, fishmeal was a cheap material used in feed preparation. However, its continued reliance is environmentally unsustainable because of overfishing, ecosystem impacts, and price volatility (Naylor et al., 2021). Overexploitation has severely diminished global fisheries, resulting in a consistent reduction in wild fish harvests, while the demand for fishmeal in aquaculture and livestock production has escalated rapidly. The limited availability of fishmeal has consequently driven up fish feed prices, highlighting the urgent need for alternative feed sources to ensure sustainable aquaculture development. The incorporation of plant proteins into aquaculture diets has been explored as one alternative and has shown promising results. Nevertheless, challenges remain, including the presence of anti-nutritional factors and imbalances in amino acid profiles (Kurbanov et al., 2015). These limitations have accelerated the search for protein sources that are nutritionally adequate, economically viable, and environmentally sustainable (Van Huis et al., 2013).
In this context, insects have received growing attention as feed ingredients due to their high protein content, efficient feed conversion, and ability to be reared on organic by-products, thereby contributing to a circular bioeconomy (Van Huis et al., 2013). Edible insects, already recognized as safe for human consumption, are particularly valued for their nutritional richness, offering high-quality proteins, essential fatty acids, vitamins, and minerals (Wu et al., 2021). Among these, silkworm pupae an abundant by-product of the silk industry stand out as a particularly promising option. Silkworms, cultivated on mulberry leaves for silk production, pass through several developmental stages. During the caterpillar stage, they spin silk cocoons, which are processed by boiling the enclosed pupae. These boiled pupae, referred to as spent pupae, are generally treated as waste by the silk industry. However, research has shown that silkworm pupal protein is exceptionally nutritious, outperforming casein by 130% and being 90% more digestible than pepsin, underscoring its potential as a high-quality feed ingredient (Vishnu et al., 2024). Silkworm pupal meal (SPM), obtained after silk extraction, is rich in biological components and has been recognized as one of the most effective substitutes for fishmeal in aquafeed (Javali et al., 2015).
Beyond its nutritional value, the use of silkworm pupae also advances waste-to-wealth initiatives by transforming sericulture by-products into valuable resources. Repurposing pupae not only reduces environmental stress from silk production but also contributes to sustainable feed formulations in aquaculture. Increasing scientific interest has led to numerous studies evaluating the incorporation of SPM into animal feed, particularly as a replacement for fishmeal (Wu et al., 2022). In this review, the potential of silkworm pupal meal (SPM) as a viable fishmeal replacement in aquaculture is assessed, together with an analysis of its nutritional profile.

2. NUTRITIONAL COMPOSITION 
   2.1 AMINO ACIDS
Silkworm pupae are gaining increasing attention as a valuable source of high-quality protein, primarily due to their well-balanced amino acid composition. The profile is particularly rich in lysine, which accounts for about 6-7% of total protein, and methionine, which contributes around 2-3% (Tamuly et al., 2024). Early compositional studies, supported by recent reviews, confirm that the amino acid spectrum of silkworm pupae is complete and compares favorably with fishmeal, making it suitable for compounded feed formulations (Wu et al., 2021). A detailed analysis by Yeruva et al. (2023) further demonstrated the abundance of both essential and non-essential amino acids in silkworm pupae. Among the essential amino acids, lysine (40.6 mg/g) and methionine (35.7 mg/g) are the most prominent, followed by phenylalanine (27.2 mg/g), leucine (25.6 mg/g), histidine (17.1 mg/g), valine (15.2 mg/g), tryptophan (14.9 mg/g), and threonine (11.7 mg/g). The dominant non-essential amino acids include glutamic acid (45.9 mg/g) and aspartic acid (36.4 mg/g), along with proline (24.9 mg/g), arginine (22.3 mg/g), serine (20.3 mg/g), and alanine (11.4 mg/g). Cysteine (0.44 mg/g) and glycine (0.01 mg/g) are present in smaller amounts.
Methionine, a key sulfur amino acid essential for growth and immune function in fish, is present at adequate-to-moderate levels in silkworm pupae, contributing about 4% of crude protein when combined with cystine. Diets incorporating silkworm pupae typically optimize methionine content through formulation strategies such as amino acid supplementation or protein blending to meet species-specific requirements (Tassoni et al., 2022). Importantly, the amino acids remain stable under standard feed manufacturing conditions, enhancing their practicality as a sustainable protein source. Collectively, these characteristics establish silkworm pupae protein as an excellent candidate for partial or total replacement of fishmeal in aquafeeds without compromising amino acid nutrition or feed efficiency.
