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Abstract: Aquaculture has emerged as a primary source of global seafood production, with 

the nutritional quality of farmed seafood being significantly influenced by the composition of 

aquaculture feed. This review examines the impact of various feed ingredients—including 

fishmeal, plant-based formulations, and algae—on the nutritional profiles of farmed seafood, 

focusing particularly on key nutrients such as omega-3 fatty acids, protein quality, and essential 

vitamins. While fishmeal has traditionally served as a cornerstone in aquaculture feed due to 

its high-quality protein and omega-3 content, sustainability challenges have driven the 

adoption of alternative ingredients. Plant-based feeds, though widely available, may alter the 

nutritional composition of seafood by reducing omega-3 levels, while algae-based feeds offer 

a promising sustainable alternative capable of enriching seafood with essential fatty acids and 

bioactive compounds. Furthermore, the potential accumulation of contaminants such as heavy 

metals and persistent organic pollutants (POPs) in feed ingredients raises concerns about 

seafood safety and human health. This review underscores the need for optimizing feed 

formulations to balance nutritional quality, sustainability, and safety, thereby enhancing the 

health benefits of farmed seafood for consumers while addressing environmental concerns. 
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1. Introduction 

The aquaculture sector plays an increasingly vital role in meeting the global 

demand for seafood, which continues to rise due to population growth and the 

recognized health benefits of seafood consumption. Farmed seafood now accounts for 

more than half of the world’s seafood supply, a trend that underscores the importance 

of understanding factors influencing its nutritional quality [1,2]. Among these factors, 

the composition of aquaculture feed is pivotal in determining the nutrient profile of 

farmed species, including their omega-3 fatty acid content, protein quality, and 

essential micronutrients [3,4]. 

In 2009, aquaculture reached a significant milestone, with half of all fish and 

shellfish consumed by humans being farmed, surpassing the production of wild-caught 

fish. Despite this progress, the industry remains heavily dependent on fishmeal and 

fish oil, which account for 68% and 88% of global consumption, respectively [5]. To 

address sustainability concerns, there is ongoing research focused on replacing animal-

based proteins, primarily fishmeal, with alternatives such as terrestrial plants, rendered 

animal products, krill, seafood by-products, or protist-derived materials. The National 

Organic Standards Board (NOSB) has recommended a 12-year phase-out of fishmeal 

and fish oil in organically certified aquaculture, reflecting both ethical and economic 

considerations [6]. 
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Rising demand for fishmeal has significantly increased aquaculture feed costs. 

Moreover, using fishmeal to feed carnivorous species like salmon, rather than directly 

for human consumption, is increasingly seen as inefficient, given the resource 

limitations and feed conversion losses involved. 

When exploring plant-based alternatives to animal-derived feeds, it is crucial to 

meet the essential amino acid (EAA) requirements of the fish while controlling 

carbohydrate levels, particularly simple sugars, to avoid glycemic issues [7]. 

Moreover, anti-nutrients that could hinder digestion or nutrient absorption must be 

minimized to ensure fish health [8]. The fish’s acceptance of the alternative diet is 

another important factor, as feed intake plays a critical role in optimizing growth. 

Furthermore, the economic viability of these alternative feeds must be considered for 

widespread adoption. 

 

Figure 1. Plant-based feed ingredients in aquaculture. 

While plant-based ingredients offer potential, they are not without challenges. 

Although plant-based ingredients contain low levels of essential amino acids and 

omega-3 fatty acids, along with anti-nutritional factors and reduced omega-3 content 

in farmed seafood, they are cost-effective, readily available, and environmentally 

sustainable (Figure 1). Issues such as hindgut inflammation, decreased appetite, and 

protease inhibition have been observed, particularly when plant proteins dominate the 

diet [9]. Reduced growth rates are also a concern when plant ingredients are used as 

the primary protein source [10,11]. Most studies on feed substitution have focused on 
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specific dietary components, such as balancing amino acids [12], isolating anti-

nutrients [13], or assessing fish health [14,15]. However, it is possible to formulate 

plant-based diets by combining complementary plant proteins, such as soy and maize, 

to meet the nutritional needs of fish [16,17]. 

Fishmeal and fish oil have traditionally been the primary components of 

aquaculture feeds, owing to their high protein content, digestibility, and abundance of 

long-chain omega-3 fatty acids such as eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) [18,19]. However, the limited supply of fishmeal and 

fish oil, coupled with environmental sustainability concerns, has prompted a shift 

toward alternative feed ingredients such as plant-based proteins, terrestrial animal by-

products, and algae. While these alternatives address the sustainability issue, they 

often result in nutritional trade-offs. For example, plant-based feeds are generally 

deficient in certain essential amino acids and omega-3 fatty acids, which can 

compromise the nutritional value of farmed seafood for human consumption [20-22]. 

Algae-based feeds have emerged as a promising alternative due to their high 

omega-3 fatty acid content and bioactive compounds, which can enhance the 

nutritional profile of seafood [23,24]. Furthermore, microalgae cultivation is 

considered environmentally sustainable, as it requires fewer resources and can be 

integrated into circular bioeconomy models [25,26]. Despite their potential, the high 

production costs and scalability challenges of algae-based feeds remain barriers to 

widespread adoption [27]. 

Another critical aspect of aquaculture feed is its potential to introduce 

contaminants, such as heavy metals, dioxins, and persistent organic pollutants (POPs), 

into the seafood supply chain [28]. These contaminants not only pose risks to human 

health but also raise questions about the safety and regulatory compliance of farmed 

seafood [29,30]. Consequently, there is a growing need for research into feed 

formulations that optimize the nutritional quality of seafood while minimizing safety 

risks and environmental impacts [22,31,32]. 

This review aims to provide a comprehensive analysis of how different 

aquaculture feed ingredients influence the nutritional quality of farmed seafood. 

Specifically, it examines the effects of feed components on omega-3 fatty acid levels, 

protein content, and the presence of contaminants, as well as the broader implications 

for human health. By synthesizing current knowledge and identifying research gaps, 

this review seeks to inform the development of sustainable and nutritionally optimized 

aquaculture feeds. 

2. Types of feed ingredients in aquaculture and their nutritional 

implications 

Aquaculture feeds serve as the foundation for the growth, health, and nutritional 

quality of farmed seafood. The choice of feed ingredients is critical, as it not only 

impacts the growth and yield of aquaculture species but also determines the nutrient 

profile of the final product for human consumption. Thus, examination of the primary 

types of feed ingredients used in aquaculture—fishmeal and fish oil, plant-based feeds, 

algae-based feeds, and emerging alternatives—and their implications for seafood 

nutrition needs to be explored. 
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2.1. Fishmeal and fish oil 

Fishmeal and fish oil are considered the gold standards in aquaculture feed due 

to their rich content of high-quality protein and essential long-chain omega-3 fatty 

acids, particularly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). 

These nutrients are crucial for the growth and immune function of aquaculture species, 

as well as for enhancing the health benefits of farmed seafood for human consumption 

[4,5]. Polyunsaturated fatty acids (PUFAs) are essential components in fish feed 

formulations, playing a vital role in the health, growth, and reproduction of aquatic 

species. PUFAs, particularly omega-3 fatty acids such as EPA and DHA, are crucial 

for maintaining cell membrane integrity, enhancing immune responses, and 

supporting optimal development in fish. They also improve the nutritional quality of 

aquaculture products, benefiting human consumers by providing heart-healthy omega-

3s. Traditionally sourced from fish oil, the inclusion of PUFAs in fish feed is now 

being diversified through alternative sources such as microalgae, plant oils, and 

genetically modified crops to ensure sustainability. These innovations aim to reduce 

the environmental impact of fish feed production while maintaining the high 

nutritional value essential for aquaculture success [33,34]. 

Fishmeal, derived from small pelagic fish species such as anchovies and sardines, 

is highly digestible and provides a balanced amino acid profile that closely matches 

the requirements of many aquaculture species. However, concerns about the 

overexploitation of wild fish stocks for fishmeal and fish oil production have led to 

the exploration of sustainable alternatives [26,35]. 

Although fishmeal and fish oil are nutritionally superior, their inclusion in feed 

can also introduce contaminants such as heavy metals, dioxins, and polychlorinated 

biphenyls (PCBs), which may bioaccumulate in farmed seafood [28,36]. These 

contaminants pose risks to human health and highlight the need for stringent quality 

control measures in feed production [30,37]. 

2.2. Hybrid feeds 

Hybrid (blended) feed ingredients, including soybean meal, corn seed, cotton 

seed, rapeseed, canola seeds, peanut seeds, guar plant, almond seed, black cumin seed, 

etc., have become widely used in aquaculture due to their availability, cost-

effectiveness, and sustainability [21,31]. While these ingredients provide an 

alternative to fishmeal, they often lack certain essential amino acids such as 

methionine and lysine, which are critical for the growth and health of aquaculture 

species [38,39]. 

The nutraceutical potential of specific agricultural wastes, such as grape seeds, 

legumes, and cereals, can be harnessed in combination with other components, 

including Lactic Acid Bacteria (LAB)-fermented whey and medicinal herbs, to 

develop plant-based feeds for aquaculture. These innovative feed formulations not 

only promote the health of aquatic species but also contribute to human well-being. 

Additionally, their implementation offers significant environmental benefits, supports 

local economies, and delivers value to consumers [40]. 

In addition, hybrid feeds are generally low in omega-3 fatty acids, which can 

result in a reduced omega-3 content in farmed seafood. To address this issue, 
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supplementation with omega-3-rich oils or marine algae is often necessary [9,41]. 

Moreover, the presence of anti-nutritional factors such as phytates, lectins, and 

protease inhibitors in hybrid feeds can impair nutrient absorption, leading to reduced 

feed efficiency, stunted growth, compromised immune responses, and overall 

diminished health in fish. These compounds interfere with the digestion and utilization 

of essential nutrients such as phosphorus, proteins, and amino acids, which are critical 

for optimal growth and physiological functions (Figure 2) [9,42]. 

 

Figure 2. Effects of microalgae-based feed use in aquaculture (Adopted from 

Nagarajan et al. [43]). 

2.3. Algae-based feeds 

Algae-based feeds have garnered significant attention as a sustainable alternative 

to conventional feed ingredients in aquaculture. Currently, aquaculture utilizes around 

40 different species of algae. Their nutritional profile, characterized by high levels of 

proteins, essential fatty acids, vitamins, and minerals, positions algae as a promising 

resource in aquafeeds. Depending on the species, algae may also serve as a source of 

bioactive compounds with potential health benefits for both farmed seafood and 

human consumers. 

The high protein content in algae, ranging between 30% and 70% of dry weight, 

is one of its most attractive attributes for aquafeeds. Microalgae such as Spirulina 

platensis, Chlorella vulgaris, and Nannochloropsis are notable for their complete 

amino acid profiles, which include essential amino acids like lysine, leucine, and 

methionine [25,44]. These amino acids are critical for optimal growth, immune 

response, and stress resistance in aquatic species [45]. 

Moreover, algae-based proteins can partially replace fishmeal, reducing 

dependency on overexploited fish stocks while maintaining comparable performance 

in aquaculture production systems [22,26]. The digestibility of algal proteins in 

aquafeeds has also been found to be high, which enhances feed efficiency [46]. 

Microalgae are one of the primary sources of omega-3 long-chain 

polyunsaturated fatty acids (LC-PUFAs), such as EPA and DHA. Algae such as 

Schizochytrium and Nannochloropsis produce significant quantities of these LC-
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PUFAs, which are essential for maintaining the health of farmed fish and enriching 

the nutritional quality of the final seafood product for human consumption [47]. 

Including algae in feed formulations has been shown to improve the fatty acid profile 

of aquaculture products, reducing the reliance on fish oil [26]. The inclusion of algae 

in aquafeeds enhances the fatty acid profile of farmed seafood, aligning it more closely 

with the nutritional qualities of wild-caught counterparts [48]. 

• Algae are a rich source of vitamins, including vitamins A, B-complex (e.g., B12, 

riboflavin, niacin), C, D, and E, which play critical roles in fish metabolism, 

immunity, and growth [49,50]. These micronutrients contribute to improved 

immune function and stress tolerance in farmed species [50,51]. The high iodine 

content in certain macroalgae, like kelp, may also contribute to thyroid health 

when incorporated into aquafeeds [49]. While vitamin C enhances immune 

responses and reduces stress in fish under intensive farming conditions [51], 

vitamin E acts as an antioxidant that protects cellular membranes from oxidative 

damage, improving the overall health and longevity of aquatic species [52]. 

Carotenoids such as astaxanthin, found in algae like Haematococcus pluvialis, 

serve as natural pigments that improve the coloration of farmed fish and shrimp, 

while also offering antioxidant and immunostimulatory benefits [53]. 

• Algae provide a wide range of essential minerals, including calcium, magnesium, 

phosphorus, iodine, selenium, and zinc, all of which are necessary for 

physiological processes in aquatic organisms [49]. For example, iodine from 

macroalgae such as kelp supports thyroid function and metabolic regulation and 

both zinc and selenium improve enzymatic activity and oxidative stress resistance 

[50,54]. The bioavailability of these minerals in algal biomass is high, ensuring 

effective absorption and utilization by aquaculture species (Figure 2) [44]. 

