


A review on fermentation Strategies in Aquafeeds; Principles, Applications, and Future Directions for Sustainable Aquaculture

ABSTRACT
	Aquaculture has become the fastest-growing sector in food production, yet its reliance on fishmeal and conventional protein sources poses economic and environmental challenges. Fermentation has emerged as a transformative strategy in aquafeed processing, improving protein solubility, amino acid balance, and mineral bioavailability while reducing anti-nutritional factors (ANFs) and enhancing feed safety. This review synthesizes current knowledge on fermentation principles, techniques, microbial ecology, nutrient impacts, and practical applications across plant meals, animal by-products, and agro-industrial residues. Special attention is given to the role of fermentation in enhancing fish health, immunity, and gut microbiota balance. The review also highlights challenges in scalability, cost, and standardization, while exploring future perspectives such as precision fermentation, circular bioeconomy integration, and functional feed development. Overall, fermentation represents a sustainable, versatile, and innovative approach to aquafeed development, with significant potential to support global aquaculture growth.
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1. INTRODUCTION
	Global aquaculture production reached approximately 214 million tonnes in 2024, with aquaculture representing 57% of the total fish supply (Siddik et al., 2024). This rapid growth underscores the industry’s crucial role in addressing rising global protein demands. However, feed remains the largest operational cost in aquaculture, contributing nearly 70% of production expenses (Dossou et al., 2018a, 2018b, 2018c). Fishmeal (FM), widely used for its high digestibility, balanced amino acid profile, and palatability, has become limited by resource shortages and escalating prices (Hussain et al., 2024; Dawood & Koshio, 2019).
	Efforts to replace FM with alternative proteins have primarily focused on plant meals such as soybean, rapeseed, cottonseed, and lupin. While these are more affordable, their use is limited by ANFs including protease inhibitors, lectins, tannins, phytates, gossypol, and saponins (Makkar, 1993; Francis et al., 2001; Siddik et al., 2024). Such compounds reduce nutrient utilization, feed efficiency, and fish health, leading to poor growth performance and higher nutrient losses (Hajra et al., 2013; Siddik et al., 2024). Animal protein by-products such as poultry offal, silkworm pupae, and blood meal offer high protein content but may contain microbial contaminants, indigestible particles, and nutritional imbalances (Siddik et al., 2024).
	Fermentation has emerged as an effective approach to overcome these limitations. By employing beneficial microorganisms such as Bacillus, Enterococcus, Lactobacillus, Saccharomyces cerevisiae, and Aspergillus spp., fermentation improves protein solubility, enhances amino acid patterns, reduces ANFs, and enriches feeds with bioactive compounds (Subramaniyam & Vimala, 2012; Mukherjee et al., 2016; Dawood & Koshio, 2019; Siddik et al., 2024; Dai et al., 2020). Lactic acid bacteria, in particular, generate organic acids and bacteriocins that suppress pathogenic microbes such as Salmonella spp. and Escherichia coli, while lowering feed pH and improving shelf life (Londero et al., 2014; Zhang et al., 2017; Siddik et al., 2024).
	Solid-state fermentation (SSF) is the most widely applied technique for aquafeed ingredients due to its low energy requirement, cost-effectiveness, and success in processing plant proteins (Hu et al., 2008; Subramaniyam & Vimala, 2012; Siddik et al., 2024). Submerged fermentation (SmF) is commonly used for probiotics and microbial metabolite production (Shim et al., 2010; Dawood & Koshio, 2019). Gas fermentation has been introduced as a novel method for producing single-cell proteins for aquafeeds (Siddik et al., 2024). Furthermore, ensiling and fermented liquid feeds improve palatability, preservation, and functional value, while modulating gut microbiota (Dai et al., 2020).
	Beyond nutrition, fermentation reduces nutrient excretion and improves environmental sustainability by decreasing nitrogen and phosphorus losses (Siddik et al., 2024). It also enables valorization of agricultural by-products and food processing wastes, supporting circular bioeconomy approaches (Dawood & Koshio, 2019). Nevertheless, challenges such as variability in fermentation outcomes, potential nutrient losses, and limited large-scale adoption remain (Jakobsen et al., 2015; Dai et al., 2020; Siddik et al., 2024).
	This review therefore explores fermentation strategies in aquafeeds, focusing on fermentation principles, methods, nutritional benefits, microbial ecology, applications in aquaculture species, and future perspectives for sustainable production.
