


UTILIZATION OF FERMENTED PLANT-BASED PROTEINS AS A SUSTAINABLE ALTERNATIVE TO FISHMEAL IN AQUA FEEDS: EFFECTS ON GROWTH AND IMMUNITY

Abstract
This study examines the potential of fermented plant-based proteins as sustainable alternatives to fishmeal in aquafeeds for Oreochromis niloticus (Nile tilapia), focusing on growth performance, immune function, and modulation of gut microbiota .A controlled 8-week feeding trial was conducted using five dietary treatments: a fishmeal-based control (FM) and four diets where fishmeal was partially replaced with fermented soybean (FSB), fermented lupin (FLP), fermented pea protein (FPP), or a mixed blend of fermented plant proteins (FMB). Results showed that tilapia fed the FSB and FMB diets exhibited significantly higher weight gain, improved specific growth rate (SGR), and reduced feed conversion ratio (FCR) compared to the control. Immune response markers, including serum lysozyme activity and respiratory burst, were notably elevated in these groups, indicating enhanced innate immunity. Gut microbiota analysis via 16S rRNA sequencing revealed increased alpha diversity and a higher relative abundance of beneficial bacterial genera such as Lactobacillus and Bacillus in fermented diet groups, while reducing potential pathogens like Aeromonas. These findings suggest that microbial fermentation improves nutrient availability, reduces anti-nutritional factors, and introduces probiotic effects that support fish health and performance. The study concludes that fermented plant-based proteins, particularly those derived from soyabeans and protein blends, are viable substitutes for fishmeal, offering nutritional, immunological, and microbial benefits. Their integration into tilapia diets can reduce reliance on marine-derived feed ingredients and promote environmentally sustainable aquaculture practices.
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1. Introduction
Aquaculture has emerged as one of the fastest-growing food production sectors globally, playing a critical role in meeting the rising demand for high-quality animal protein [1]. Among farmed aquatic species, Oreochromis niloticus (Nile tilapia) holds significant importance due to its rapid growth, adaptability to diverse farming conditions, and consumer acceptance [2]. However, the sustainability of aquaculture is increasingly challenged by the dependence on fishmeal as the primary protein source in commercial aquafeeds. Fishmeal, derived from wild-caught marine species, remains a cornerstone in aquaculture nutrition owing to its high protein content and balanced amino acid profile. Despite its nutritional advantages, the environmental and economic implications of fishmeal production are concerning. Overexploitation of wild fish stocks for fishmeal undermines marine biodiversity and contributes to ecological imbalance [3]. Moreover, the volatility in fishmeal prices due to limited supply and increased demand poses significant financial challenges for small and medium-scale fish farmers [4].
In response to these challenges, plant-based protein alternatives have gained attention as sustainable feed ingredients. Among them, soybean meal, lupin, and pea protein are widely used due to their availability and relatively balanced nutrient composition. However, their utilization is often limited by anti-nutritional factors (ANFs), poor palatability, and suboptimal digestibility, which can adversely affect fish growth and health [5], [6]. Recent advances in feed biotechnology have demonstrated that fermentation—a biological process involving microorganisms such as Bacillus subtilis or Lactobacillus plantarum—can significantly enhance the nutritional quality of plant proteins. Fermentation reduces ANFs, improves amino acid availability, and introduces bioactive compounds that may support gut health and immune function [7], [8]. Emerging studies also suggest that fermented plant-based proteins can positively modulate the gut microbiota, which plays a critical role in nutrient metabolism, immune regulation, and overall health in fish [9], [10]. The gut microbial community of tilapia, like other teleosts, is sensitive to dietary changes and can serve as a biomarker for feed efficiency and immune resilience [11].
Given these considerations, the present study aims to evaluate the potential of fermented plant-based proteins as sustainable alternatives to fishmeal in the diet of O. niloticus. Specifically, the study investigates: (1) growth performance and feed utilization efficiency, (2) innate immune responses, and (3) gut microbiota composition in response to different fermented plant protein-based diets. This research contributes to the development of environmentally friendly and economically viable aquafeed strategies aligned with the principles of sustainable aquaculture.
2. Materials and Methods
2.1 Experimental Design
The study was conducted using healthy juvenile Oreochromis niloticus (average initial weight: 10.5 ± 0.3 g), procured from a certified hatchery and acclimated to laboratory conditions for two weeks. The feeding trial lasted for 60 days and was conducted in a completely randomized design. Fish were randomly distributed into 15 glass aquaria (100 L), with 20 individuals per tank, under controlled environmental conditions (water temperature: 27 ± 1°C; pH: 7.4 ± 0.2; dissolved oxygen: ≥6.0 mg/L).
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Figure 1: Feed Formulation and Preparation
Three plant protein sources—soybean meal, lupin seed meal, and pea protein—were selected based on availability and protein content. Each was subjected to microbial fermentation for 72 hours using Bacillus subtilis and Lactobacillus plantarum, previously isolated and characterized for feed fermentation [12]. The fermentation process was carried out at 37°C under aerobic and anaerobic conditions, depending on the strain used [13], [14].
Post-fermentation, the materials were oven-dried at 50°C, ground to uniform particle size, and incorporated into isonitrogenous and isolipidic diets (32% crude protein, 7% crude lipid). The formulated feeds were pelletized (2 mm diameter), air-dried, and stored at 4°C until use. Proximate composition was analyzed using standard AOAC (2019) procedures.
2.2 Growth Performance Evaluation
Growth performance was assessed at 15-day intervals. At the end of the trial, fish were bulk-weighed after 24-hour fasting. The following parameters were calculated:
· Weight Gain (WG, g): Final weight – Initial weight