Algae are a source of numerous bioactive compounds, including carotenoids 

(e.g., astaxanthin), phycobiliproteins, and polysaccharides, which offer antioxidant, 

anti-inflammatory, and immunostimulatory properties. These compounds enhance the 

health and disease resistance of aquatic species, reducing the need for antibiotics and 

promoting sustainability in aquaculture practices (Figure 2) [52,55]. 

Algae contain bioactive compounds such as: 

• Phycobiliproteins: Found in red and blue-green algae, these have antioxidant and 

anti-inflammatory properties [56]. 

• Polysaccharides: Compounds like carrageenan and alginate enhance the gut 

health of farmed species and act as immunostimulants, improving resistance to 

diseases [55]. 

• Polyphenols and sterols: These compounds reduce oxidative stress and promote 

cellular repair, contributing to the overall health of aquatic species [52]. 

Algae-based feeds can significantly reduce the environmental footprint of 

aquaculture by decreasing the reliance on fishmeal and fish oil, thus reducing pressure 

on wild fish stocks. Using non-arable land and saline or wastewater for cultivation, 

minimizing freshwater and land competition with terrestrial agriculture (Figure 2) 

[57].  

Algal feeds also help lower nitrogen and phosphorus emissions in aquaculture 

systems, mitigating eutrophication risks [58,59]. Additionally, algae can improve feed 
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conversion ratios and reduce waste in aquaculture systems, enhancing the overall 

sustainability of seafood production (Figure 2) [60]. 

Despite these advantages, the widespread adoption of algae-based feeds faces 

challenges, including high production costs, variability in nutritional composition, and 

the need for scalable cultivation technologies. Advances in biotechnology, such as 

genetic engineering and bioprocess optimization, may address these challenges and 

make algae a mainstream component in aquafeeds [58]. 

2.4. Application of enzymes as a feed additive in aquaculture 

The use of enzymes as feed additives in aquaculture has garnered attention for its 

potential to enhance feed efficiency, improve nutrient utilization, and promote the 

health of aquatic organisms. Enzymes break down complex macromolecules into 

simpler, bioavailable forms, which significantly impacts the nutritional value of feed 

(Figure 3). Enzymes employed as feed additives in aquaculture are categorized based 

on the substrate they target: 

Carbohydrases: Enzymes like cellulase, xylanase, and beta-glucanase degrade 

non-starch polysaccharides (NSPs), reducing their anti-nutritional effects and 

improving nutrient digestibility [61,62]. 

Proteases: Proteases enhance protein digestibility by hydrolyzing protein 

molecules into smaller peptides and amino acids [63,64]. 

Lipases: These enzymes facilitate the breakdown of dietary fats into glycerol and 

free fatty acids, leading to better lipid absorption [65]. 

Phytases: Phytases are crucial for releasing phosphorus bound in phytate, a major 

anti-nutritional factor in plant-based feeds [66,67]. 

Amylases: Amylases target starch, aiding in the breakdown of complex 

carbohydrates for energy [68,69]. 

 

Figure 3. Application of enzymes as a feed additive (Adopted from Liang et al. [70]). 

Enzymes function as biological catalysts that enhance the breakdown of 

macromolecules into absorbable forms: 

Targeted Hydrolysis: Enzymes bind specific substrates (e.g., NSPs, proteins, 

lipids) and catalyze their degradation into simpler molecules. 
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Improved Digesta Properties: Carbohydrases lower digesta viscosity, facilitating 

better nutrient release and absorption [61]. 

Enhanced Nutrient Bioavailability: By breaking down complex compounds, 

enzymes improve the bioavailability of nutrients, including amino acids and 

phosphorus [71]. 

The inclusion of enzymes in aquaculture feed profoundly influences the 

nutritional value and overall performance of aquatic species: 

Enhanced Nutrient Digestibility: Enzymes improve the digestibility of 

macronutrients and micronutrients, particularly in plant-based feeds where anti-

nutritional factors like phytate hinder nutrient absorption. Phytases release bound 

phosphorus, while proteases improve amino acid availability [62,63]. 

Improved Feed Conversion Ratio (FCR): Enzyme supplementation results in 

better feed utilization and lower FCRs, enhancing aquaculture’s economic viability 

[61,62]. 

Reduction of Anti-Nutritional Factors: Enzymes such as phytase and 

carbohydrases mitigate the effects of anti-nutritional factors like NSPs and phytates, 

increasing feed efficiency and nutrient retention [66,67]. 

Growth Performance: Improved nutrient digestibility contributes to faster growth 

rates, better specific growth rates (SGR), and higher weight gain in aquaculture 

species, such as tilapia and carp [63,65]. 

Environmental Benefits: Enzymes enhance nutrient absorption, thereby reducing 

nutrient excretion and environmental pollution. For example, phytase reduces 

phosphorus excretion, mitigating eutrophication risks in aquaculture systems [67,72]. 

Despite their benefits, enzymes face challenges in aquaculture applications: 

Species-Specificity: Different species have unique digestive capabilities, 

requiring tailored enzyme blends [69]. 

Thermal Stability: The high temperatures involved in feed processing can 

denature enzymes. Coating and encapsulation technologies are being developed to 

address this issue [61]. 

Cost: The production of enzymes remains a financial barrier, particularly for 

small-scale aquaculture operations [42]. 

Advancements in biotechnology, such as genetically modified organisms for 

enzyme production and research on multi-enzyme complexes, offer potential solutions 

to these challenges. Enzymes as feed additives offer a sustainable and efficient 

approach to improving aquaculture feed. By enhancing nutrient bioavailability, 

reducing feed conversion ratios, and mitigating environmental impacts, enzymes are 

transforming the aquaculture industry. Continued research and technological 

innovations will further optimize their applications, making aquaculture more 

sustainable and profitable. 

In addition to enzymes, the synergistic use of prebiotics and probiotics is gaining 

recognition in aquaculture. Prebiotics, such as oligosaccharides, serve as substrates 

that promote the growth of beneficial gut microbiota, while probiotics introduce live 

beneficial microorganisms directly into the digestive system. These approaches 

complement enzyme supplementation by improving gut health, enhancing the immune 

response, and further boosting nutrient absorption, ultimately contributing to better 



Food Nutrition Chemistry 2024, 2(4), 287. 
 

9 

growth performance and disease resistance in aquaculture species [73,74]. 

2.5. Emerging alternative feed ingredients 

As the aquaculture industry seeks to reduce its reliance on traditional feeds like 

fishmeal and fish oil, innovative feed ingredients are gaining attention for their 

sustainability and nutritional potential. These alternatives address environmental 

concerns and provide opportunities to diversify feed sources while maintaining or 

improving the growth performance and health of farmed aquatic species. Among the 

most promising emerging feed ingredients are insect meal, single-cell proteins (SCPs), 

and by-products from terrestrial animal processing. This section thoroughly explores 

these alternatives, focusing on their nutritional profiles, environmental benefits, and 

challenges. 

2.5.1. Insect meal 

Insect meal is rapidly emerging as a sustainable, nutrient-dense feed ingredient 

for aquaculture, with substantial potential to replace conventional fishmeal in 

aquaculture diets. The nutritional value of insect meal is considerable, as it provides 

high-quality protein, essential amino acids, lipids, and micronutrients that are crucial 

for optimal fish growth and health. Insects such as black soldier fly larvae (Hermetia 

illucens), mealworms (Tenebrio molitor), and crickets (Acheta domesticus) are 

particularly notable for their impressive protein content, typically ranging from 40% 

to 60% on a dry weight basis [75,76]. These protein levels are comparable to or even 

exceed those of conventional fishmeal, making them a viable alternative for 

aquaculture diets. 

In addition to protein, insect meal is also rich in essential fatty acids, particularly 

omega-3 and omega-6 fatty acids, which are critical for maintaining fish health, 

promoting growth, and supporting immune function. Black soldier fly larvae, in 

particular, are noted for their balanced fatty acid profile, which closely mimics the 

composition of marine fish oils [77,78]. This nutritional profile makes insect meal an 

excellent substitute for fishmeal in aquaculture diets, especially given the increasing 

demand for omega-3 fatty acids in farmed fish. 

From a sustainability perspective, the production of insect meal offers several 

environmental benefits over traditional fishmeal. Insects can be reared on organic 

waste materials, such as food scraps and agricultural by-products, which not only 

reduces the cost of feed but also addresses waste management challenges [79–81]. 

This rearing process significantly reduces the need for land, water, and other resources 

typically required in conventional animal protein production, thus lowering the overall 

environmental footprint of aquaculture feed. Furthermore, insect farming emits fewer 

greenhouse gases compared to fishmeal production from wild-caught fish, 

contributing to more sustainable aquaculture practices [82,83]. 

Numerous studies have demonstrated the potential of insect meal as a partial or 

complete replacement for fishmeal in aquaculture diets without compromising the 

growth performance, feed efficiency, or health of farmed fish. For example, studies 

showed that insect meal could replace up to 50% of fishmeal in diets for Atlantic 

salmon, rainbow trout, and tilapia, yielding similar growth rates and feed conversion 

ratios (FCRs) as fishmeal-based diets [75,84]. Additionally, studies found that insect-
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based feeds not only supported growth performance but also improved the fatty acid 

profile of the fish, enhancing the nutritional value of the farmed products [85,86]. 

However, despite its promising potential, the widespread adoption of insect meal 

in aquaculture faces several challenges, particularly related to scalability and 

consumer acceptance. Large-scale production of insects for feed is still in its infancy, 

and further research is needed to improve production efficiency and ensure cost-

effectiveness at commercial scales [87]. Additionally, consumer acceptance of insect-

based aquaculture products remains a barrier, as many consumers are unfamiliar with 

insect-based food sources and may be hesitant to consume products derived from 

insect-fed fish [88–90]. Overcoming these challenges will be critical for the long-term 

success of insect meal in the aquaculture industry. 

In summary, insect meal holds great promise as a sustainable and nutrient-rich 

alternative to fishmeal in aquaculture. It provides essential nutrients such as high-

quality protein, omega fatty acids, and micronutrients while also offering significant 

environmental benefits. With continued research and development to address 

scalability issues and consumer concerns, insect meal may become a key component 

of future aquaculture systems. 

2.5.2. Single-cell proteins (SCPs) 

Single-cell proteins derived from microorganisms such as bacteria, yeast, and 

fungi are highly promising for aquaculture feeds. SCPs are characterized by their 

exceptionally high protein content, reaching up to 80% of dry weight, making them a 

highly concentrated protein source for aquaculture species [91,92]. They provide a 

well-balanced profile of essential amino acids, including lysine, methionine, and 

threonine, which are critical for growth and metabolism in aquatic species [93]. 

Beyond protein, SCPs contain bioactive compounds such as nucleotides, β-glucans, 

and mannan-oligosaccharides, which contribute to improved gut health, immune 

system modulation, and disease resistance in farmed species [94,95]. 

The production of SCPs offers significant sustainability and scalability 

advantages. SCPs can be grown on various substrates, including agricultural and 

industrial by-products such as molasses, whey, lignocellulosic biomass, and even 

methane or carbon dioxide, reducing the competition with human food resources 

[92,96]. Such systems not only promote waste valorization but also minimize the 

carbon footprint of aquaculture feed production. SCP production processes are also 

relatively fast, allowing for rapid biomass generation and scalability to meet the 

growing demand for aquafeeds [97]. 

Studies have demonstrated the efficacy of SCPs in enhancing the performance of 

various aquaculture species. For example, SCP-based diets have improved growth 

rates, feed conversion ratios (FCR), and overall health in shrimp, salmon, tilapia, and 

catfish [93,98]. In shrimp, SCP diets enhanced survival rates and immune responses 

when exposed to pathogenic challenges [99]. Similarly, in Atlantic salmon, SCP 

supplementation improved growth performance and intestinal health while 

maintaining feed palatability [100]. SCPs have also been shown to support the growth 

of herbivorous fish such as tilapia, providing an alternative protein source that aligns 

with their dietary requirements [101]. 

Despite their advantages, the adoption of SCPs in aquafeeds faces challenges. 
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The high production costs, driven by fermentation technologies and downstream 

processing, remain a significant barrier [92]. Additionally, the scalability of 

production systems to meet global aquaculture demands requires further optimization. 

Consumer acceptance is another critical factor, as the use of microorganisms as feed 

ingredients may face initial resistance in some markets [102]. However, advancements 

in biotechnology, including genetic engineering and process optimization, are likely 

to enhance the feasibility and cost-effectiveness of SCP production, paving the way 

for their broader use in the aquaculture industry. 

2.5.3. By-products from terrestrial animal processing 

By-products from terrestrial animal processing, such as poultry by-product meal, 

blood meal, and other animal-derived materials, are gaining significant attention as 

cost-effective and sustainable alternatives to traditional fishmeal in aquaculture feeds. 

These ingredients provide an opportunity to repurpose agricultural waste streams, 

contributing to the circular economy while reducing reliance on marine resources. 