2. PRINCIPLES OF FERMENTATION
	Fermentation is a biochemical process in which microorganisms convert complex organic substrates into simpler compounds under controlled conditions. In aquafeed processing, fermentation plays a central role in improving nutritional value, reducing anti-nutritional factors (ANFs), and enriching feeds with functional metabolites (Drew et al., 2007; Subramaniyam & Vimala, 2012; Mukherjee et al., 2016; Siddik et al., 2024). The success of fermentation depends on the type of microorganisms involved, the substrates used, and the environmental conditions maintained during the process (Hu et al., 2008; Dai et al., 2020).
2.1. Microorganisms in Fermentation
	A wide range of microorganisms including bacteria, fungi, and yeasts are employed for fermentation in aquafeeds. Beneficial bacteria such as Lactobacillus, Enterococcus, and Bacillus species are commonly used due to their ability to produce organic acids, proteolytic enzymes, and antimicrobial compounds (Londero et al., 2014; Zhang et al., 2017; Siddik et al., 2024). Lactic acid bacteria (LAB) are of particular importance, as they generate lactic acid and bacteriocins that reduce pH, suppress pathogenic organisms such as Salmonella spp. and Escherichia coli, and improve feed preservation (Refstie et al., 2005; Londero et al., 2014; Siddik et al., 2024).
	Yeasts, especially Saccharomyces cerevisiae, are also widely utilized in fermentation due to their ability to synthesize vitamins, peptides, and growth-promoting factors (Mukherjee et al., 2016; Dawood & Koshio, 2019). Fungal species, including Aspergillus oryzae and Rhizopus spp., are applied for their high enzymatic activity, particularly in degrading fiber and anti-nutritional compounds (Hu et al., 2008; Subramaniyam & Vimala, 2012). The choice of microorganism is critical, as each strain produces unique enzymes and metabolites that influence the nutritional and functional outcomes of fermentation.
2.2. Biochemical Pathways
	During fermentation, microbes utilize carbohydrates, proteins, and other compounds in the feed substrate to produce metabolites such as lactic acid, ethanol, peptides, and gases. For example, LAB metabolize carbohydrates primarily through glycolysis, producing lactic acid as the major end product, which in turn lowers pH and prevents spoilage (Londero et al., 2014; Siddik et al., 2024). Fungi and yeasts degrade complex plant cell wall components, releasing simpler sugars and peptides that enhance digestibility (Mukherjee et al., 2016; Subramaniyam & Vimala, 2012).
	This biochemical conversion also improves nutrient accessibility. Enzymes such as phytases degrade phytic acid, releasing bound phosphorus and minerals, while proteases break down large protein molecules into easily digestible peptides and amino acids (Toko et al., 2008; Jakobsen et al., 2015; Mukherjee et al., 2016). Such modifications improve feed efficiency and reduce nutrient wastage in aquaculture systems (Siddik et al., 2024).The overall mechanisms through which microorganisms act on feed substrates, via enzymatic hydrolysis, biochemical transformation, and nutrient enhancement are illustrated in Figure 1.
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2.3. Fermentation Substrates
	Various substrates are suitable for fermentation, including plant protein sources (soybean meal, rapeseed meal, cottonseed cake, lupin), animal by-products (fish silage, blood meal, poultry offal), and agro-industrial residues. Among these, soybean meal is the most extensively studied due to its wide availability and protein richness (Francis et al., 2001; Refstie et al., 2005). However, its ANFs limit digestibility and health performance. Fermentation has proven effective in reducing these ANFs and enhancing the overall nutritional profile (Mukherjee et al., 2016; Siddik et al., 2024).
	In addition to traditional ingredients, unconventional substrates such as silkworm pupae and agricultural by-products are being tested for fermentation to promote sustainable resource use (Siddik et al., 2024). The flexibility of fermentation in utilizing diverse raw materials aligns with circular bioeconomy strategies in aquaculture feed production (Dawood & Koshio, 2019).
2.4. Environmental and Operational Conditions
	The effectiveness of fermentation depends strongly on operational conditions, including moisture content, aeration, pH, inoculum concentration, and temperature. Solid-state fermentation (SSF), which operates at low moisture levels, is particularly suited to plant-based feed ingredients and has been shown to enhance protein solubility and amino acid availability (Hu et al., 2008; Subramaniyam&Vimala, 2012; Siddik et al., 2024). In contrast, submerged fermentation (SmF) is typically used for liquid substrates and microbial metabolite production, requiring careful monitoring of aeration and agitation (Shim et al., 2010; Dawood & Koshio, 2019).