2.2 FATTY ACIDS
Silkworm pupae (SWP) lipids are characterized by a high proportion of unsaturated fatty acids, which are essential for both human and animal nutrition. Early compositional studies reported that nearly two-thirds of the total fatty acids in SWP are unsaturated, comprising considerable amounts of mono and polyunsaturated species (Rao, 1994). In addition, SWP contain approximately 11% neutral detergent fiber (NDF) and 6-12% acid detergent fiber (ADF) on a dry matter basis (Rashmi et al., 2023).
More recent analyses have provided detailed fatty acid profiles, confirming that oleic acid (C18:1) is the predominant monounsaturated fatty acid, while linoleic acid (C18:2 n-6) and α-linolenic acid (C18:3 n-3) are the principal polyunsaturated fatty acids (Tassoni et al., 2022). Notably, α-linolenic acid functions as a metabolic precursor for the biosynthesis of long-chain n-3 polyunsaturated fatty acids, which are of particular nutritional value to human consumers of aquaculture products (Tassoni et al., 2022). These essential fatty acids are especially important in aquafeeds, where they support optimal growth, enhance immune function, and improve the lipid quality of fish flesh (Habeanu et al., 2023). Furthermore, the overall lipid fraction of SWP exhibits a favorable n-6: n-3 ratio, underscoring its potential as a strategic ingredient for balancing fatty acid profiles in formulated feeds (Habeanu et al., 2023).
2.3  MICROMINERALS AND VITAMINS
Silkworm pupae are rich in essential micronutrients, including iron, zinc, and B-complex vitamins, as well as bioactive compounds such as phenolic acids and flavonoids, which contribute to their nutritional and functional value. With respect to mineral content, evidence shows that mulberry leaves significantly influence the mineral profile of silkworm pupae, as the insects accumulate minerals directly from their feed (Tassoni et al., 2022). In addition to minerals, silkworm pupae provide an array of important water-soluble vitamins, including riboflavin (B2), thiamine (B1), pyridoxal (B6), folic acid (B9), and ascorbic acid (vitamin C), which further enhance their nutritional significance (Koundinya and Thangavelu, 2005). Quantitative analyses have shown that silkworm pupae contain approximately 0.07 mg of vitamin B1, 2.23 mg of vitamin B2, 2.2 mg of vitamin B3, and 9.89 mg of vitamin E per 100 g dry weight (Wu et al., 2021).
3. DIGESTIBILITY AND BIOAVAILABILITY
Digestibility refers to the proportion of nutrients in a feed ingredient that can be broken down, absorbed, and utilized by the animal. In aquaculture, it is usually measured through apparent digestibility coefficients (ADCs), which indicate how efficiently proteins, lipids, and energy are extracted from the diet (Makkar et al., 2014). High digestibility is critical because it ensures optimal growth, feed conversion, and reduces nutrient waste released into the environment.
Silkworm pupae meal (SPM) shows favorable digestibility profiles, often comparable to or slightly lower than fishmeal, depending on the species and processing method. Reported crude protein digestibility in fish ranges between 80-90%, with higher values observed in defatted or hydrolyzed pupae meals (Rahimnejad et al., 2019; Zhang et al., 2022). Processing steps such as defatting improve digestibility by reducing lipid interference, while enzymatic hydrolysis and fermentation enhance solubility and break proteins into smaller peptides, thereby improving nutrient absorption (Anootthato et al., 2019; Wu et al., 2021). One limiting factor is the presence of chitin, an indigestible polysaccharide in the exoskeleton, which can reduce protein digestibility if levels are high. Controlled chitin removal or chitosan valorization has been shown to enhance digestibility in certain species (Tassoni et al., 2022). In contrast, poor handling or oxidation of pupal lipids can negatively impact digestibility and gut health, as demonstrated in tilapia trials where oxidized SPM led to impaired intestinal morphology (Feng et al., 2021). Evidence from species-specific feeding trials indicates that defatted or fermented SPM supports efficient feed utilization, aligning with good apparent digestibility and nutrient retention patterns reported for insect meals in general (Makkar et al., 2014; Zhang et al., 2022). When properly processed, SPM demonstrates high digestibility and nutrient bioavailability, making it a strong candidate to replace or complement fishmeal in aquafeeds (Li et al., 2024). Processing-sensitive constituents, particularly residual lipid oxidation products and chitin, can depress digestibility if not controlled; oxidized SPM reduced growth and damaged intestinal histology in fish, underscoring the need to manage lipid stability to safeguard bioavailability (Feng et al., 2021). Silkworm pupae meal shows high digestibility that approaches fishmeal when processing is optimized; defatting and controlled hydrolysis consistently improve solubility and peptide availability, thereby supporting efficient absorption in aquatic species (Anootthato et al., 2019; Tassoni et al., 2022).