Terrestrial animal by-products are nutrient-dense, offering high levels of protein 

(up to 70% in some cases), essential amino acids, and lipids, which are critical for the 

growth and health of aquaculture species [103,104]. For instance, poultry by-product 

meal contains well-balanced amino acid profiles, including lysine and methionine, 

comparable to fishmeal [41,105]. Blood meal, another widely used by-product, is 

particularly rich in lysine and iron, enhancing its value in protein supplementation 

[21,106,107]. Moreover, these by-products are a significant source of lipids and 

energy, essential for efficient feed conversion [103,108]. 

Numerous studies have demonstrated the effectiveness of terrestrial animal by-

products in aquafeeds. Poultry by-product meal has been used successfully in the diets 

of tilapia, trout, and catfish, achieving growth performance and feed conversion ratios 

comparable to those observed with fishmeal-based diets [105,107]. In shrimp, partial 

replacement of fishmeal with blood meal or hydrolyzed feather meal has supported 

growth and survival rates while reducing feed costs [109–111]. Additionally, 

terrestrial by-products such as hydrolyzed collagen and gelatin have been explored for 

their bioactive properties, potentially enhancing immune function and stress resistance 

in aquaculture species [112,113]. 

Despite their nutritional value, several challenges limit the widespread adoption 

of terrestrial animal by-products in aquafeeds. Palatability issues, often linked to 

processing methods and residual odors, can affect feed intake in certain species 

[103,114]. Digestibility is another concern, as the high ash content in some by-

products can reduce nutrient absorption and feed efficiency [104,107]. Moreover, the 

potential for bioaccumulation of contaminants, such as heavy metals, hormones, and 

antibiotics, necessitates stringent quality control measures to ensure the safety of these 

ingredients [111,113]. 

Advancements in processing technologies, such as enzymatic hydrolysis and 

extrusion, are improving the palatability and digestibility of terrestrial animal by-

products [105]. Additionally, emerging research into bioactive peptides derived from 

these by-products could unlock new functionalities, including enhanced disease 

resistance and stress tolerance in aquaculture species [111,112]. With continued 

innovation and rigorous safety standards, terrestrial animal by-products have the 
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potential to play a pivotal role in the sustainable development of aquaculture feeds. 

2.5.4. Algae-based feeds 

Algae-based feeds, discussed in detail in previous sections, also represent a 

critical part of emerging feed alternatives due to their high protein content, omega-3 

fatty acids, and bioactive compounds [46,52]. These feeds are particularly promising 

for enhancing the nutritional value of farmed seafood while maintaining 

environmental sustainability. 

3. Impact of feed on seafood nutrient profile 

The type of feed used in aquaculture directly affects the nutritional composition 

of farmed seafood. Key nutrients impacted by feed composition include omega-3 fatty 

acids, proteins, and vitamins. 

3.1. Omega-3 fatty acids 

Omega-3 fatty acids are critical nutrients found in seafood, valued for their 

extensive health benefits, including cardiovascular protection, anti-inflammatory 

properties, and support for cognitive function [29,115]. These long-chain 

polyunsaturated fatty acids (LC-PUFAs), primarily EPA and DHA, accumulate in 

farmed seafood through their diet, predominantly sourced from fishmeal and fish oil 

[26,116]. 

The replacement of fishmeal and fish oil with plant-based feed ingredients has 

been associated with a decline in omega-3 content, particularly DHA, and an increase 

in omega-6 fatty acids in farmed seafood [22,26,31]. This shift in fatty acid 

composition is a concern for both consumer health and product quality. Studies have 

found that diets high in plant oils, such as soybean or rapeseed oil, reduce the 

deposition of omega-3 fatty acids in fish tissues [117,118]. 

To mitigate the omega-3 deficit in farmed seafood, supplementation with algal-

derived oils has been identified as a sustainable and effective alternative [27,119]. 

Algal oils provide a direct source of DHA and EPA without relying on wild fish stocks, 

thereby addressing both sustainability and nutritional goals [51,120]. Moreover, recent 

advancements in algal cultivation technologies have significantly reduced costs, 

making algal oils more accessible for large-scale aquaculture applications [116,119]. 

3.2. Protein quality 

The protein quality of farmed seafood is closely tied to the amino acid profile of 

its feed. Fishmeal, a traditional aquafeed component, is considered a gold standard due 

to its well-balanced composition of essential amino acids, including lysine and 

methionine, which are critical for growth and health [21,31]. 

While plant-based feed ingredients such as soybean meal offer a high protein 

content, they often lack specific essential amino acids or contain them in suboptimal 

proportions, potentially reducing the protein quality of the resulting seafood [121]. 

Soybean meal, for instance, is deficient in methionine, which can limit its application 

in high-performance diets [9,35]. Furthermore, anti-nutritional factors (ANFs) present 

in plant ingredients, such as phytic acid and protease inhibitors, can interfere with 
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nutrient absorption and metabolism [9,21]. 

Research highlights that supplementing plant-based feeds with synthetic or 

crystalline amino acids can effectively address these deficiencies, restoring protein 

quality and supporting optimal growth and feed conversion ratios in aquaculture 

species [112]. Recent innovations in amino acid supplementation strategies, such as 

encapsulated delivery systems, further enhance the bioavailability and efficacy of 

these nutrients [31,122]. 

3.3. Vitamins and minerals 

Vitamins and minerals are indispensable for the health of farmed fish and the 

nutritional quality of seafood. Critical micronutrients such as vitamins A, D, E, and 

minerals like selenium and zinc play essential roles in metabolic processes, immune 

function, and overall growth [123]. 

Fishmeal is an excellent source of bioavailable vitamins and minerals, making it 

a key ingredient in aquafeeds [124,125]. For example, fishmeal naturally provides 

high levels of selenium and vitamin D, which are critical for antioxidant defense and 

calcium metabolism, respectively [126]. In contrast, plant-based ingredients may lack 

sufficient quantities of certain micronutrients or contain ANFs that inhibit their 

bioavailability [9]. For example, phytic acid in soybean meal can chelate essential 

minerals like zinc and calcium, reducing their absorption [5,127]. Fortification of 

plant-based feeds with synthetic vitamins and chelated minerals has been shown to 

improve nutrient availability and meet the nutritional requirements of farmed fish 

[123]. 

4. Effect of different feed sources on the nutritional properties of 

fish 

4.1. Protein content and amino acid profile 

The protein content and amino acid profile of farmed fish are significantly 

influenced by the feed composition. Studies have demonstrated that plant-based feeds 

often result in deficiencies in essential amino acids such as lysine and methionine, 

which are crucial for growth and development. For instance, it is noted that rapeseed 

meal could serve as a protein source for Nile tilapia, but anti-nutritional factors like 

glucosinolates limited its use without detoxification [9]. To address such deficiencies, 

supplementing plant-based feeds with synthetic amino acids, which significantly 

improved growth in hybrid striped bass (Morone chrysops × Morone saxatilis) is 

suggestd [114].  

In addition to plant-based feeds, alternative protein sources such as insect meal 

and microbial proteins have shown promising results. It is reported that black soldier 

fly larvae meal provided a high-quality amino acid profile, comparable to fishmeal, in 

rainbow trout diets [128]. Similarly found that single-cell proteins derived from 

microorganisms were effective in supporting the growth of European seabass 

(Dicentrarchus labrax) [129]. Another approach involves using fermented plant 

ingredients reported that fermented soybean meal improved digestibility and protein 

content in Atlantic salmon [130]. These findings highlight the potential of novel feed 
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ingredients to maintain or enhance protein quality in aquaculture. 

4.2. Fatty acid composition 

The fatty acid composition of farmed fish, particularly the levels of omega-3 fatty 

acids such as EPA and DHA, is strongly influenced by the type of oil or fat included 

in the feed. Replacing fish oil with vegetable oils, such as canola oil, led to a reduction 

in omega-3 levels and an increase in omega-6 fatty acids in Atlantic salmon [26]. 

Similarly, linseed oil supplementation in carp diets increased alpha-linolenic acid 

(ALA) levels but decreased DHA content, illustrating the trade-off between different 

fatty acid sources [26]. Algae-based oils have emerged as a sustainable and effective 

alternative to fish oil for maintaining omega-3 levels in farmed fish. For example, trout 

fed algae-derived DHA oils retained comparable omega-3 fatty acid levels to those fed 

traditional fish oil diets [116]. Camelina oil, when used as a partial substitute for fish 

oil, could maintain the nutritional quality of rainbow trout fillets [131]. Insects also 

provide a potential source of omega-3-rich oils, and in fact, it was reported that insect 

oil supported omega-3 retention in yellowtail [132]. 

The use of innovative feed ingredients such as krill meal has also proven 

effective. Krill meal supplementation enhanced DHA and EPA levels in Atlantic 

salmon [133]. Conversely, feeding sea bream with saturated fats, such as palm oil, 

significantly reduced omega-3 content [117]. These findings emphasize the 

importance of carefully selecting feed fats to optimize the nutritional quality of farmed 

fish. 

4.3. Micronutrients 

Micronutrient levels in farmed fish, including essential vitamins and minerals, 

are significantly influenced by the composition of their feed. Traditional fishmeal is 

known to be a rich source of micronutrients, such as selenium, vitamin D, and iron; 

however, plant-based feeds often lack adequate levels of these nutrients. For instance, 

it is found that plant-based feeds resulted in lower selenium content in salmon, which 

required supplementation to maintain fish health and nutritional quality [134]. 

Similarly, deficiencies in vitamin D levels in trout fed soybean-based diets were 

corrected through feed fortification [135].  

Moreover, anti-nutritional factors in plant-based feeds, such as phytate, can 

hinder mineral absorption. It is demonstrated that phytate in plant ingredients reduced 

the bioavailability of calcium and phosphorus in Nile tilapia, negatively affecting bone 

development [9]. In contrast, natural ingredients like algae have proven beneficial for 

enhancing micronutrient levels. For example, algae-based feeds enhanced zinc 

bioavailability in shrimp [136], while iodine-fortified diets increased iodine content in 

fish [137]. 

Vitamin supplementation has also been shown to effectively address deficiencies 

in farmed fish. Fortifying fish diets with vitamin A has been found to improve growth 

and increase tissue levels of this essential nutrient in rainbow trout [138]. Similarly, 

including astaxanthin-rich feeds enhanced both pigmentation and antioxidant levels in 

trout, which not only improved their market value but also enriched their nutritional 

profile [139]. These studies highlight the critical role of feed composition in 
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influencing the micronutrient content of farmed fish and the potential for 

supplementation to address nutritional deficiencies. 

4.4. Choline 

Choline is an essential nutrient that is water-soluble and often grouped with the 

B-complex vitamins present in some animal and plant products such as milk and dairy 

products, meat, eggs, beans, and peanuts (Figure 4) [140]. Choline, recognized as an 

essential nutrient by the Institute of Medicine in 1998, is a vital compound that is 

synthesized in the human liver, though typically not in sufficient amounts to meet all 

physiological needs [140]. It exists as both fat- and water-soluble forms in various 

foods, playing a critical role in many biological functions. Choline serves as a major 

methyl donor in methylation reactions, which are essential for regulating gene 

expression and cell function [141]. Additionally, it is a key component of 

phospholipids, which are integral to cell membranes, and is involved in the synthesis 

of acetylcholine, a neurotransmitter crucial for memory, mood regulation, and muscle 

control [142,143]. Despite its endogenous production, dietary intake of choline is 

necessary to prevent deficiencies, which can lead to liver dysfunction, neurological 

disorders, and muscle damage [140]. 

 

Figure 4. Choline sources from animal and plant products. 

Choline is an essential nutrient that plays a critical role in numerous physiological 

processes, including neurotransmitter synthesis (acetylcholine), lipid metabolism, cell 

membrane integrity, and methylation reactions. It exists in various forms such as free 

choline, phosphocholine, and lipid-bound phosphatidylcholine. In seafood, choline 

contributes significantly to its nutritional profile, enhancing its value as a dietary 

component for human health. Choline intake supports brain development, cognitive 

function, and liver health, while deficiencies are linked to disorders such as fatty liver 

disease and impaired cognitive function [142,143]. 

For seafood, the choline content is influenced by the diet and feeding behavior of 

aquatic species. Fishmeal, a traditional feed ingredient, is rich in bioavailable choline, 
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while plant-based and algae-based feeds may alter its levels depending on their 

composition and supplementation. Seafood enriched with choline supports consumer 

health by offering a natural source of this essential nutrient, particularly in populations 

with limited dietary diversity [144,145]. The incorporation of optimized feed 

formulations in aquaculture can help maintain or enhance choline levels in seafood, 

ensuring its health benefits are maximized. 

Traditional fishmeal-based feeds, known for their high-quality protein and lipid 

content, are naturally rich in choline, leading to elevated levels in seafood. Conversely, 

plant-based feed ingredients, while more sustainable and cost-effective, often lack 

sufficient choline or its precursors, potentially reducing the nutrient content in farmed 

species unless supplemented. Algae-based feeds offer a promising alternative due to 

their bioactive compounds and high lipid content, enhancing the choline profile of 

aquaculture products. Wild seafood exhibits variability in choline levels based on the 

nutrient composition of natural prey. Optimizing feed formulations in aquaculture to 

include bioavailable choline sources is critical for improving seafood’s nutritional 

quality, thereby enhancing its value as a dietary choline source for human health 

[142,144,145]. 