	Optimization of these conditions is essential to maximize microbial growth and enzyme activity. For example, adjusting the temperature and pH to suit the microbial strain enhances enzymatic breakdown of ANFs and fiber (Jakobsen et al., 2015; Mukherjee et al., 2016). Inadequate control of conditions, however, may lead to nutrient losses due to excessive microbial consumption or the proliferation of undesirable organisms (Jakobsen et al., 2015; Dai et al., 2020).
2.5. Functional Roles of Fermentation
	Beyond nutritional improvements, fermentation enhances functional properties of feeds. The production of organic acids lowers intestinal pH, modulates gut microbiota, and improves disease resistance (Refstie et al., 2005; Londero et al., 2014). Fermented feeds have been associated with improved growth performance, feed conversion ratios, and immune status in multiple aquaculture species (Hu et al., 2008; Mukherjee et al., 2016; Siddik et al., 2024). Furthermore, by reducing nutrient excretion, fermentation helps mitigate the environmental impact of aquaculture effluents (Siddik et al., 2024).
	In summary, the principles of fermentation are rooted in the synergistic activity of microbes, substrates, and environmental conditions. By leveraging microbial enzymatic capacity, fermentation enhances nutrient availability, reduces ANFs, promotes gut health, and contributes to sustainability in aquaculture.
3. FERMENTATION TECHNIQUES IN AQUAFEED
	Fermentation techniques in aquafeed production vary in microbial ecology, substrates, and operational requirements. The most widely adopted methods include solid-state fermentation (SSF), submerged fermentation (SmF), gas fermentation, and ensiling/fermented liquid feeds. Each method has specific applications, benefits, and constraints in terms of nutrient enrichment, reduction of anti-nutritional factors (ANFs), and cost-effectiveness (Subramaniyam & Vimala, 2012; Dawood & Koshio, 2019; Dai et al., 2020; Siddik et al., 2024).
3.1. Solid-State Fermentation (SSF)
	SSF involves the growth of microorganisms on moist solid substrates with little or no free water. It is considered the most common and cost-effective fermentation method for aquafeed ingredients, particularly plant meals such as soybean, rapeseed, cottonseed, and lupin (Hu et al., 2008; Subramaniyam & Vimala, 2012; Siddik et al., 2024).
	In SSF, microbes such as Aspergillus oryzae, Rhizopus spp., and Bacillus spp. secrete extracellular enzymes including proteases, cellulases, and phytases that degrade ANFs, fiber, and complex proteins (Hu et al., 2008; Mukherjee et al., 2016). For example, fermented soybean meal produced by SSF exhibits reduced levels of trypsin inhibitors, phytic acid, and oligosaccharides, resulting in improved amino acid digestibility and palatability (Refstie et al., 2005).
	SSF also enhances protein solubility and generates small peptides that improve feed utilization efficiency (Mukherjee et al., 2016). Additionally, the low-cost and energy efficiency of SSF make it highly attractive for large-scale aquafeed production (Subramaniyam & Vimala, 2012; Dawood & Koshio, 2019). However, challenges include heterogeneous microbial growth, difficulties in controlling moisture content, and limited oxygen diffusion, which may reduce consistency at industrial scales (Jakobsen et al., 2015; Siddik et al., 2024).
3.2. Submerged Fermentation (SmF)
	In contrast to SSF, submerged fermentation operates in a liquid medium with controlled aeration and agitation. SmF is particularly effective for producing probiotics, bioactive metabolites, and microbial biomass such as yeasts and single-cell proteins (Shim et al., 2010; Dawood & Koshio, 2019).
	Microbial species used in SmF include Lactobacillus, Enterococcus, Saccharomyces cerevisiae, and Aspergillus spp., which thrive in liquid environments and generate large quantities of enzymes and organic acids (Subramaniyam & Vimala, 2012; Mukherjee et al., 2016). SmF facilitates uniform microbial growth and precise control over pH, dissolved oxygen, and nutrient availability (Shim et al., 2010).