4. PALATABILITY AND FEED INTAKE
Palatability refers to the degree to which animals find a feed acceptable and appealing to consume. In aquaculture nutrition, it is determined by sensory cues such as taste, smell, and texture that stimulate voluntary feed intake (Tacon and Metian, 2015). High palatability is essential because even a nutritionally balanced diet will fail to support growth if the animals do not readily consume it. For fish and shrimp, palatability is influenced by free amino acids, small peptides, nucleotides, and lipid fractions that act as natural feeding stimulants (Wu et al., 2021). Silkworm pupae meal (SPM) is generally considered palatable, as its protein hydrolysates release attractive peptides and its lipid fraction contains volatile compounds that promote feed acceptance (Anootthato et al., 2019; Rahimnejad et al., 2019). Free amino acids, small peptides from hydrolysis or fermentation, and characteristic pupal lipids act as natural attractants that generally maintain or improve feed intake versus plant-based replacements (Anootthato et al., 2019; Wu et al., 2021).
In practical terms, good palatability of SPM allows for its inclusion at relatively high levels in aquafeeds without reducing feed intake, making it a promising alternative to fishmeal (Zhang et al., 2022). In shrimp and finfish, diets where fishmeal was partially replaced with defatted or fermented SPM achieved comparable intake and feed conversion, suggesting acceptable palatability across taxa when quality is controlled (Rahimnejad et al., 2019; Zhang et al., 2022). However, improper processing or oxidation of pupal lipids can generate off-flavors that reduce palatability and depress feed intake (Feng et al., 2021). Rancidity in poorly stored SPM can introduce off-odors that depress intake, reinforcing the value of defatting and antioxidant management (Feng et al., 2021; Tassoni et al., 2022).
5. COMMON PROCESSING STEPS
5.1 DRYING AND MILLING
 	Fresh pupae are first stabilized by drying (hot-air oven, solar dryers, or freeze-drying depending on scale and quality objectives) and then milled to produce a stable pupae meal suitable for storage and feed inclusion. Drying reduces microbial load and water activity, while milling improves handling and enables accurate inclusion rates in feed formulations (Rao, 1994; Tassoni et al., 2022). Rao (1994) reported basic drying/processing approaches used for spent pupae and provided proximate data on resulting meals, while the recent systematic review by Tassoni et al. (2022) highlights how drying method and thermal exposure affect proximate composition and nutrient stability.
5.2 DEFATTING
Lipid extraction (mechanical pressing or solvent extraction) produces defatted pupae meal (DPM) and a pupal oil fraction; defatting concentrates protein (sometimes raising crude protein content markedly), reduces free lipids that promote oxidation and off-odour formation, and improves pellet physical properties and shelf life all of which facilitate higher and more predictable inclusion rates in aquafeeds (Rao, 1994; Tassoni et al., 2022). Rao (1994) quantified the effect of defatting on protein concentration in spent pupae, and Tassoni et al. (2022) discuss how defatting methods (mechanical vs. solvent) change lipid and micronutrient retention and thus downstream formulation choices.
5.3 ENZYMATIC HYDROLYSIS AND FERMENTATION
Controlled enzymatic hydrolysis (using proteases) and microbial fermentation are used to break proteins into smaller peptides and free amino acids, enhancing in vitro and in vivo digestibility, improving solubility and palatability, and reducing some allergenic epitopes; these processes also release bioactive peptides with antioxidant or immunomodulatory properties, which can add functional value to aquafeeds (Anootthato et al., 2019; Wu et al., 2021). Anootthato et al. (2019) characterized protein hydrolysates from silkworm pupae and reported improved functional properties after enzymatic treatment, while Wu et al. (2021) review functional and allergenic aspects and note that processing (including hydrolysis and fermentation) can mitigate allergenicity and modify functionality.
5.4 CHITIN EXTRACTION AND CHITOSAN VALORIZATION
 	The exoskeletal (chitin) fraction can be partially removed or processed into value-added chitosan or chitin derivatives. Chitin removal lowers indigestible fiber and can improve protein digestibility in some species, whereas chitosan is a marketable co-product with applications as an antimicrobial, binders, or feed additive turning a potential antinutrient into a revenue stream (Rinaudo, 2006; Aranaz et al., 2009; Tassoni et al., 2022). Reviews on chitin or chitosan chemistry and applications summarize extraction approaches (chemical demineralization/deproteinization or enzymatic routes) and their trade-offs for food or feed use (Rinaudo, 2006; Aranaz et al., 2009), while Tassoni et al. (2022) describe chitin levels across studies and the practical implications for digestibility.
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Fig. 1.