5. Concerns about seafood nutritional value 

Seafood is renowned for its high nutritional value, serving as a rich source of 

high-quality protein, omega-3 fatty acids, and essential micronutrients such as iodine, 

selenium, and vitamin D. However, several factors can affect the nutritional profile of 

seafood, raising important concerns (Figure 5). 

 

Figure 5. Factors affecting nutritional value of seafood. 

5.1. Nutrient loss during processing 

Processing methods such as freezing, smoking, or canning can lead to nutrient 

degradation. Heat-sensitive nutrients, such as vitamin C and certain B vitamins, are 

particularly vulnerable during thermal processing [146]. Additionally, smoked and 

canned seafood often contain elevated sodium levels, which may contribute to 
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excessive dietary sodium intake, a known risk factor for hypertension and 

cardiovascular diseases [147] (Figure 5). 

5.2. Sustainability and nutritional quality 

Overfishing and unsustainable aquaculture practices threaten the availability of 

diverse and nutritionally valuable seafood species. Farmed fish often exhibit altered 

nutrient profiles due to differences in feed composition. For example, farmed fish may 

contain lower levels of omega-3 fatty acids than their wild-caught counterparts, 

depending on the diet provided in aquaculture systems [26]. Sustainable practices are 

crucial to maintaining both the ecological balance and the nutritional benefits of 

seafood (Figure 5). 

5.3. Dietary fat imbalances 

While seafood is a rich source of omega-3 fatty acids, concerns exist regarding 

the balance between omega-3 and omega-6 fatty acids in the modern diet. A high 

intake of omega-6 fatty acids relative to omega-3s, commonly observed in Western 

diets, may negate some of the cardiovascular and anti-inflammatory benefits of 

omega-3s [30]. Consumers need guidance on choosing seafood with optimal fatty acid 

profiles to maximize health benefits (Figure 5). 

5.4. Allergenity 

Seafood is among the most common food allergens, particularly shellfish and 

finfish, affecting approximately 2% of the global population [148]. Cross-

contamination during processing or handling exacerbates risks for sensitive 

individuals. These challenges highlight the need for strict allergen management and 

labeling to ensure consumer safety (Figure 5). 

6. Contaminants in aquaculture feed and their impact on human 

health 

The quality of aquaculture feed directly affects not only the nutritional 

composition of seafood but also the potential accumulation of contaminants in farmed 

fish. Feed ingredients, particularly those derived from fishmeal, are known to harbor 

pollutants such as heavy metals, persistent organic pollutants (POPs), and other 

environmental toxins, which can bioaccumulate in fish tissues and pose health risks to 

consumers [149,150]. The risk is especially concerning for regular seafood consumers, 

as these contaminants can surpass safety thresholds over time. 

The presence of contaminants in feed ingredients is a critical issue in aquaculture, 

influencing both the safety of farmed seafood and consumer health. Fishmeal and fish 

oil, widely used in traditional aquaculture feeds, can harbor heavy metals such as 

mercury, cadmium, and lead due to bioaccumulation in wild fish populations [28,149]. 

Persistent organic pollutants (POPs), including polychlorinated biphenyls (PCBs) and 

dioxins, are another concern in fishmeal and fish oil-based feeds. These contaminants 

can not only compromise the health of aquatic organisms but also lead to 

bioaccumulation in farmed seafood, creating risks for human consumption [151,152]. 

Plant-based feed ingredients are increasingly used as sustainable alternatives, but 
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they are not devoid of contamination risks. Pesticides, herbicides, and mycotoxins, 

such as aflatoxins and fumonisins, have been reported in plant-based feed materials 

[153,154]. These contaminants may affect the growth and health of farmed aquatic 

species and potentially impact human health through the food chain. 

Algae-based feeds are generally considered safe and sustainable, but their safety 

depends on the cultivation environment. Contaminants such as heavy metals, arsenic, 

and industrial pollutants can accumulate in algae, especially when grown in 

contaminated water sources [18,30]. Additionally, some species of algae are prone to 

producing harmful algal toxins, such as domoic acid and microcystins, which pose a 

risk to both aquaculture species and consumers [58,155]. 

Single-cell proteins and insect-based feeds, though emerging as promising 

alternatives, also have contamination challenges. Insect meal, for example, may 

contain pesticide residues if the insects were reared on contaminated organic waste, 

and pathogens such as Salmonella spp. and Escherichia coli can proliferate in 

improperly managed systems [75,156]. Similarly, the microbial origin of single-cell 

proteins raises concerns about endotoxins, mycotoxins, and other potential 

contaminants, particularly when fermentation substrates are sourced from industrial 

by-products [92,102]. 

To mitigate contamination risks, it is essential to implement stringent monitoring 

and quality control measures during feed production. Techniques such as hazard 

analysis and critical control points (HACCP) and regular contaminant screening can 

help ensure the safety of feed ingredients. Moreover, regulatory frameworks like the 

European Union’s Maximum Residue Levels (MRLs) and the Codex Alimentarius 

guidelines provide standards for acceptable contaminant levels in animal feed 

[58,157]. 

6.1. Food safety and contaminant levels 

The type of feed used in aquaculture plays a critical role in determining the 

accumulation of contaminants in farmed fish, which has direct implications for food 

safety. While fishmeal-based feeds are often considered nutritionally rich, they are 

frequently associated with higher levels of environmental contaminants such as 

polychlorinated biphenyls (PCBs), dioxins, and heavy metals. Elevated PCB levels in 

salmon fed fishmeal, highlighting the potential risks to consumer health compared to 

fish fed plant-based diets [158]. Furthermore, fishmeal derived from wild-caught fish 

often contained mercury, which poses potential risks to consumers, especially 

considering the bioaccumulation of mercury in the food chain [159]. 

In addition to PCBs and mercury, fishmeal can also be a source of dioxins, 

persistent organic pollutants (POPs) that are harmful to human health. For instance, 

dioxin levels were significantly higher in farmed salmon fed fishmeal compared to 

those fed plant-based feeds [158]. Similarly, fishmeal from various sources had 

varying levels of contaminants, with higher levels typically found in fishmeal made 

from smaller wild-caught fish, which tend to accumulate more contaminants [160]. 

Plant-based feeds, on the other hand, generally contain lower levels of persistent 

organic pollutants (POPs). However, they can still introduce other contaminants into 

the food chain. The presence of pesticide residues in soybean-based feeds used for 
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tilapia, underscoring the need for stringent quality control measures during feed 

production [150]. Similarly, improperly stored soybean meal used in aquaculture feeds 

could lead to mycotoxin contamination, specifically aflatoxins, which are potent 

carcinogens and present significant risks to both fish health and consumer safety a 

study [161]. 

The rise of alternative feed sources, such as algae and insect meal, has provided 

promising options for reducing the accumulation of contaminants in farmed fish. 

Algae-based feeds, for example, have been shown to significantly reduce levels of 

dioxins in salmon. The inclusion of algae in salmon diets resulted in a substantial 

decrease in dioxin levels, thus improving the safety profile of farmed fish [27]. 

Similarly, insect-based feeds contained lower levels of heavy metals and POPs 

compared to traditional fishmeal, further supporting the potential benefits of 

alternative feed ingredients for safer aquaculture [162]. 

Other studies have also reinforced the advantages of algae-based and insect meal 

feeds in mitigating the accumulation of environmental contaminants. Feeding rainbow 

trout with algae meal resulted in a significant reduction in mercury accumulation, 

highlighting algae’s potential as a safer alternative to fishmeal [163]. 

In addition to these findings, researchers concluded that the quality of feed, 

particularly with regard to contaminant levels, is crucial for ensuring the safety and 

quality of aquaculture products [164]. These studies emphasized the need for careful 

sourcing, processing, and quality control of alternative feed ingredients to prevent 

contamination and guarantee the nutritional integrity of farmed fish. 

In summary, the type of feed used in aquaculture significantly influences the level 

of contaminants accumulated in farmed fish. While fishmeal remains a primary source 

of nutrition, it is also associated with higher levels of harmful pollutants such as PCBs, 

dioxins, and mercury. In contrast, plant-based feeds and alternative ingredients such 

as algae and insect meal offer potential solutions for reducing these contaminants. 

However, ensuring the safety of these alternative feed sources also requires diligent 

monitoring for pesticide residues, mycotoxins, and other harmful substances. 

6.2. Heavy metals 

The bioaccumulation of environmental contaminants in seafood poses a 

significant concern. Heavy metals, such as mercury, and persistent organic pollutants 

(POPs), including polychlorinated biphenyls (PCBs) and dioxins, can accumulate in 

seafood, especially in predatory fish like tuna and swordfish [165,166]. 

Fishmeal is often sourced from small pelagic fish, which may bioaccumulate 

heavy metals like mercury (Hg), cadmium (Cd), and lead (Pb) from their environment. 

Mercury, particularly in the form of methylmercury, has been associated with 

neurotoxicity and developmental disorders in humans, while cadmium and lead 

exposure are linked to kidney dysfunction and cardiovascular diseases [167]. It was 

reported that fishmeal-based diets had significantly higher levels of mercury compared 

to plant-based or alternative feeds [167]. Mercury exposure has been linked to 

neurotoxicity and developmental delays, particularly in vulnerable populations such 

as pregnant women and young children [165,166]. The extent of contamination 

depends on the species, trophic level, and geographic region where the seafood is 
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harvested. 

6.3. Persistent organic pollutants (POPs) 

POPs, including polychlorinated biphenyls (PCBs) and dioxins, are another 

major concern in fishmeal-based feeds. These contaminants originate from industrial 

processes and accumulate in aquatic ecosystems, entering the food chain through 

fishmeal [168]. Long-term exposure to POPs in humans has been linked to endocrine 

disruption, immunotoxicity, and cancer. Although plant-based and algae-based feeds 

are less likely to contain POPs, their contamination can still occur through agricultural 

runoff and improper processing [158]. 

6.4. Mycotoxins 

Plant-based feeds can also pose contamination risks through mycotoxins, toxic 

secondary metabolites produced by fungi. Mycotoxins such as aflatoxins, 

deoxynivalenol, and fumonisins have been detected in soymeal and cereal-based feed 

ingredients, with adverse effects on fish health and potential carryover to human 

consumers. Proper storage, sourcing, and testing of feed ingredients are crucial to 

mitigate these risks [169]. 

6.5. Microplastics 

Recent studies have highlighted the contamination of aquafeeds with 

microplastics, originating from the breakdown of larger plastic debris or additives used 

in feed packaging and processing. Microplastics can act as vectors for other 

contaminants, such as hydrophobic chemicals, potentially increasing the toxicological 

risks associated with seafood consumption [170]. 

6.6. Mitigation strategies 

To reduce the accumulation of harmful contaminants in seafood, several 

strategies can be employed: 

Stringent Quality Control: Ensuring the sourcing of high-quality feed ingredients 

with minimal contamination risks is paramount [171]. 

Alternative Feed Ingredients: Transitioning to plant-based or algae-based feeds 

with low contaminant profiles while maintaining nutritional adequacy is a promising 

approach [172]. 

Detoxification Processes: Employing technologies such as activated carbon 

adsorption or chemical treatments to reduce contaminant levels in raw feed materials 

[173]. 

Regular Monitoring: Establishing robust monitoring systems to evaluate feed and 

farmed fish for contaminants, ensuring compliance with safety standards [174]. 

Aquaculture feed plays a crucial role in determining the nutritional quality of 

farmed seafood. Fishmeal, plant-based ingredients, and algae all influence the nutrient 

profile of seafood, particularly omega-3 fatty acids, proteins, and vitamins. While 

fishmeal provides a high-quality source of omega-3s, its sustainability is a growing 

concern, leading to increased interest in plant-based and algae-based feeds. These 
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alternatives can provide sustainable solutions for improving the nutritional quality of 

farmed seafood, though they may require supplementation to maintain optimal nutrient 

levels. Additionally, the potential for contaminants in aquaculture feed underscores 

the need for careful sourcing and quality control to ensure the safety of farmed seafood 

for human consumption. Further research is needed to optimize feed formulations that 

balance nutritional benefits, sustainability, and safety. 

7. Challenges and future directions 

Emerging feed alternatives face challenges that require attention to: 

7.1. Cost and scalability 

Alternative feed sources like single-cell proteins (SCPs), insect meal, and algae-

based feeds need to be produced at a cost comparable to traditional feeds like fishmeal 

and soybean meal. Currently, these alternative ingredients are often more expensive 

due to factors such as the complexity of production, limited supply chains, and high 

processing costs. 

Fishmeal and soybean meal are widely used because they provide a proven, 

reliable source of nutrition for aquaculture species and are economically viable on a 

large scale. For alternative feeds to be adopted on a global scale, they must not only 

match the nutritional benefits of traditional feeds but also be affordable. The challenge 

is ensuring that the production methods for SCPs, insect meal, and algae are cost-

competitive. 

SCPs, derived from microorganisms, have the potential to be a high-protein, 

sustainable alternative, but their production costs need to be reduced to compete with 

fishmeal prices. Similarly, insect meal is promising, but scalability and efficiency of 

large-scale insect farming are key hurdles [175]. 