	SmF has been applied to improve digestibility of rapeseed meal, soybean meal, and fish silage by increasing amino acid content and reducing fiber and ANFs (Jakobsen et al., 2015; Dai et al., 2020). Additionally, SmF enables production of microbial supplements such as probiotics, which improve intestinal health, immunity, and feed efficiency in fish and shrimp (Dawood & Koshio, 2019). However, SmF requires higher operational costs, energy input, and infrastructure compared to SSF, which limits its widespread adoption in developing aquaculture systems (Dai et al., 2020).
3.3. Gas Fermentation
	Gas fermentation is a relatively novel method in aquafeed development. It involves the microbial utilization of gases such as carbon dioxide, methane, or hydrogen as carbon and energy sources to produce single-cell proteins (SCPs) and other biomass suitable for feed (Siddik et al., 2024).
	Microorganisms such as hydrogenotrophic and methanotrophic bacteria are employed to convert gaseous substrates into microbial protein, offering a sustainable solution that bypasses reliance on conventional feedstocks (Siddik et al., 2024). Gas fermentation is highly efficient in terms of biomass yield per unit of substrate and is aligned with circular bioeconomy principles by recycling greenhouse gases into valuable feed ingredients.
	Although promising, gas fermentation remains in its early stages of application in aquafeeds. Challenges include the requirement for specialized reactors, gas handling systems, and economic feasibility studies to evaluate large-scale adoption (Siddik et al., 2024).
3.4. Ensiling and Fermented Liquid Feeds
	Ensiling is another widely used fermentation method for preserving and improving feed ingredients, especially moist or perishable substrates such as fish offal, slaughterhouse waste, and silkworm pupae (Dai et al., 2020). Ensiling typically involves LAB inoculation or natural microbial activity under anaerobic conditions, producing lactic acid that lowers pH and stabilizes the material.
	Fermented liquid feeds are also gaining attention for their ability to improve palatability, reduce microbial spoilage, and support gut microbiota modulation (Londero et al., 2014; Dai et al., 2020). These feeds contain lactic acid, bacteriocins, and organic acids that act as natural preservatives while enhancing immune responses in aquatic species.
	For example, lactic acid fermentation of soybean flakes has been shown to improve growth and nutrient utilization in Atlantic salmon (Salmo salar) by increasing protein solubility and reducing ANFs (Refstie et al., 2005). Similar benefits have been reported for rainbow trout (Oncorhynchus mykiss) fed fermented soybean meal. Such outcomes highlight the functional benefits of fermented liquid feeds beyond preservation.
	Nonetheless, ensiling may cause nutrient leaching and variable fermentation outcomes depending on the microbial community, substrate composition, and storage conditions (Jakobsen et al., 2015; Dai et al., 2020). Thus, optimizing ensiling protocols is crucial for consistent aquafeed quality.
3.5. Comparative Evaluation of Techniques
	Each fermentation technique offers unique benefits and limitations. SSF is cost-effective and suitable for plant proteins but is harder to control on an industrial scale. SmF offers greater control and uniformity but requires high capital and operational inputs. Gas fermentation presents innovative opportunities for producing SCPs from greenhouse gases, though it is not yet commercially established. Ensiling and liquid fermentation are practical for waste valorization and preservation but may introduce variability in nutrient outcomes.
	Thus, the choice of fermentation technique depends on feed ingredient type, targeted nutritional improvements, available infrastructure, and economic considerations. In practice, integrated approaches combining different fermentation strategies may maximize benefits for aquafeed production (Siddik et al., 2024; Dawood & Koshio, 2019; Dai et al., 2020).
	Fermentation techniques differ in microbial strains, substrate requirements, and their impact on nutrient quality. While solid-state fermentation (SSF) is widely used for plant meals due to its low cost, submerged fermentation (SmF) provides better microbial control but requires higher energy input. Ensiling and liquid fermentation are particularly effective for animal by-products, such as fish offal and silkworm pupae, as they enhance preservation and safety. To provide a clearer comparison of the major techniques, their substrates, advantages, and limitations are summarized in Table 1.