COMMON PROCESSING STEPS
(Source: Author’s own illustration)

6. FUNCTIONAL ROLES OF SILKWORM PUPAE IN AQUAFEEDS
Silkworm pupae (Bombyx mori) are an abundant by-product of sericulture, valued both for their nutrient density and their potential to reduce dependence on conventional fishmeal. Rich in high-quality protein and energy-dense lipids, they represent a promising alternative ingredient in aquafeeds. Proximate analyses typically report crude protein contents of 48-60% (dry matter basis) and crude lipid contents of 20-35%, although values vary depending on silkworm strain, developmental stage at harvest, rearing substrate, and processing methods (Tassoni et al., 2022). The protein fraction is characterized by its high biological value and favorable amino acid balance, while the lipid fraction is enriched with nutritionally valuable unsaturated fatty acids, including linoleic and α-linolenic acids (Rao, 1994). 
Protein content remains the most frequently reported nutritional parameter, underscoring the perception of silkworm pupae primarily as a protein source (Tassoni et al., 2022). Dried pupae provide protein levels comparable to fishmeal but at a lower cost, with contents ranging from 52-72%, and rising to 65-80% in deoiled meal (Karthick Raja et al., 2019). These nutritional properties have led to their recognition as a viable feed component for monogastric animals (poultry, pigs, and fish) as well as for ruminants (Makkar et al., 2014; Rashmi et al., 2023).
Beyond their macronutrient profile, silkworm-derived polysaccharides such as silkrose and dipterose have demonstrated immune-enhancing properties in both mammals and aquatic species (Motte et al., 2019). Feeding trials further indicate that processed pupae meal can replace a substantial proportion of fishmeal without compromising growth performance. In Pacific white shrimp (Litopenaeus vannamei), defatted pupae meal maintains growth and improved health indices (Rahimnejad et al., 2019). In largemouth bass (Micropterus salmoides), fermented pupae meal supported growth and feed utilization equivalent to fishmeal diets (Zhang et al., 2022). Similarly, in mandarin fish (Siniperca chuatsi), supplementation with pupae powder enhanced muscle fatty acid composition and intestinal health (Li et al., 2024). The relevance of silkworm pupae extends further, offering functional applications in aquaculture. Notably, pupae expressing VP15 peptides have been used for oral immunization in shrimp against white spot syndrome virus (WSSV), resulting in markedly improved survival rates (Boonyakida et al., 2022). Nevertheless, poor processing can diminish quality; for instance, oxidized pupae meal negatively affected growth and intestinal health in largemouth bass, highlighting the importance of defatting and stringent quality control (Feng et al., 2021). Moreover, the incorporation of pupae into aquafeeds contributes to sustainability by valorizing a sericulture by-product and reducing reliance on finite marine protein resources (Rodríguez-Ortiz et al., 2024). Taken together, these findings position silkworm pupae as a nutrient-rich, multifunctional feed ingredient that not only supplies protein and energy to farmed species but also promotes health and supports more sustainable aquaculture systems.
7. FUTURE PERSPECTIVES AND RESEARCH GAPS
Looking ahead, the successful integration of silkworm pupae meal (SPM) into aquafeeds will depend on closing several knowledge and technology gaps. Standardizing processing and analytical protocols should be a top priority to minimize the variability highlighted across current studies and to build reliable compositional databases (Tassoni et al., 2022). Further research is needed on species-specific nutrient requirements, digestibility, and safe inclusion levels under real-world farming conditions, particularly across different developmental stages of fish and shrimp (Makkar et al., 2014). At the same time, ensuring the stability of SPM and pupal oil through antioxidant strategies and optimized storage will be critical to preventing oxidative deterioration that can compromise growth and gut health (Feng et al., 2021).  The functional potential of pupal bioactives including peptides, polysaccharides, and immunomodulatory molecules offers exciting opportunities for next-generation feeds that not only support growth but also enhance disease resistance, with biotechnological tools such as engineered pupae already demonstrating proof-of-concept in shrimp immunization (Wu et al., 2021; Boonyakida et al., 2022). Collectively, these directions highlight the need for coordinated research that aligns nutritional efficacy, feed safety, and functional innovation, positioning SPM as both a sustainable and value-added ingredient in the future of aquaculture.
8. CONCLUSION
Silkworm pupae represent a nutritionally rich, cost-effective, and environmentally sustainable protein source that can substantially reduce dependence on fishmeal in aquafeeds. Their balanced amino acid profile, beneficial fatty acids, essential micronutrients, and bioactive compounds support growth, health, and feed utilization in diverse aquaculture species. Processing innovations including defatting, hydrolysis, and fermentation have further improved their digestibility, palatability, and functional properties, reinforcing their suitability for large-scale feed integration. However, variability in composition, lipid oxidation risks, and species-specific responses necessitate continued research and standardized processing protocols. Exploring the immunomodulatory and functional potentials of pupal bioactives also offers exciting opportunities for next-generation aquafeeds. By closing these knowledge gaps and ensuring quality consistency, silkworm pupae can be positioned as a cornerstone ingredient in sustainable aquaculture, advancing both food security and circular economy goals.
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