7.2. Consumer acceptance 

Public perception and regulatory frameworks must evolve to support the use of 

novel feed ingredients like insect meal and algae in aquaculture. Consumers and 

regulatory bodies may be hesitant to accept foods produced from animals fed with 

unconventional ingredients, particularly in Western markets where insects and algae 

may not yet be widely consumed. 

Consumer confidence is crucial for the success of any new product, especially in 

the food industry. People may have concerns about the safety, quality, and ethical 

implications of using insect meal or algae-based feeds in the production of fish that 

will be consumed. Additionally, regulatory systems may not yet have established clear 

guidelines or approval processes for these novel ingredients. 

Regulatory bodies, such as the European Food Safety Authority (EFSA) or the 

U.S. Food and Drug Administration (FDA), are still in the process of assessing and 

approving these alternative ingredients. Insects, for instance, are used in some regions 

for animal feed, but there may still be public skepticism regarding their safety or the 

acceptability of fish raised on such feeds [176]. 
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7.3. Research and development 

More research is needed to optimize feed formulations and understand the long-

term effects of using alternative ingredients in aquaculture. This includes evaluating 

the nutritional profiles of alternative feeds, how they impact fish health, growth rates, 

and disease resistance, and how they affect human health when consumed. 

Scientific validation is key for the widespread adoption of alternative feeds. 

There is a need for studies that ensure these feeds meet the nutritional requirements of 

different aquaculture species without compromising fish health or the quality of the 

final product. Additionally, research is needed to investigate the environmental and 

human health impacts of these new feed sources. 

Researchers are investigating how algae- and insect-based feeds affect fish 

growth rates, disease resistance, and fat composition, which in turn can impact the 

nutritional quality of fish for human consumption. Long-term studies will be needed 

to confirm the sustainability of these feeds and their impact on the broader ecosystem. 

Despite the challenges, the shift toward alternative feeds is crucial for achieving 

more sustainable aquaculture practices. The traditional reliance on fishmeal (often 

sourced from wild-caught fish) and soybean meal (which has its own environmental 

concerns) is not sustainable in the long term, especially as demand for seafood 

continues to rise. The adoption of more sustainable feed sources—like SCPs, insect 

meal, and algae—could reduce the environmental footprint of aquaculture by lowering 

reliance on wild fish stocks and reducing land-use pressures associated with soybean 

farming. Ultimately, overcoming these challenges will help align aquaculture with 

global environmental and nutritional goals, such as reducing greenhouse gas 

emissions, decreasing overfishing, and improving food security through more 

sustainable and nutrient-rich seafood production [98]. 

8. Conclusion 

Aquaculture feed plays a crucial role in determining the nutritional quality of 

farmed seafood, influencing essential nutrients like omega-3 fatty acids, proteins, and 

vitamins, which are critical for human health. Traditionally, fishmeal has been the 

primary source of protein and omega-3s in aquaculture diets, providing a rich and 

high-quality nutrient profile for fish. However, the growing concern about the 

sustainability of fishmeal—stemming from overfishing, pressure on marine 

ecosystems, and competition with wild fish stocks—has spurred interest in alternative 

feed sources, including plant-based ingredients and algae-based feeds. These 

alternatives offer the potential to reduce the environmental impact of aquaculture by 

relying less on marine resources and by promoting more sustainable agricultural 

practices. 

While plant-based feeds and algae-based feeds have shown promise in improving 

the sustainability of aquaculture, they may not provide the same nutrient composition 

as fishmeal. Plant-based ingredients often lack certain amino acids and essential fatty 

acids, particularly omega-3s, which are vital for fish health and the nutritional value 

of seafood. Algae, on the other hand, can be an excellent source of omega-3s, but the 

cost of cultivating algae at a large scale and the need for technological advancements 
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to improve production efficiency still present significant challenges. Consequently, 

these alternative feeds may require supplementation with specific nutrients to meet the 

full nutritional requirements of farmed fish. The formulation of well-balanced, cost-

effective feeds that are both nutritionally complete and sustainable remains a complex 

challenge. 

Moreover, the potential for contaminants in aquaculture feed presents another 

important consideration. The sourcing of ingredients from plant-based or algae 

sources, as well as from insect farming, can introduce risks related to heavy metals, 

pesticides, or other harmful substances, which could ultimately impact the safety of 

farmed seafood for human consumption. This underscores the need for stringent 

quality control measures, traceability systems, and regular testing to ensure that 

alternative feeds meet safety standards and do not introduce harmful compounds into 

the food supply chain. 

To address these concerns, continued research and innovation in aquaculture feed 

are essential. Future studies should focus on optimizing feed formulations that not only 

enhance the nutritional quality of farmed seafood but also ensure the sustainability of 

feed production. There is a need for in-depth investigation into the long-term effects 

of alternative feeds on fish health, growth rates, and disease resistance, as well as their 

impact on the nutritional quality of the final seafood product. Additionally, the 

development of cost-effective and scalable production methods for alternative feeds, 

alongside strategies to mitigate potential contaminants, will be crucial in making these 

feeds more viable for widespread adoption. 

In conclusion, while the shift toward sustainable feed alternatives is a critical step 

in addressing the challenges facing global aquaculture, it is clear that achieving a 

balance between nutritional benefits, environmental sustainability, and food safety 

requires continued collaboration between researchers, industry stakeholders, and 

policymakers. With ongoing innovation and careful attention to quality control, 

alternative feeds can play a significant role in the future of aquaculture, ensuring that 

farmed seafood continues to provide a nutritious, affordable, and sustainable source 

of protein for a growing global population. 

Conflict of interest: The author declares no conflict of interest. 

References 

1. Action SI. World fisheries and aquaculture. Food and Agriculture Organization; 2020. pp. 1-244. 

2. Mandal RN, Bera P. Macrophytes Used as Multifaceted Benefits Including Feeding, Bioremediation, and Symbiosis in 

Freshwater Aquaculture—A Review. Reviews in Aquaculture. 2024; 17(1). doi: 10.1111/raq.12983 

3. Glencross B, Hawkins W, Evans D, et al. Evaluation of the nutritional value of prototype lupin protein concentrates when 

fed to rainbow trout (Oncorhynchus mykiss). Aquaculture. 2006; 251(1): 66-77. doi: 10.1016/j.aquaculture.2005.05.023 

4. Tacon AGJ, Metian M. Global overview on the use of fish meal and fish oil in industrially compounded aquafeeds: Trends 

and future prospects. Aquaculture. 2008; 285(1-4): 146-158. doi: 10.1016/j.aquaculture.2008.08.015 

5. Naylor RL, Hardy RW, Bureau DP, et al. Feeding aquaculture in an era of finite resources. Proceedings of the National 

Academy of Sciences. 2009; 106(36): 15103-15110. doi: 10.1073/pnas.0905235106 

6. Gould D, Compagnoni A, Lembo G. Organic Aquaculture: Principles, Standards and Certification. In: Organic Aquaculture: 

Impacts and Future Developments. Springer International Publishing, Cham; 2019. pp. 1–22. 

7. Wilson RP. Amino acid requirements of finfish and crustaceans. Amino acids in animal nutrition; 2003. 



Food Nutrition Chemistry 2024, 2(4), 287. 
 

24 

8. Hekmatpour F, Mozanzadeh MT. Legumes, Sustainable Alternative Protein Sources for Aquafeeds. Legumes Research. 

2022; 2. doi: 10.5772/intechopen.99778 

9. Francis G, Makkar HPS, Becker K. Antinutritional factors present in plant-derived alternate fish feed ingredients and their 

effects in fish. Aquaculture. 2001; 199(3-4): 197-227. doi: 10.1016/S0044-8486(01)00526-9 

10. Blaufuss PC, Bledsoe JW, Gaylord TG, et al. Selection on a plant-based diet reveals changes in oral tolerance, microbiota 

and growth in rainbow trout (Oncorhynchus mykiss) when fed a high soy diet. Aquaculture. 2020; 525: 735287. doi: 

10.1016/j.aquaculture.2020.735287 

11. Kamalam BS, Medale F, Panserat S. Utilisation of dietary carbohydrates in farmed fishes: New insights on influencing 

factors, biological limitations and future strategies. Aquaculture. 2017; 467: 3-27. doi: 10.1016/j.aquaculture.2016.02.007 

12. Yamamoto Y, Adam Luckenbach J, Goetz FW, et al. Disruption of the salmon reproductive endocrine axis through 

prolonged nutritional stress: Changes in circulating hormone levels and transcripts for ovarian genes involved in 

steroidogenesis and apoptosis. General and Comparative Endocrinology. 2011; 172(3): 331-343. doi: 

10.1016/j.ygcen.2011.03.017 

13. Olli JJ, Krogdahl Å, van den Ingh TSGAM, et al. Nutritive Value of Four Soybean Products in Diets for Atlantic Salmon 

(Salmo salar, L.). Acta Agriculturae Scandinavica, Section A - Animal Science. 1994; 44(1): 50-60. doi: 

10.1080/09064709409410181 

14. Buttle LG, Burrells AC, Good JE, et al. The binding of soybean agglutinin (SBA) to the intestinal epithelium of Atlantic 

salmon, Salmo salar and Rainbow trout, Oncorhynchus mykiss, fed high levels of soybean meal. Veterinary Immunology 

and Immunopathology. 2001; 80(3-4): 237-244. doi: 10.1016/S0165-2427(01)00269-0 

15. Morris MC, Evans DA, Tangney CC, et al. Fish Consumption and Cognitive Decline With Age in a Large Community 

Study. Archives of Neurology. 2005; 62(12): 1849. doi: 10.1001/archneur.62.12.noc50161 

16. Cho CY, Bureau DP. A review of diet formulation strategies and feeding systems to reduce excretory and feed wastes in 

aquaculture. Aquaculture Research. 2001; 32: 349-360. doi: 10.1046/j.1355-557x.2001.00027.x 

17. Cho SH, Myoung JG, Kim JM, Hwan Lee J. Fish fauna associated with drifting seaweed in the coastal area of Tongyeong, 

Korea. Transactions of the American Fisheries Society. 2001; 130(6): 1190-1202. doi: 10.1577/1548-

8659(2001)130<1190:FFAWDS>2.0.CO;2 

18. Naylor RL, Goldburg RJ, Primavera JH, et al. Effect of aquaculture on world fish supplies. Nature. 2000; 405(6790): 1017-

1024. doi: 10.1038/35016500 

19. Turchini GM, Conlan JA, Emery JA, et al. The melting point of dietary fatty acids is a key regulator of omega-3 fatty acid 

metabolism in Atlantic salmon. Aquaculture. 2024; 578: 740141. doi: 10.1016/j.aquaculture.2023.740141 

20. Khader M, Shehata S, Ebrahim M, et al. Effect of replacement of fish meal by corn by product meal on growth performance 

for Nile Tilapia (Oreochromis niloticus). Egyptian Journal of Veterinary Sciences. 2025; 56(2): 21-334. 

doi:10.21608/ejvs.2024.267728.1825 

21. Gatlin III DM, Barrows FT, Brown P, et al. Expanding the utilization of sustainable plant products in aquafeeds: a review. 

Aquaculture Research. 2007; 38(6): 551-579. doi: 10.1111/j.1365-2109.2007.01704.x 

22. Glencross BD, Huyben D, Schrama JW. The Application of Single-Cell Ingredients in Aquaculture Feeds—A Review. 

Fishes. 2020; 5(3): 22. doi: 10.3390/fishes5030022 

23. Doreau M, Corson MS, Wiedemann SG. Water use by livestock: A global perspective for a regional issue? Animal Frontiers. 

2012; 2(2): 9-16. doi: 10.2527/af.2012-0036 

24. Sousa I, Gouveia L, Batista AP, et al. Microalgae in novel food products. Food Chemistry Research Developments; 2008. 

25. Becker EW. Micro-algae as a source of protein. Biotechnology Advances. 2007; 25(2): 207-210. doi: 

10.1016/j.biotechadv.2006.11.002 

26. Turchini GM, Torstensen BE, Ng W. Fish oil replacement in finfish nutrition. Reviews in Aquaculture. 2009; 1(1): 10-57. 

doi: 10.1111/j.1753-5131.2008.01001.x 

27. Torstensen BE, Espe M, Sanden M, et al. Novel production of Atlantic salmon (Salmo salar) protein based on combined 

replacement of fish meal and fish oil with plant meal and vegetable oil blends. Aquaculture. 2008; 285(1-4): 193-200. doi: 

10.1016/j.aquaculture.2008.08.025 

28. Berntssen MHG, Maage A, Lundebye AK. Contamination of finfish with persistent organic pollutants and metals. Chemical 

Contaminants and Residues in Food. Published online 2012: 498-534. doi: 10.1533/9780857095794.3.498 

https://dx.doi.org/10.21608/ejvs.2024.267728.1825


Food Nutrition Chemistry 2024, 2(4), 287. 
 