Table 1. Comparison of Fermentation Techniques in Aquafeed Production
	Technique
	Substrates Used
	Microorganisms
	Key Benefits
	Limitations

	Solid-State Fermentation (SSF)
	Soybean meal, rapeseed meal, cottonseed meal
	Aspergillus oryzae, Rhizopus spp., Bacillus subtilis
	Reduces ANFs, improves protein solubility, cost-effective
	Difficult moisture and oxygen control

	Submerged Fermentation (SmF)
	Soy protein, fish silage, probiotics
	Lactobacillus spp., Saccharomyces cerevisiae
	Produces probiotics, uniform microbial growth
	High operational cost

	Gas Fermentation
	CO₂, methane, H₂
	Hydrogenotrophic and methanotrophic bacteria
	Produces single-cell protein, circular bioeconomy use
	Requires specialized reactors

	Ensiling / Liquid Fermentation
	Fish offal, silkworm pupae, slaughter waste
	Lactic acid bacteria (LAB)
	Preserves waste, pathogen suppression, shelf-life extension
	Risk of nutrient leaching, variable outcomes



4. MICROBIAL ECOLOGY, SAFETY AND NUTRIENT EFFECTS OF FERMENTATION
	Fermentation is a biological process that not only modifies the nutritional composition of feed ingredients but also influences microbial ecology and feed safety. Together, these effects determine the value of fermentation as a tool in aquafeed production. This section reviews both the ecological and safety aspects of fermentation, as well as its impact on key nutrient groups, highlighting the dual role of fermentation in improving feed quality and ensuring biosecurity.
4.1 Microbial Ecology and Safety Aspects
	The microbial ecology of fermentation is a critical determinant of both the nutritional outcomes and the safety of aquafeeds. Beneficial microorganisms such as lactic acid bacteria (LAB), yeasts, and fungi dominate the process, producing organic acids, antimicrobial peptides, and enzymes that enhance feed quality (Subramaniyam & Vimala, 2012; Mukherjee  et al., 2016; Siddik et al., 2024). However, fermentation must be carefully managed to avoid the growth of undesirable or pathogenic organisms.
4.1.1 Dominant Microbial Communities
	LAB are the most widely used microbial group in feed fermentation. By producing lactic acid, they rapidly reduce pH, creating an acidic environment that preserves substrates and inhibits pathogens such as Escherichia coli and Salmonella spp. (Refstie et al., 2005; Londero et al., 2014). LAB also produce bacteriocins and hydrogen peroxide, further enhancing pathogen suppression (Siddik et al., 2024). Yeasts such as Saccharomyces cerevisiae enrich feed by synthesizing vitamins, peptides, and immunostimulatory compounds (Mukherjee et al., 2016). Fungal strains including Aspergillus oryzae and Rhizopus spp. produce extracellular enzymes that degrade fibre and anti-nutritional factors (Hu et al., 2008).
4.1.2 Pathogen Suppression and Feed Safety
	Fermentation naturally suppresses pathogenic bacteria. Londero et al. (2014) demonstrated that whey fermented with LAB reduced Salmonella counts, while Refstie et al. (2005) observed decreased microbial spoilage in lactic acid–fermented soybean flakes. This antimicrobial environment reduces dependence on chemical preservatives and antibiotics, extending feed shelf life and supporting antibiotic-free aquaculture.
4.1.3 Mycotoxins and Contaminant Reduction
	Fermentation can also detoxify contaminated ingredients. Mukherjee et al. (2016) showed that microbial fermentation degraded or bound aflatoxins in soybean meal. Organic acids produced during fermentation may also neutralize pesticide residues and suppress molds. However, if conditions are poorly controlled, toxin-producing fungi may dominate (Jakobsen et al., 2015).
4.1.4 Variability and Risk Management
	Variability in microbial activity is a challenge. Jakobsen et al. (2015) found inconsistent gas production and microbial activity during soybean and rapeseed fermentation. Controlled fermentation using starter cultures such as Lactobacillus plantarum and Bacillus subtilis offers greater predictability and safety (Dai et al., 2020; Siddik et al., 2024). Regular monitoring of pH, temperature, and moisture is also essential.
4.1.5 Implications for Aquaculture
	Fermentation provides dual benefits of improved nutrient quality and enhanced biosecurity. By suppressing pathogens, reducing toxins, and stabilizing substrates, fermentation strengthens feed safety. Beneficial microbes may also persist in the gut of fish, acting as probiotics to modulate microbiota and enhance immunity (Hussain et al., 2024). This makes fermentation a valuable tool for sustainable and safe aquaculture.