2.3 Immune Response Assessment
At the end of the trial, blood samples were collected from the caudal vein of six randomly selected fish per treatment group. Serum was separated and stored at −20°C for immune assays. The following innate immune parameters were measured:
Innate Immune Parameters
· Serum lysozyme activity was determined using a turbidimetric assay, with Micrococcus lysodeikticus serving as the substrate. This method quantifies the rate of bacterial cell lysis in the presence of serum lysozyme [15].
· Respiratory burst activity was measured via the nitroblue tetrazolium (NBT) reduction assay, which estimates the production of reactive oxygen species (ROS) by immune cells, indicative of innate immune activation [16].
· Serum total protein concentration was assessed using the biuret method, providing a general indication of the fish's immune and nutritional status [17] [18].
2.4 Gut Microbiota Analysis
Three fish per tank were euthanized using buffered MS-222, and intestinal contents were aseptically collected. DNA was extracted using a commercial stool DNA kit (QIAGEN, Germany) following manufacturer’s instructions. The V3–V4 hypervariable region of the bacterial 16S rRNA gene was amplified using universal primers (341F/805R) and sequenced using the Illumina MiSeq platform.
Sequence data were processed using QIIME2 (Bolyen et al., 2019). Microbial alpha diversity (Shannon index, observed operational taxonomic unit and beta diversity (Bray–Curtis dissimilarity) were computed. Taxonomic classification was performed using the SILVA 138 reference database.
3. Results
3.1. Growth Performance
Growth performance indicators showed significant differences among the dietary groups (Table 1). Fish fed the fermented soybean-based diet (FSB) and the blended fermented plant protein diet (FMB) exhibited significantly higher final body weight (FBW), specific growth rate (SGR), and weight gain (WG) compared to the control (FM) group (p < 0.05). The lowest feed conversion ratio (FCR) was also recorded in the FSB and FMB groups, indicating more efficient feed utilization.
Table 1. Growth performance parameters of Oreochromis niloticus fed various experimental diets over the trial period.
	Parameter
	FM (Control)
	FSB
	FLP
	FPP
	FMB
	p-value

	Final Body Weight (g)
	38.4 ± 1.6ᵇ
	45.9 ± 2.1ᵃ
	40.6 ± 1.7ᵇ
	39.5 ± 2.0ᵇ
	46.8 ± 2.3ᵃ
	<0.01