25 

29. Kris-Etherton PM, Harris WS, Appel LJ. Fish Consumption, Fish Oil, Omega-3 Fatty Acids, and Cardiovascular Disease. 

Circulation. 2002; 106(21): 2747-2757. doi: 10.1161/01.cir.0000038493.65177.94 

30. Simopoulos AP. The importance of the ratio of omega-6/omega-3 essential fatty acids. Biomedicine & Pharmacotherapy. 

2002; 56(8): 365-379. doi: 10.1016/S0753-3322(02)00253-6 

31. Glencross BD, Tocher DR, Matthew C, et al. Interactions between dietary docosahexaenoic acid and other long-chain 

polyunsaturated fatty acids on performance and fatty acid retention in post-smolt Atlantic salmon (Salmo salar). Fish 

Physiology and Biochemistry; 2014. 

32. Naylor RL, Hardy RW, Bureau DP, et al. Feeding aquaculture in an era of finite resources. Proceedings of the National 

Academy of Sciences. 2009; 106(36): 15103-15110. doi: 10.1073/pnas.0905235106 

33. Emery JA, Norambuena F, Trushenski J, et al. Uncoupling EPA and DHA in Fish Nutrition: Dietary Demand is Limited in 

Atlantic Salmon and Effectively Met by DHA Alone. Lipids. 2016; 51(4): 399-412. doi: 10.1007/s11745-016-4136-y 

34. Cho JH, Kim IH. Fish meal – nutritive value. Journal of Animal Physiology and Animal Nutrition. 2010; 95(6): 685-692. 

doi: 10.1111/j.1439-0396.2010.01109.x 

35. Hardy RW, Barrows FT. Diet Formulation and Manufacture. Fish Nutrition; 2003. 

36. Bell JG, McGhee F, Dick JR, et al. Dioxin and dioxin-like polychlorinated biphenyls (PCBs) in Scottish farmed salmon 

(Salmo salar): effects of replacement of dietary marine fish oil with vegetable oils. Aquaculture. 2005; 243(1-4): 305-314. 

doi: 10.1016/j.aquaculture.2004.10.016 

37. Béné C, Barange M, Subasinghe R, et al. Feeding 9 billion by 2050 – Putting fish back on the menu. Food Security. 2015; 

7(2): 261-274. doi: 10.1007/s12571-015-0427-z 

38. Drew MD, Ogunkoya AE, Janz DM, et al. Dietary influence of replacing fish meal and oil with canola protein concentrate 

and vegetable oils on growth performance, fatty acid composition and organochlorine residues in rainbow trout 

(Oncorhynchus mykiss). Aquaculture. 2007; 267(1-4): 260-268. doi: 10.1016/j.aquaculture.2007.01.002 

39. Kaushik N, Falch E, Slizyte R, et al. Valorization of fish processing by-products for protein hydrolysate recovery: 

Opportunities, challenges and regulatory issues. Food Chemistry. 2024; 459: 140244. doi: 10.1016/j.foodchem.2024.140244 

40. Borsetta G, Frapiccini E, Roncarati A, et al. AgrI-fiSh: sustainable and innovative feeds from agricultural wastes for a 

resilient and high-quality aquaculture. Detritus. 2024; (28): 97-101. doi: 10.31025/2611-4135/2024.19398 

41. Rosenlund G, Obach A, Sandberg MG, et al. Effect of alternative lipid sources on long-term growth performance and quality 

of Atlantic salmon (Salmo salar  L.). Aquaculture Research. 2001; 32: 323-328. doi: 10.1046/j.1355-557x.2001.00025.x 

42. Kumar MSY, Dutta R, Prasad D, et al. Subcritical water extraction of antioxidant compounds from Seabuckthorn 

(Hippophae rhamnoides) leaves for the comparative evaluation of antioxidant activity. Food Chemistry. 2011; 127(3): 1309-

1316. doi: 10.1016/j.foodchem.2011.01.088 

43. Nagarajan D, Varjani S, Lee DJ, et al. Sustainable aquaculture and animal feed from microalgae – Nutritive value and 

techno-functional components. Renewable and Sustainable Energy Reviews. 2021; 150: 111549. doi: 

10.1016/j.rser.2021.111549 

44. Brown MR, Jeffrey SW, Volkman JK, Dunstan GA. Nutritional properties of microalgae for mariculture. Aquaculture. 1997; 

151(1): 315-331. doi: 10.1016/S0044-8486(96)01501-3 

45. Bleakley S, Hayes M. Algal Proteins: Extraction, Application, and Challenges Concerning Production. Foods. 2017; 6(5): 

33. doi: 10.3390/foods6050033 

46. Spolaore P, Joannis-Cassan C, Duran E, et al. Commercial applications of microalgae. Journal of Bioscience and 

Bioengineering. 2006; 101(2): 87-96. doi: 10.1263/jbb.101.87 

47. Ankita, Rana A, Smriti, Singh G. Exploring the potential of microalgae as food supplements: A comprehensive review: The 

promising future of microalgae. Journal of Scientific & Industrial Research (JSIR). 2024; 83(6): 688–702. doi: 

10.56042/jsir.v83i6.9786 

48. Tibbetts SM, Scaife MA, Armenta RE. Apparent digestibility of proximate nutrients, energy and fatty acids in nutritionally-

balanced diets with partial or complete replacement of dietary fish oil with microbial oil from a novel Schizochytrium sp. 

(T18) by juvenile Atlantic salmon (Salmo salar L.). Aquaculture. 2020; 520: 735003. doi: 

10.1016/j.aquaculture.2020.735003 

49. Holdt SL, Kraan S. Bioactive compounds in seaweed: functional food applications and legislation. Journal of Applied 

Phycology. 2011; 23(3): 543-597. doi: 10.1007/s10811-010-9632-5 



Food Nutrition Chemistry 2024, 2(4), 287. 
 

26 

50. Nakagawa H, Umino T, Tasaka Y. Usefulness of Ascophyllum meal as a feed additive for red sea bream, Pagrus major. 

Aquaculture. 1997; 151(1): 275-281. doi: 10.1016/S0044-8486(96)01488-3 

51. Gouveia L, Oliveira AC. Microalgae as a raw material for biofuels production. Journal of Industrial Microbiology & 

Biotechnology. 2008; 36(2): 269-274. doi: 10.1007/s10295-008-0495-6 

52. Hemaiswarya S, Raja R, Ravi Kumar R, et al. Microalgae: a sustainable feed source for aquaculture. World Journal of 

Microbiology and Biotechnology. 2010; 27(8): 1737-1746. doi: 10.1007/s11274-010-0632-z 

53. Choubert G, Heinrich O. Carotenoid pigments of the green alga Haematococcus pluvialis: assay on rainbow trout, 

Oncorhynchus mykiss, pigmentation in comparison with synthetic astaxanthin and canthaxanthin. Aquaculture. 1993; 

112(2): 217-226. doi: 10.1016/0044-8486(93)90447-7 

54. Novoveská L, Nielsen SL, Eroldoğan OT, et al. Overview and Challenges of Large-Scale Cultivation of Photosynthetic 

Microalgae and Cyanobacteria. Marine Drugs. 2023; 21(8): 445. doi: 10.3390/md21080445 

55. Moreno-Arias A, López-Elías JA, Martínez-Córdova LR, et al. Effect of fishmeal replacement with a vegetable protein 

mixture on the amino acid and fatty acid profiles of diets, biofloc and shrimp cultured in BFT system. Aquaculture. 2018; 

483: 53-62. doi: 10.1016/j.aquaculture.2017.10.011 

56. Borowitzka MA. Commercial production of microalgae: ponds, tanks, tubes and fermenters. Journal of Biotechnology. 1999; 

70(1): 313-321. doi: 10.1016/S0168-1656(99)00083-8 

57. Chisti Y. Biodiesel from microalgae. Biotechnology Advances. 2007; 25(3): 294-306. doi: 10.1016/j.biotechadv.2007.02.001 

58. Pulz O, Gross W. Valuable products from biotechnology of microalgae. Applied Microbiology and Biotechnology. 2004; 

65(6): 635-648. doi: 10.1007/s00253-004-1647-x 

59. Richmond A. Principles for attaining maximal microalgal productivity in photobioreactors: an overview. In: Asian Pacific 

Phycology in the 21st Century: Prospects and Challenges. Springer Netherlands, Dordrecht; 2004. pp. 33–37. 

60. Camacho-Rodríguez J, Cerón-García MC, González-López CV, et al. A low-cost culture medium for the production of 

Nannochloropsis gaditana biomass optimized for aquaculture. Bioresource Technology. 2013; 144: 57-66. doi: 

10.1016/j.biortech.2013.06.083 

61. Adeola O, Cowieson AJ. Board-invited review: Opportunities and challenges in using exogenous enzymes to improve 

nonruminant animal production. Journal of Animal Science. 2011; 89(10): 3189-3218. doi: 10.2527/jas.2010-3715 

62. Kumar V, Sinha AK, Makkar HPS, et al. Phytate and phytase in fish nutrition. Journal of Animal Physiology and Animal 

Nutrition. 2011; 96(3): 335-364. doi: 10.1111/j.1439-0396.2011.01169.x 

63. Cao L, Wang W, Yang C, et al. Application of microbial phytase in fish feed. Enzyme and Microbial Technology. 2007; 

40(4): 497-507. doi: 10.1016/j.enzmictec.2007.01.007 

64. Cao SM, Wu YY, Li LH, et al. Activities of Endogenous Lipase and Lipolysis Oxidation of Low-Salt Lactic Acid-Fermented 

Fish (Decapterus maruadsi). Journal of Oleo Science. 2018; 67(4): 445-453. doi: 10.5650/jos.ess17176 

65. Sinha AK, Kumar V, Makkar HPS, et al. Non-starch polysaccharides and their role in fish nutrition – A review. Food 

Chemistry. 2011; 127(4): 1409-1426. doi: 10.1016/j.foodchem.2011.02.042 

66. Cowieson AJ, Ruckebusch JP, Sorbara JOB, et al. A systematic view on the effect of phytase on ileal amino acid digestibility 

in broilers. Animal Feed Science and Technology. 2017; 225: 182-194. doi: 10.1016/j.anifeedsci.2017.01.008 

67. Cowieson AJ, Acamovic T, Bedford MR. Supplementation of Corn–Soy-Based Diets with an Eschericia coli-Derived 

Phytase: Effects on Broiler Chick Performance and the Digestibility of Amino Acids and Metabolizability of Minerals and 

Energy. Poultry Science. 2006; 85(8): 1389-1397. doi: 10.1093/ps/85.8.1389 

68. Krogdahl Å, Penn M, Thorsen J, et al. Important antinutrients in plant feedstuffs for aquaculture: an update on recent 

findings regarding responses in salmonids. Aquaculture Research. 2010; 41(3): 333-344. doi: 10.1111/j.1365-

2109.2009.02426.x 

69. Krogdahl Å, Marie Bakke-McKellep A. Fasting and refeeding cause rapid changes in intestinal tissue mass and digestive 

enzyme capacities of Atlantic salmon (Salmo salar L.). Comparative Biochemistry and Physiology Part A: Molecular & 

Integrative Physiology. 2005; 141(4): 450-460. doi: 10.1016/j.cbpb.2005.06.002 

70. Liang Q, Yuan M, Xu L, et al. Application of enzymes as a feed additive in aquaculture. Marine Life Science & Technology. 

2022; 4(2): 208-221. doi: 10.1007/s42995-022-00128-z 

71. Selle PH, Ravindran V, Partridge GG. Beneficial effects of xylanase and/or phytase inclusions on ileal amino acid 

digestibility, energy utilisation, mineral retention and growth performance in wheat-based broiler diets. Animal Feed Science 

and Technology. 2009; 153(3-4): 303-313. doi: 10.1016/j.anifeedsci.2009.06.011 



Food Nutrition Chemistry 2024, 2(4), 287. 
 

27 

72. Selle PH, Ravindran V, Ravindran G, et al. Effects of Dietary Lysine and Microbial Phytase on Growth Performance and 

Nutrient Utilisation of Broiler Chickens. Asian-Australasian Journal of Animal Sciences. 2007; 20(7): 1100-1107. doi: 

10.5713/ajas.2007.1100 

73. Akhter N, Wu B, Memon AM, et al. Probiotics and prebiotics associated with aquaculture: A review. Fish & Shellfish 

Immunology. 2015; 45(2): 733-741. doi: 10.1016/j.fsi.2015.05.038 

74. Butt UD, Lin N, Akhter N, et al. Overview of the latest developments in the role of probiotics, prebiotics and synbiotics in 

shrimp aquaculture. Fish & Shellfish Immunology. 2021; 114: 263-281. doi: 10.1016/j.fsi.2021.05.003 

75. Henry MA, Gai F, Enes P, et al. Effect of partial dietary replacement of fishmeal by yellow mealworm (Tenebrio molitor) 

larvae meal on the innate immune response and intestinal antioxidant enzymes of rainbow trout (Oncorhynchus mykiss). 

Fish & Shellfish Immunology. 2018; 83: 308-313. doi: 10.1016/j.fsi.2018.09.040 

76. van Huis A, Oonincx DGAB. The environmental sustainability of insects as food and feed. A review. Agronomy for 

Sustainable Development. 2017; 37(5). doi: 10.1007/s13593-017-0452-8 

77. Makkar HPS. State-of-the-art on detoxification of Jatropha curcas products aimed for use as animal and fish feed: A review. 