4.2 Effects on Nutrient Composition of Feed Ingredients
	Alongside microbial and safety functions, fermentation alters the nutrient composition of aquafeed ingredients, enhancing digestibility and bioavailability. The effects of fermentation on major nutrient groups are summarized in Table 2, followed by detailed discussions in subsequent subsections and the transformations of major nutrient groups during fermentation are illustrated in Figure 2.
Table 2. Effects of Fermentation on Nutrient Composition of Aquafeed Ingredients
	Nutrient Group
	Effect of Fermentation
	References

	Proteins & Amino Acids
	Hydrolysis into peptides, improved digestibility, reduced anti-nutritional proteins
	Hong et al., 2004; Wang et al., 2022

	Lipids & Fatty Acids
	Enhanced lipid metabolism, balanced fatty acid profile, reduced hepatic fat
	Wang et al., 2022

	Crude Fibre
	Reduction in cellulose, hemicellulose, and lignin; improved digestibility
	Toko et al., 2008; Jannathulla et al., 2018

	Minerals
	Phytase activity improves phosphorus, calcium, and zinc availability
	Greiner & Konietzny, 2006; 
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4.2.1 Protein and Amino Acids
	Fermentation enhances protein quality through microbial proteases and peptidases, which hydrolyze proteins into peptides and amino acids. Solid-state fermentation of soybean meal with Bacillus subtilis improved amino acid balance in fish diets (Hong et al., 2004; Wang et al., 2022). Rapeseed meal fermented with Aspergillus oryzae and Saccharomyces cerevisiae showed increased crude protein and reduced antinutritional proteins (Dossou et al., 2018a; Drew et al., 2007). Fermentation of poultry by-product meal and fish offal also improved amino acid availability, supporting fish growth (Samaddar et al., 2015; Siddik et al., 2024).
4.2.2 Lipids and Fatty Acids
	Microbial fermentation modifies lipid metabolism by activating microbial lipases. Diets containing B. subtilis-fermented soybean meal improved hepatic lipid metabolism and fatty acid profiles in zebrafish (Wang et al., 2022). Similar benefits were observed in rainbow trout fed fermented soybean meal, where lipid utilization was improved and hepatic fat accumulation reduced.
4.2.3 Crude Fibre
	Fermentation reduces indigestible fibre fractions such as cellulose and hemicellulose, improving overall digestibility. Studies in red sea bream and tilapia showed that fermented soybean and rapeseed meals lowered crude fibre levels, enhancing nutrient efficiency (Toko et al., 2008; Jannathulla et al., 2018). This is attributed to cellulase-producing microbes that break down insoluble fibres into soluble carbohydrates (Jakobsen et al., 2015).
4.2.4 Minerals
	Fermentation enhances mineral availability by breaking down phytate, which binds phosphorus, calcium, and zinc. Phytases from Lactobacillus plantarum and Aspergillus nigerhydrolyzephytate, improving mineral absorption (Greiner & Konietzny, 2006; Liang et al., 2008). Fermented soybean meal improved phosphorus availability in olive flounder, while fermentation of rapeseed and cottonseed meals enhanced mineral retention in black sea bream and crucian carp (Sun et al., 2015; Zhang et al., 2017).
5. APPLICATIONS OF FERMENTED INGREDIENTS IN AQUAFEED
	The application of fermentation in aquafeeds has grown rapidly as aquaculture industries seek sustainable alternatives to fishmeal. Diverse substrates—including plant proteins, animal by-products, and agro-industrial residues—have been successfully fermented, demonstrating improvements in nutrient digestibility, functional properties, and animal health (Hong et al., 2004; Lim & Lee, 2011; Jannathulla et al., 2018).
5.1. Fermented Soybean Meal (SBM)
	Soybean meal remains the most extensively studied substrate. Fermentation not only reduces anti-nutritional factors (ANFs) such as trypsin inhibitors and phytates but also enhances protein solubility and amino acid release (Amadou et al., 2010a, 2010b). Fermented SBM has shown superior performance in juvenile turbot (Scophthalmus maximus) and rainbow trout diets, where it partially replaced fishmeal without compromising growth (Wang et al., 2022). Moreover, Azarm and Lee (2014) reported improved amino acid profiles and biochemical parameters in black sea bream fed diets containing fermented SBM, while Ding et al. (2015) demonstrated enhanced immunity and pathogen resistance in prawn (Macrobrachium nipponense) through SBM fermentation.