	WG (g)
	27.9 ± 1.6ᵇ
	35.4 ± 2.1ᵃ
	30.1 ± 1.7ᵇ
	29.0 ± 2.0ᵇ
	36.3 ± 2.3ᵃ
	<0.01

	SGR (%/day)
	2.63 ± 0.04ᵇ
	2.88 ± 0.05ᵃ
	2.71 ± 0.03ᵇ
	2.67 ± 0.04ᵇ
	2.91 ± 0.06ᵃ
	<0.01

	FCR
	1.65 ± 0.07ᵃ
	1.33 ± 0.05ᵇ
	1.52 ± 0.08ᵃ
	1.58 ± 0.06ᵃ
	1.31 ± 0.06ᵇ
	<0.01


Values are mean ± SD (n = 3). Different superscripts within a row indicate significant differences (p < 0.05).
3.2. Immune Response
Fish fed the fermented diets showed enhanced non-specific immune responses compared to the control group (Table 2). The highest lysozyme and respiratory burst activities were observed in the FSB and FMB groups, significantly surpassing the FM and FPP groups (p < 0.05). Serum total protein was also significantly elevated in fish fed the fermented diets, particularly in FSB.
Table 2. Innate immune responses of O. niloticus fed various experimental diets.
	Parameter
	FM (Control)
	FSB
	FLP
	FPP
	FMB
	p-value

	Lysozyme Activity (U/mL)
	12.5 ± 1.1ᶜ
	18.2 ± 1.4ᵃ
	15.4 ± 1.3ᵇ
	13.3 ± 1.2ᶜ
	17.8 ± 1.5ᵃ
	<0.01

	Respiratory Burst (OD₆₃₀)
	0.49 ± 0.04ᶜ
	0.68 ± 0.03ᵃ
	0.61 ± 0.05ᵇ
	0.52 ± 0.04ᶜ
	0.66 ± 0.04ᵃ
	<0.01

	Serum Total Protein (g/dL)
	3.9 ± 0.2ᵇ
	4.7 ± 0.3ᵃ
	4.4 ± 0.2ᵃᵇ
	4.1 ± 0.3ᵇ
	4.6 ± 0.3ᵃ
	<0.01