Animal Feed Science and Technology. 2016; 222: 87-99. doi: 10.1016/j.anifeedsci.2016.09.013 

78. Makkar HPS, Tran G, Heuzé V, et al. State-of-the-art on use of insects as animal feed. Animal Feed Science and 

Technology. 2014; 197: 1-33. doi: 10.1016/j.anifeedsci.2014.07.008 

79. Barroso FG, Sánchez-Muros MJ, Segura M, et al. Insects as food: Enrichment of larvae of Hermetia illucens with omega 3 

fatty acids by means of dietary modifications. Journal of Food Composition and Analysis. 2017; 62: 8-13. doi: 

10.1016/j.jfca.2017.04.008 

80. Barroso FG, de Haro C, Sánchez-Muros MJ, et al. The potential of various insect species for use as food for fish. 

Aquaculture. 2014; 422-423: 193-201. doi: 10.1016/j.aquaculture.2013.12.024 

81. Gasco L, Henry M, Piccolo G, et al. Tenebrio molitor meal in diets for European sea bass ( Dicentrarchus labrax L.) 

juveniles: Growth performance, whole body composition and in vivo apparent digestibility. Animal Feed Science and 

Technology. 2016; 220: 34-45. doi: 10.1016/j.anifeedsci.2016.07.003 

82. Dobermann D, Swift JA, Field LM. Opportunities and hurdles of edible insects for food and feed. Nutrition Bulletin. 2017; 

42(4): 293-308. doi: 10.1111/nbu.12291 

83. O’Connor J, Hale R, Mallen-Cooper M, et al. Developing performance standards in fish passage: Integrating ecology, 

engineering and socio-economics. Ecological Engineering. 2022; 182: 106732. doi: 10.1016/j.ecoleng.2022.106732 

84. Belghit I, Liland NS, Gjesdal P, et al. Black soldier fly larvae meal can replace fish meal in diets of sea-water phase Atlantic 

salmon (Salmo salar). Aquaculture. 2019; 503: 609-619. doi: 10.1016/j.aquaculture.2018.12.032 

85. Gallo BD, Farrell JM, Leydet BF. Fish Gut Microbiome: A Primer to an Emerging Discipline in the Fisheries Sciences. 

Fisheries. 2020; 45(5): 271-282. doi: 10.1002/fsh.10379 

86. Burel C, Boujard T, Tulli F, Kaushik SJ. Digestibility of extruded peas, extruded lupin, and rapeseed meal in rainbow trout 

(Oncorhynchus mykiss) and turbot (Psetta maxima). Aquaculture. 2000; 188(3): 285-298. doi: 10.1016/S0044-

8486(00)00337-9 

87. Gasco L, Biasato I, Dabbou S, et al. Animals Fed Insect-Based Diets: State-of-the-Art on Digestibility, Performance and 

Product Quality. Animals. 2019; 9(4): 170. doi: 10.3390/ani9040170 

88. Ardoin R, Prinyawiwatkul W. Consumer perceptions of insect consumption: a review of western research since 2015. 

International Journal of Food Science & Technology. 2021; 56(10): 4942-4958. doi: 10.1111/ijfs.15167 

89. Durand JR. The exploitation of fish stocks in the Lake Chad region. In: Lake Chad: Ecology and Productivity of a Shallow 

Tropical Ecosystem. Springer Netherlands, Dordrecht; 1983. pp. 425–481. 

90. Stull VJ. Impacts of insect consumption on human health. Journal of Insects as Food and Feed. 2021; 7(5): 695-713. doi: 

10.3920/jiff2020.0115 

91. Nyyssölä A, Suhonen A, Ritala A, et al. The role of single cell protein in cellular agriculture. Current Opinion in 

Biotechnology. 2022; 75: 102686. doi: 10.1016/j.copbio.2022.102686 

92. Ritala A, Häkkinen ST, Toivari M, et al. Single Cell Protein—State-of-the-Art, Industrial Landscape and Patents 2001–2016. 

Frontiers in Microbiology. 2017; 8. doi: 10.3389/fmicb.2017.02009 

93. Øverland M, Skrede A. Yeast derived from lignocellulosic biomass as a sustainable feed resource for use in aquaculture. 

Journal of the Science of Food and Agriculture. 2016; 97(3): 733-742. doi: 10.1002/jsfa.8007 



Food Nutrition Chemistry 2024, 2(4), 287. 
 

28 

94. Anupama, Ravindra P. Value-added food:: Single cell protein. Biotechnology Advances. 2000; 18(6): 459-479. doi: 

10.1016/S0734-9750(00)00045-8 

95. Minakshi P, Ghosh M, Kumar R, et al. Single-Cell Metabolomics: Technology and Applications. Single-Cell Omics; 2019. 

96. Matassa S, Boon N, Pikaar I, et al. Microbial protein: future sustainable food supply route with low environmental footprint. 

Microbial Biotechnology. 2016; 9(5): 568-575. doi: 10.1111/1751-7915.12369 

97. Barka A, Blecker C. Microalgae as a potential source of single-cell proteins. A review. BASE. 2016; 20: 427-436. doi: 

10.25518/1780-4507.13132 

98. Reihani SFS, Khosravi-Darani K. Agriculture and Other Waste Substrates for Single-Cell Protein Production. In: 

Transforming Agriculture Residues for Sustainable Development: From Waste to Wealth. Springer Nature Switzerland, 

Cham; 2024. pp. 159–182. 

99. Ravi RK, Neeraj A, Yadav RH. Assessment of microbial biomass for production of ecofriendly single-cell protein, 

bioenergy, and other useful products. Microbes in Land Use Change Management. Published online 2021: 267-284. doi: 

10.1016/b978-0-12-824448-7.00015-2 

100. Øverland M, Mydland LT, Skrede A. Marine macroalgae as sources of protein and bioactive compounds in feed for 

monogastric animals. Journal of the Science of Food and Agriculture. 2018; 99(1): 13-24. doi: 10.1002/jsfa.9143 

101. Tacon AGJ. Trends in Global Aquaculture and Aquafeed Production: 2000–2017. Reviews in Fisheries Science & 

Aquaculture. 2019; 28(1): 43-56. doi: 10.1080/23308249.2019.1649634 

102. Minakshi P, Kumar R, Ghosh M, et al. Single-Cell Proteomics: Technology and Applications. Single-Cell Omics; 2019. 

103. Douglas R, Djamgoz M. The Visual System of Fish. Springer Science & Business Media; 2012. 

104. Kroeckel S, Dietz C, Schulz C, et al. Effect of diet composition and lysine supply on growth and body composition in 

juvenile turbot (Psetta maxima). Archives of Animal Nutrition. 2013; 67(4): 330-345. doi: 10.1080/1745039x.2013.823305 

105. El-Sayed AFM, Kawanna M. Optimum water temperature boosts the growth performance of Nile tilapia (Oreochromis 

niloticus) fry reared in a recycling system. Aquaculture Research. 2008; 39(6): 670-672. doi: 10.1111/j.1365-

2109.2008.01915.x 

106. Cheng Y, Xue F, Yu S, et al. Subcritical Water Extraction of Natural Products. Molecules. 2021; 26(13): 4004. doi: 

10.3390/molecules26134004 

107. Cheng ZJ, Behnke KC, Dominy WG. Effects of poultry by-product meal as a substitute for fish meal in diets on growth and 

body composition of juvenile pacific white shrimp, Litopenaeus vannamei. Journal of Applied Aquaculture. 2002; 12(1): 71-

83. doi: 10.1300/J028v12n01_04 

108. García-Ortega A, Kissinger KR, Trushenski JT. Evaluation of fish meal and fish oil replacement by soybean protein and 

algal meal from Schizochytrium limacinum in diets for giant grouper Epinephelus lanceolatus. Aquaculture. 2016; 452: 1-8. 

doi: 10.1016/j.aquaculture.2015.10.020 

109. Koven W, Gisbert E, Meiri-Ashkenazi I, et al. The effect of weaning diet type on grey mullet (Mugil cephalus) juvenile 

performance during the trophic shift from carnivory to omnivory. Aquaculture. 2020; 518: 734848. doi: 

10.1016/j.aquaculture.2019.734848 

110. Papatryphon E, Soares JH. Optimizing the levels of feeding stimulants for use in high-fish meal and plant feedstuff-based 

diets for striped bass, Morone saxatilis. Aquaculture. 2001; 202(3): 279-288. doi: 10.1016/S0044-8486(01)00778-5 

111. Rosenfeld D, Gernat A, Marcano J, et al. The effect of using different levels of shrimp meal in broiler diets. Poultry Science. 

1997; 76(4): 581-587. doi: 10.1093/ps/76.4.581 

112. Furuya WM, Michelato M, Salaro AL, et al. Estimation of the dietary essential amino acid requirements of colliroja 

Astyanax fasciatus by using the ideal protein concept. Latin American Journal of Aquatic Research. 2017; 43(5): 888-894. 

doi: 10.3856/vol43-issue5-fulltext-8 

113. Tabrett S, Ramsay I, Paterson B, et al. A review of the benefits and limitations of waste nutrient treatment in aquaculture 

pond facilities. Reviews in Aquaculture. 2024; 16(4): 1766-1786. doi: 10.1111/raq.12921 

114. Gatlin DM. Dietary Supplements for the Health and Quality of Cultured Fish. CABI; 2007. 

115. Calder PC. Marine omega-3 fatty acids and inflammatory processes: Effects, mechanisms and clinical relevance. Biochimica 

et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids. 2015; 1851(4): 469-484. doi: 

10.1016/j.bbalip.2014.08.010 

116. Sprague M, Betancor MB, Tocher DR. Microbial and genetically engineered oils as replacements for fish oil in aquaculture 

feeds. Biotechnology Letters. 2017; 39(11): 1599-1609. doi: 10.1007/s10529-017-2402-6 



Food Nutrition Chemistry 2024, 2(4), 287. 
 

29 

117. Bell JG, Tocher DR, Henderson RJ, et al. Altered Fatty Acid Compositions in Atlantic Salmon (Salmo salar) Fed Diets 

Containing Linseed and Rapeseed Oils Can Be Partially Restored by a Subsequent Fish Oil Finishing Diet. The Journal of 

Nutrition. 2003; 133(9): 2793-2801. doi: 10.1093/jn/133.9.2793 

118. Ytrestøyl T, Aas TS, Åsgård T. Utilisation of feed resources in production of Atlantic salmon (Salmo salar) in Norway. 

Aquaculture. 2015; 448: 365-374. doi: 10.1016/j.aquaculture.2015.06.023 

119. Shah MR, Lutzu GA, Alam A, et al. Microalgae in aquafeeds for a sustainable aquaculture industry. Journal of Applied 

Phycology. 2017; 30(1): 197-213. doi: 10.1007/s10811-017-1234-z 

120. Nasopoulou C, Zabetakis I. Benefits of fish oil replacement by plant originated oils in compounded fish feeds. A review. 

LWT. 2012; 47(2): 217-224. doi: 10.1016/j.lwt.2012.01.018 

121. Figueroa JG, Borrás-Linares I, Lozano-Sánchez J, et al. Comprehensive identification of bioactive compounds of avocado 

peel by liquid chromatography coupled to ultra-high-definition accurate-mass Q-TOF. Food Chemistry. 2018; 245: 707-716. 

doi: 10.1016/j.foodchem.2017.12.011 

122. Watanabe KH, Desimone FW, Thiyagarajah A, et al. Fish tissue quality in the lower Mississippi River and health risks from 

fish consumption. Science of The Total Environment. 2003; 302(1): 109-126. doi: 10.1016/S0048-9697(02)00396-0 

123. Jobling M. National Research Council (NRC): Nutrient requirements of fish and shrimp. Aquaculture International. 2011; 

20(3): 601-602. doi: 10.1007/s10499-011-9480-6 

124. Hardy RW. Utilization of plant proteins in fish diets: effects of global demand and supplies of fishmeal. Aquaculture 

Research. 2010; 41(5): 770-776. doi: 10.1111/j.1365-2109.2009.02349.x 

125. Hua K, Bureau DP. Estimating changes in essential amino acid requirements of rainbow trout and Atlantic salmon as a 

function of body weight or diet composition using a novel factorial requirement model. Aquaculture. 2019; 513: 734440. doi: 

10.1016/j.aquaculture.2019.734440 

126. Tacon AGJ, Lemos D, Metian M. Fish for Health: Improved Nutritional Quality of Cultured Fish for Human Consumption. 

Reviews in Fisheries Science & Aquaculture. 2020; 28(4): 449-458. doi: 10.1080/23308249.2020.1762163 

127. Barrows FT, Stone DAJ, Hardy RW. The effects of extrusion conditions on the nutritional value of soybean meal for 

rainbow trout (Oncorhynchus mykiss). Aquaculture. 2007; 265(1-4): 244-252. doi: 10.1016/j.aquaculture.2007.01.017 

128. Devic E, Leschen W, Murray F, et al. Growth performance, feed utilization and body composition of advanced nursing Nile 

tilapia (Oreochromis niloticus) fed diets containing Black Soldier Fly (Hermetia illucens) larvae meal. Aquaculture 

Nutrition. 2017; 24(1): 416-423. doi: 10.1111/anu.12573 

129. Øverland M, Krogdahl Å, Shurson G, et al. Evaluation of distiller’s dried grains with solubles (DDGS) and high protein 

distiller’s dried grains (HPDDG) in diets for rainbow trout (Oncorhynchus mykiss). Aquaculture. 2013; 416-417: 201-208. 

doi: 10.1016/j.aquaculture.2013.09.016 

130. Refstie S, Sahlström S, Bråthen E, et al. Lactic acid fermentation eliminates indigestible carbohydrates and antinutritional 

factors in soybean meal for Atlantic salmon (Salmo salar). Aquaculture. 2005; 246(1-4): 331-345. doi: 

10.1016/j.aquaculture.2005.01.001 

131. Betancor MB, Ortega A, de la Gándara F, et al. Lipid metabolism-related gene expression pattern of Atlantic bluefin tuna 

(Thunnus thynnus L.) larvae fed on live prey. Fish Physiology and Biochemistry. 2016; 43(2): 493-516. doi: 

10.1007/s10695-016-0305-4 

132. Sealey WM, Gaylord TG, Barrows FT, et al. Sensory Analysis of Rainbow Trout, Oncorhynchus mykiss, Fed Enriched 

Black Soldier Fly Prepupae, Hermetia illucens. Journal of the World Aquaculture Society. 2011; 42(1): 34-45. doi: 

10.1111/j.1749-7345.2010.00441.x 

133. Tibbetts SM, Wall CL, Barbosa-Solomieu V, et al. Effects of combined ‘all-fish’ growth hormone transgenics and triploidy 

on growth and nutrient utilization of Atlantic salmon (Salmo salar L.) fed a practical grower diet of known composition. 