5.2. Fermented Rapeseed and Cottonseed Meals
	Rapeseed meal (RSM) and cottonseed meal (CSM) are promising but limited by glucosinolates and gossypol. Fermentation significantly reduces these ANFs while improving protein digestibility and antioxidant capacity (Qu et al., 2025; Zhang et al., 2017). In red sea bream, diets with fermented RSM improved immune responses and oxidative stability compared to non-fermented controls (Dossou et al., 2018a, 2018b, 2018c). Similarly, fermented CSM replaced up to 50% of fishmeal in shrimp diets without adverse effects on growth or health (Sun et al., 2016). Lim and Lee (2011) further confirmed detoxification of gossypol and improved phosphorus availability in tilapia and flounder through microbial fermentation of CSM.
5.3. Fermented Animal By-products
	Animal-derived by-products, including fish offal, poultry waste, and blood meal, are valuable but prone to contamination and spoilage. Fermentation stabilizes these substrates, reduces pathogens, and enhances amino acid profiles (Mondal et al., 2011; Samaddar et al., 2015). For example, fermented slaughterhouse blood and fish offal replaced over 20% of fishmeal in Labeo rohita diets without growth reduction (Samaddar et al., 2015). Poultry feather meal, hydrolyzed and fermented with Bacillus cereus, effectively substituted fishmeal in Catlacatla diets (Mondal, 2011). Furthermore, fermented tuna hydrolysate in poultry by-product meal improved growth, gut morphology, and immunity in barramundi (Lates calcarifer) (Siddik et al., 2019).
5.4. Fermented Agro-industrial Residues
	Agro-industrial wastes such as duckweed, guar meal, mushroom bran, and sunflower oil cake have also been fermented into nutrient-rich aquafeed ingredients. del Carmen Flores-Miranda et al. (2015) reported improved growth and gene expression in shrimp fed fermented duckweed. Jannathulla et al. (2018, 2019) demonstrated that fermentation of guar meal and sunflower oil cake enhanced amino acid content, reduced fiber fractions, and improved growth in Penaeus vannamei. Zhang et al. (2017) found that fermented mushroom bran hydrolysate enhanced digestive enzyme activity and antioxidant responses in crucian carp.
5.5. Functional Benefits of Fermented Feeds
	In addition to nutritional value, fermented ingredients contribute functional benefits such as pathogen suppression, immune enhancement, and antioxidant support. Fermented rapeseed meal improved disease resistance in red sea bream (Dossou et al., 2018b), while fermented soybean and cottonseed meals enhanced non-specific immunity in tilapia and shrimp (Lin & Mui, 2017). The presence of bioactive metabolites—including peptides, organic acids, and bacteriocins—also contributes to gut health and resilience against stressors.
5.6. Comparative Applications Across Species
	Fermented ingredients have been applied across diverse aquaculture species. In salmonids, fermented SBM replaced a large proportion of fishmeal with positive results (Wang et al., 2022). In carps and tilapia, fermented agro-residues improved protein utilization and immune performance (Kaviraj et al., 2013; Toko et al., 2008). Shrimp demonstrated enhanced growth, gut microbiota balance, and pathogen resistance when fed diets including fermented plant and animal proteins (Jannathulla et al., 2018; del Carmen Flores-Miranda et al., 2015). Collectively, these findings highlight fermentation as a versatile tool for sustainable aquafeed innovation.
6. CHALLENGES AND LIMITATIONS
	Despite its many benefits, fermentation in aquafeed production faces several challenges, including variability in outcomes, nutrient losses, scalability, cost, and the need for strict standardization and safety control (Jakobsen et al., 2015; Dai et al., 2020; Siddik et al., 2024). Results vary with substrate composition, microbial strain, and conditions; Jakobsen et al. (2015) observed inconsistent microbial activity in soybean and rapeseed meal fermentations, leading to unpredictable nutritional outcomes. Poorly managed processes may also cause nutrient losses, as excessive microbial activity can consume amino acids or lipids, reducing feed quality (Dai et al., 2020).
	Scaling up from laboratory to industrial levels remains difficult, with challenges in maintaining pH, temperature, and moisture. The lack of standardized protocols leads to inconsistent nutrient profiles, limiting commercial confidence (Siddik et al., 2024). Cost is another barrier: submerged fermentation requires sophisticated equipment and energy inputs, while solid-state fermentation, though cheaper, still demands controlled conditions (Dai et al., 2020).