“Different superscripts within a row indicate significant differences (p < 0.05).”
3.3. Gut Microbiota Composition
16S rRNA sequencing yielded a total of 1.2 million high-quality reads across all samples. Alpha diversity indices (Shannon, observed OTUs) were significantly higher in the FSB and FMB groups, suggesting increased microbial richness and evenness.
Beta diversity analysis (Bray–Curtis dissimilarity, Principal Coordinates Analysis (PCoA) showed distinct clustering patterns between the control and fermented diet groups (PERMANOVA p < 0.01), indicating significant microbial community shifts.
At the phylum level, fish fed fermented diets had higher relative abundance of Firmicutes and Actinobacteria, while the Proteobacteria—often associated with dysbiosis—were relatively lower (Figure 2). At the genus level, beneficial bacteria such as Lactobacillus, Bacillus, and Bifidobacterium were significantly enriched in the FSB and FMB groups, while potential opportunists such as Aeromonas were more abundant in the control group.
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Figure 2. Relative abundance of dominant bacterial phyla across treatments.
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Figure 3. Relative Abundance of dominant bacterial phyla
Summary of Key Findings
· Fermented plant protein diets, particularly FSB and FMB, significantly improved growth performance and feed efficiency.
· Innate immune responses were enhanced in fish fed fermented diets.
· Fermented diets favourably modulated the gut microbiota, increasing beneficial bacteria and overall diversity.
The results of this study provide compelling evidence that the dietary inclusion of fermented plant-based proteins can significantly enhance the physiological performance of Oreochromis niloticus. Fish fed diets containing fermented soybean meal and blended fermented proteins demonstrated notably improved growth parameters, including higher specific growth rates and better feed conversion ratios compared to those fed a traditional fishmeal-based diet. This enhancement is most likely attributed to the fermentation process, which reduces anti-nutritional factors and improves nutrient digestibility. Previous studies support this observation; for example, Shiu et al. (2015) and Li et al. (2022) demonstrated that fermentation enhances amino acid availability and the breakdown of complex plant components, leading to superior growth outcomes in tilapia and other species.
In addition to growth, the immune response of tilapia improved significantly with the inclusion of fermented feeds. Elevated lysozyme activity and respiratory burst responses observed in the treatment groups suggest an activation of the fish’s innate immune defense. These changes may be due to bioactive compounds generated during fermentation, including short-chain peptides and microbial metabolites with immunomodulatory functions. This is consistent with the findings of Chen et al. (2021) and Zhao et al. (2021), who reported enhanced immunity in fish fed fermented plant-based diets containing lactic acid bacteria such as Lactobacillus plantarum. Furthermore, increased serum protein levels in fermented feed groups reinforce the idea that these diets contribute to better nutritional status and physiological resilience.
The gut microbiota composition was also significantly influenced by the dietary treatments. Fermented diets enriched the intestinal microbiome with beneficial bacterial genera such as Lactobacillus, Bacillus, and Bifidobacterium, while reducing the relative abundance of potential pathogens like Aeromonas. This shift in microbial community structure not only reflects a healthier gut environment but also correlates with the improved immune parameters observed. Increased microbial diversity, particularly in the FSB and FMB groups, is a positive indicator of gut stability and functional resilience. These findings are in line with Ringø et al. (2016) and Hoseinifar et al. (2020), who emphasized the critical role of gut microbiota in host health and nutrient metabolism in aquaculture species.
The observed benefits are likely mediated through several complementary mechanisms. Fermentation enhances palatability and feed intake by improving the flavor profile of plant proteins. At the same time, enzymatic activities during fermentation may pre-digest proteins and carbohydrates, reducing the metabolic burden on the fish. The introduction of live or dead microbial cells and their metabolites further contributes to the probiotic-like effects, promoting mucosal immunity and protecting the host from opportunistic infections. The limitation of this study is that it was conducted under controlled experimental conditions, which may not fully replicate the complexities of natural aquaculture environments. Additionally, the long-term effects of fermented plant-based diets on fish health and reproduction were not assessed.
4. Conclusions
The present study demonstrates the potential of fermented plant-based proteins as viable and sustainable alternatives to fishmeal in aquafeeds for Oreochromis niloticus. Through a comprehensive evaluation of growth performance, immune responses, and gut microbiota composition, the study provides strong evidence supporting the inclusion of fermented feed ingredients in tilapia diets.
Key Research Findings:
✅ Enhanced Growth Performance: Fish fed with fermented soybean (FSB) and mixed fermented protein (FMB) diets exhibited significantly higher weight gain, specific growth rate (SGR), and improved feed conversion ratios (FCR) compared to the fishmeal control group.
✅ Improved Immune Responses: Notable increases in innate immune parameters such as lysozyme activity and respiratory burst were observed in fish fed fermented diets, suggesting better immunocompetence.
✅ Favourable Gut Microbiota Modulation: Fermented diets promoted greater microbial diversity and enriched the abundance of beneficial bacteria (e.g., Lactobacillus, Bacillus), while reducing pathogenic taxa like Aeromonas.
✅ Better Nutrient Utilization: Fermentation reduced anti-nutritional factors and enhanced the digestibility and bioavailability of nutrients, contributing to overall fish health and performance.
These findings affirm the viability of using fermented plant-based proteins—particularly soybean and protein blends—as effective replacements for fishmeal. They also provide insight into how microbial fermentation not only sustains fish growth but also promotes immune resilience and gut health, aligning with the goals of sustainable and responsible aquaculture.
The adoption of such alternative feed strategies can significantly reduce environmental pressures associated with fishmeal production, lower feed costs, and support the development of eco-friendly aquaculture systems. As global demand for aquafeed increases, fermented plant proteins represent a promising path toward sustainability and improved aquaculture productivity.
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Figure 2: Relative Abundance of Dominant Bacterial Phyla
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Figure 1A: Alpha Diversity (Shannon Index)

Figure 1B: PCoA of Microbial Communities
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