Aquaculture. 2013; 406-407: 141-152. doi: 10.1016/j.aquaculture.2013.05.005 

134. Sissener NH, Julshamn K, Espe M, et al. Surveillance of selected nutrients, additives and undesirables in commercial 

Norwegian fish feeds in the years 2000-2010. Aquaculture Nutrition. 2012; 19(4): 555-572. doi: 10.1111/anu.12007 

135. Kuhn DD, Boardman GD, Lawrence AL, et al. Microbial floc meal as a replacement ingredient for fish meal and soybean 

protein in shrimp feed. Aquaculture. 2009; 296(1-2): 51-57. doi: 10.1016/j.aquaculture.2009.07.025 

136. Demarco M, Oliveira de Moraes J, Matos ÂP, et al. Digestibility, bioaccessibility and bioactivity of compounds from algae. 

Trends in Food Science & Technology. 2022; 121: 114-128. doi: 10.1016/j.tifs.2022.02.004 



Food Nutrition Chemistry 2024, 2(4), 287. 
 

30 

137. Storelli MM, Storelli A, D’Addabbo R, et al. Trace elements in loggerhead turtles (Caretta caretta) from the eastern 

Mediterranean Sea: overview and evaluation. Environmental Pollution. 2005; 135(1): 163-170. doi: 

10.1016/j.envpol.2004.09.005 

138. Hosseinpour F, Vazirzadeh A, Farhadi A, et al. Acclimation to higher temperature and antioxidant supplemented diets 

improved rainbow trout (Oncorhynchus mykiss) resilience to heatwaves. Scientific Reports. 2024; 14(1). doi: 

10.1038/s41598-024-62130-y 

139. Choubert G, Mendes-Pinto MM, Morais R. Pigmenting efficacy of astaxanthin fed to rainbow trout Oncorhynchus mykiss: 

Effect of dietary astaxanthin and lipid sources. Aquaculture. 2006; 257(1-4): 429-436. doi: 

10.1016/j.aquaculture.2006.02.055 

140. Wiedeman A, Barr S, Green T, et al. Dietary Choline Intake: Current State of Knowledge Across the Life Cycle. Nutrients. 

2018; 10(10): 1513. doi: 10.3390/nu10101513 

141. Wallace TC, Blusztajn JK, Caudill MA, et al. Choline. Nutrition Today. 2018; 53(6): 240-253. doi: 

10.1097/nt.0000000000000302 

142. Xu M, Xue RQ, Lu Y, et al. Choline ameliorates cardiac hypertrophy by regulating metabolic remodelling and UPRmt 

through SIRT3-AMPK pathway. Cardiovascular Research. 2018; 115(3): 530-545. doi: 10.1093/cvr/cvy217 

143. Zeisel SH, da Costa KA. Choline: an essential nutrient for public health. Nutrition Reviews. 2009; 67(11): 615-623. doi: 

10.1111/j.1753-4887.2009.00246.x 

144. Prabhu GS, Prasad K, K.G. MR, Rai KS. Efficacy of choline and DHA supplements or enriched environment exposure 

during early adult obesity in mitigating its adverse impact through aging in rats. Saudi Journal of Biological Sciences. 2021; 

28(4): 2396-2407. doi: 10.1016/j.sjbs.2021.01.037 

145. Shahidi F, Ambigaipalan P. Omega-3 Polyunsaturated Fatty Acids and Their Health Benefits. Annual Review of Food 

Science and Technology. 2018; 9(1): 345-381. doi: 10.1146/annurev-food-111317-095850 

146. Alasalvar C, Shahidi F, Miyashita K, et al. Handbook of Seafood Quality, Safety and Health Applications. Blackwell 

Publishing Ltd; 2010. 

147. Zhang Y, Ma X, Dai Z. Comparison of nonvolatile and volatile compounds in raw, cooked, and canned yellowfin tuna 

(Thunnus albacores). Journal of Food Processing and Preservation. 2019; 43(10). doi: 10.1111/jfpp.14111 

148. Sicherer SH, Muñoz-Furlong A, Sampson HA. Prevalence of seafood allergy in the United States determined by a random 

telephone survey. Journal of Allergy and Clinical Immunology. 2004; 114(1): 159-165. doi: 10.1016/j.jaci.2004.04.018 

149. Bell JG, Waagbø R. Safe and Nutritious Aquaculture Produce: Benefits and Risks of Alternative Sustainable Aquafeeds. In: 

Aquaculture in the Ecosystem. Springer Netherlands, Dordrecht; 2008. pp. 185–225. 

150. Cai LM, Wang QS, Luo J, et al. Heavy metal contamination and health risk assessment for children near a large Cu-smelter 

in central China. Science of The Total Environment. 2019; 650: 725-733. doi: 10.1016/j.scitotenv.2018.09.081 

151. Hites RA, Foran JA, Carpenter DO, et al. Global Assessment of Organic Contaminants in Farmed Salmon. Science. 2004; 

303(5655): 226-229. doi: 10.1126/science.1091447 

152. van der Oost R, Beyer J, Vermeulen NPE. Fish bioaccumulation and biomarkers in environmental risk assessment: a review. 

Environmental Toxicology and Pharmacology. 2003; 13(2): 57-149. https://doi.org/10.1016/S1382-6689(02)00126-6 

153. Melnick R, Lucier G, Wolfe M, et al. Summary of the National Toxicology Program’s report of the endocrine disruptors 

low-dose peer review. Environmental Health Perspectives. 2002; 110(4): 427-431. doi: 10.1289/ehp.02110427 

154. Rotter BA. Invited Review: Toxicology of deoxynivalenol (vomitoxin). Journal of Toxicology and Environmental Health. 

1996; 48(1): 1-34. doi: 10.1080/009841096161447 

155. Wu H, Liu J, Bi X, et al. Trace metals in sediments and benthic animals from aquaculture ponds near a mangrove wetland in 

Southern China. Marine Pollution Bulletin. 2017; 117(1-2): 486-491. doi: 10.1016/j.marpolbul.2017.01.026 

156. Huis A. Potential of Insects as Food and Feed in Assuring Food Security. Annual Review of Entomology. 2013; 58(1): 563-

583. doi: 10.1146/annurev-ento-120811-153704 

157. Beneventi E, Tietz T, Merkel S. Risk Assessment of Food Contact Materials. EFSA Journal. 2020; 18(S1): e181109. doi: 

10.2903/j.efsa.2020.e181109 

158. Lundebye AK, Lock EJ, Rasinger JD, et al. Lower levels of Persistent Organic Pollutants, metals and the marine omega 3-

fatty acid DHA in farmed compared to wild Atlantic salmon (Salmo salar). Environmental Research. 2017; 155: 49-59. doi: 

10.1016/j.envres.2017.01.026 



Food Nutrition Chemistry 2024, 2(4), 287. 
 

31 

159. Li P, Feng X, Qiu G. Methylmercury Exposure and Health Effects from Rice and Fish Consumption: A Review. 

International Journal of Environmental Research and Public Health. 2010; 7(6): 2666-2691. doi: 10.3390/ijerph7062666 

160. Colt J, Tetreault J, Fogle RL. Development and Standardization of Physical, Operational, and Performance Metrics for 

Aquaponics. Reviews in Fisheries Science & Aquaculture. 2024; 32(4): 562-578. doi: 10.1080/23308249.2024.2353578 

161. Gallo A, Giuberti G, Frisvad J, et al. Review on Mycotoxin Issues in Ruminants: Occurrence in Forages, Effects of 

Mycotoxin Ingestion on Health Status and Animal Performance and Practical Strategies to Counteract Their Negative 

Effects. Toxins. 2015; 7(8): 3057-3111. doi: 10.3390/toxins7083057 

162. Henry M, Gasco L, Piccolo G, et al. Review on the use of insects in the diet of farmed fish: Past and future. Animal Feed 

Science and Technology. 2015; 203: 1-22. doi: 10.1016/j.anifeedsci.2015.03.001 

163. Kim HS, Chung KH, Son JH. Comparison of different ploidy detection methods in Oncorhynchus mykiss, the rainbow trout. 

Fisheries and Aquatic Sciences. 2017; 20(1). doi: 10.1186/s41240-017-0074-8 

164. Rumbos CI, Mente E, Karapanagiotidis IT, et al. Insect-Based Feed Ingredients for Aquaculture: A Case Study for Their 

Acceptance in Greece. Insects. 2021; 12(7): 586. doi: 10.3390/insects12070586 

165. Karimi M, Steffensen L, Haug LS. Interlaboratory Comparison on POPs in Food 2023. Norwegian Institute of Public Health 

– NIPH; 2023. 

166. Mozaffarian D, Rimm EB. Fish Intake, Contaminants, and Human Health. JAMA. 2006; 296(15): 1885. doi: 

10.1001/jama.296.15.1885 

167. Sisma-Ventura G, Silverman J, Segal Y, et al. Exceptionally high levels of total mercury in deep-sea sharks of the 

Southeastern Mediterranean sea over the last ∼ 40 years. Environment International. 2024; 187: 108661. doi: 

10.1016/j.envint.2024.108661 

168. Domingo JL. Concentrations of polychlorinated naphthalenes in food and human dietary exposure: A review of the scientific 

literature. Food Research International. 2024; 195: 114949. doi: 10.1016/j.foodres.2024.114949 

169. van der Fels‐Klerx HJ, van Asselt ED, van Leeuwen SPJ, et al. Prioritization of chemical food safety hazards in the 

European feed supply chain. Comprehensive Reviews in Food Science and Food Safety. 2024; 23(6). doi: 10.1111/1541-

4337.70025 

170. Rochman CM, Bucci K, Langenfeld D, et al. Informing the Exposure Landscape: The Fate of Microplastics in a Large 

Pelagic In-Lake Mesocosm Experiment. Environmental Science & Technology. 2024; 58(18): 7998-8008. doi: 

10.1021/acs.est.3c08990 

171. Roberts S, Jacquet J, Majluf P, et al. Feeding global aquaculture. Science Advances. 2024; 10(42). doi: 

10.1126/sciadv.adn9698 

172. Fantatto RR, Mota J, Ligeiro C, et al. Exploring sustainable alternatives in aquaculture feeding: The role of insects. 

Aquaculture Reports. 2024; 37: 102228. doi: 10.1016/j.aqrep.2024.102228 

173. Wong CF, Saif UM, Chow KL, et al. Applications of charcoal, activated charcoal, and biochar in aquaculture – A review. 

Science of The Total Environment. 2024; 929: 172574. doi: 10.1016/j.scitotenv.2024.172574 

174. Orou-Seko A, Chirawurah D, Gnimatin JP, et al. Protocol for pesticide residue monitoring and risk assessment on water, 

sediment, and fish: A case study of two selected reservoirs in Ghana. Heliyon. 2024; 10(17): e37251. doi: 

10.1016/j.heliyon.2024.e37251 

175. Li YP, Ahmadi F, Kariman K, et al. Recent advances and challenges in single cell protein (SCP) technologies for food and 

feed production. npj Science of Food. 2024; 8(1). doi: 10.1038/s41538-024-00299-2 

176. Heo S, Lee G, Na HE, et al. Current status of the novel food ingredient safety evaluation system. Food Science and 

Biotechnology. 2023; 33(1): 1-11. doi: 10.1007/s10068-023-01396-w 