	Safety risks also arise when fermentation is poorly managed, allowing undesirable or toxin-producing microbes to proliferate. While fermentation can detoxify mycotoxins, uncontrolled conditions may increase them (Mukherjee et al., 2016). Thus, reliable starter cultures and strict monitoring are essential.
	Industry adoption remains limited, as manufacturers are cautious about shifting from established fishmeal-based formulations, and regulatory frameworks for fermented feeds are underdeveloped in many regions (Siddik et al., 2024). In summary, although fermentation offers clear nutritional and sustainability benefits, challenges of variability, cost, and standardization must be addressed through improved bioprocess engineering, economic evaluation, and stronger regulatory support.
7. FUTURE PERSPECTIVES
	Fermentation has established itself as a key tool for enhancing the nutritional quality, safety, and sustainability of aquafeeds. Looking ahead, its role is expected to expand through advances in biotechnology, integration with circular economy practices, and broader industrial adoption.
	One promising direction is precision fermentation, where carefully selected microbial strains such as Bacillus subtilis and Lactobacillus plantarum are optimized to perform specific functions—degrading anti-nutritional factors, improving amino acid balance, or producing antimicrobial compounds and bioactive peptides. Such targeted approaches could enable the design of feeds tailored to the nutritional and health needs of particular species.
	Fermentation also fits well within the framework of a circular bioeconomy, converting agricultural residues, food processing by-products, and wastes such as silkworm pupae or poultry offal into high-value feed ingredients. This reduces dependency on imported fishmeal and soybean meal while contributing to environmental sustainability through waste recycling and reduced nutrient pollution.
	In addition, future applications are likely to emphasize functional and synbiotic feeds. Fermented ingredients already provide organic acids, bacteriocins, and peptides that enhance gut health and immunity. Building on this, combining probiotics and prebiotics in fermentation could produce feeds that reduce reliance on antibiotics and improve biosecurity in aquaculture systems.
	However, successful large-scale application requires greater process standardization and economic validation. Current inconsistencies in fermentation outcomes remain a barrier to industry confidence. Developing robust protocols for moisture, pH, inoculation, and storage, along with life-cycle and cost-benefit assessments, will be crucial to ensuring consistency and demonstrating economic viability.
	Overall, fermentation has the potential to reshape aquafeed production, making it more sustainable, resilient, and nutritionally efficient. With continued progress in microbial biotechnology and collaboration between researchers and industry, fermentation could become a cornerstone of next-generation aquafeeds, supporting both the productivity and sustainability of global aquaculture.
8. CONCLUSION
	Fermentation has emerged as a transformative strategy in aquafeed production, bridging the gap between nutritional improvement, environmental sustainability, and economic feasibility. Through microbial action, fermentation enhances protein digestibility, improves amino acid balance, reduces anti-nutritional factors, and increases mineral bioavailability. Beyond its nutritional benefits, it provides functional advantages by enriching feeds with bioactive compounds that promote gut health, strengthen immunity, and improve resilience against disease.
	Applications across a range of substrates—such as soybean meal, rapeseed meal, cottonseed meal, animal by-products, and agro-industrial residues—demonstrate the versatility of fermentation as a tool for aquafeed innovation. These applications not only improve feed efficiency and animal performance but also align with the principles of the circular bioeconomy by converting waste streams into valuable resources.
	At the microbial level, fermentation contributes to both feed quality and safety, as beneficial bacteria and fungi produce organic acids and antimicrobial substances that suppress pathogens and enhance preservation. These dual benefits of nutrition and safety make fermentation uniquely positioned to reduce dependency on antibiotics and synthetic additives in aquaculture.
	However, challenges remain. Variability in outcomes, risks of nutrient loss, safety concerns under uncontrolled conditions, and the costs associated with scaling up fermentation continue to hinder widespread adoption. Overcoming these barriers will require advances in process standardization, microbial biotechnology, and economic validation.
	Looking ahead, fermentation holds immense potential to shape the next generation of aquafeeds. Precision fermentation, integration with probiotics, and expansion into diverse local feedstocks offer pathways to tailor feeds to specific species and production systems. As aquaculture continues to expand globally, fermentation can serve as a cornerstone for sustainable growth, ensuring not only productivity but also environmental and food security benefits.
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