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Abstract

As global aquaculture is on the rise, the demand for sustainable and high-quality feed
ingredients is intensifying. Black soldier fly larvae (BSFL) meal has emerged as a promising
alternative to traditional fishmeal due to its favorable nutritional profile, waste recycling
potential, and low environmental impact. This review explores the novel role of BSF meal
in aquafeeds, highlighting its effects on fish growth performance, feed efficiency, and fillet
quality. Furthermore, the antimicrobial and immune-boosting properties of lauric acid
and chitin are discussed. However, despite its promise, several challenges still hinder the
large-scale adoption of BSFL meal in aquaculture. These include regulatory restrictions
on substrates, concerns over fish meat quality and safety, consumer acceptance, and the
economic and logistical hurdles of industrial-scale BSFL farming. This paper synthesizes
current scientific findings and regulatory frameworks, identifies key gaps in knowledge,
and discusses the potential of BSFL meal as a sustainable alternative in aquafeeds while
addressing its challenges.

Keywords: BSFL; aquafeed; alternative protein; fish nutrition; growth performance

Key Contribution: This manuscript presents a comprehensive review of the use of black
soldier fly (Hermetia illucens) meal in aquafeeds, with a special focus on novel dimensions
not sufficiently addressed in the previous literature. Unlike previous reviews that focus
predominantly on nutritional performance and growth outcomes, our article takes a broader,
multidisciplinary approach.

1. Introduction

Aquaculture makes a major contribution to global food security, especially in areas
where animal protein sources are rather limited (e.g., countries in Africa and Asia). Sea
food is a renowned source of quality protein, providing about 16% of the animal protein
consumed worldwide [1]. It has exceptional sensory qualities and high nutritional value,
due to its rich content of polyunsaturated fatty acids (w-3 fatty acids, EPA, and DHA),
minerals (P, Se, I, Fe, Mg, and Ca), and vitamins (A, D, B12, B3, and B2) [2]. According
to the Food and Agriculture Organization of the United Nations (FAO)'s latest report on
the State of World Fisheries and Aquaculture, fish production from aquaculture surpassed
capture fisheries in 2022, reaching 94.4 million tons, which accounted for 51% of the
total [3]. Statistics indicate that the global population is expected to increase to 9.7 billion
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by 2050 [4]; this is putting pressure on natural resources, including seafood production
systems, leading to negative impacts on the environment and generating more greenhouse
gas emissions [5,6].

Fishmeal and fish oil are indispensable components in the structure of feed for fish
farming and mostly come from wild-caught fish [7]. Fishmeal is an excellent source of
protein, with very good digestibility and palatability, containing all the essential amino
acids necessary for the development of organisms, vitamins (A, D, E, and B12), minerals (Ca
and P), and omega-3 fatty acids [8]. The production of fishmeal and fish oil has remained
stable, but demand for these ingredients has increased due to the rapid development of
aquaculture as well as the livestock sector, in particular pig and poultry farming. According
to Mailuf et al. [9], in 2021, 87% of fishmeal was used in aquaculture, 7% in pig farming,
4% in pet food, and about 1% in poultry farming. Statistics show that the excessive use of
fishmeal in recent decades has put pressure on the dynamics of wild fish stocks, with no
possibility of rapid recovery [10]. It was observed that the fishmeal supply in 2023 was
23% lower than in 2022 [11]. According to Naylor et al. [12], about 10% of the fish from
capture fisheries is used to formulate feed for aquaculture. Therefore, with the decreasing
availability of wild fish and crustaceans, the only remaining way to meet the increased
demand for animal protein is aquaculture [13]. The high costs of key feed ingredients
such as fishmeal and fish oil are a major challenge for the sector, and in this context, the
identification and integration of alternative sources of protein in fish diets is a topical issue.
It should be emphasized that carnivorous fish that require protein- and oil-rich diets, such
as Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss), rely heavily on
protein and fish oil from wild-caught fish in their diets [14,15].

Protein is the most expensive ingredient in a feed formulation, hence the need to find
affordable alternative sources for fish feed. Other causes that have led to the identification
of alternative protein sources in addition to the growing global population are climate
change, resource limitations, and the cost and availability of conventional protein sources
(soy, fishmeal, and fish oil). The need for new sources of protein also stems from changes in
people’s eating behaviors, who are becoming more attentive to their diets and are shifting
towards quality foods [16].

In recent decades, numerous alternative sources of plant and animal protein have been
investigated and used in fish feed to reduce the dependence on fishmeal, an increasingly
expensive and limited resource [17]. These include soybean meal, pea, rapeseed, corn
gluten meal, rapeseed meal, as well as animal by-products such as meat and bone meal,
feather meal, or blood meal [18-22]. In this context, a number of new protein sources,
such as insect meal, food industry by-products (pomaces and dried distillers grains with
solubles (DDGS)) [23,24], macroalgae, and unicellular organisms, are being evaluated as
possible alternatives in fish feed. Each of these sources offers a number of advantages:
plant proteins are more accessible and relatively inexpensive, insects are rich in protein,
and microorganisms can be cultivated sustainably and have a very good nutritional profile.
Single-Cell Protein (SCP) is a promising category of alternative protein sources derived
from single-celled organisms such as bacteria (e.g., Methylococcus), yeasts (Saccharomyces),
algae (Arthrospira and Chlorella), and filamentous fungi. The use of unicellular proteins
in fish feed has also been shown to be beneficial in terms of feed conversion efficiency,
improving the growth rates and welfare of fish while reducing the environmental impact
and competition for conventional feed resources [25]. Alternative sources of protein can
partially or fully replace fishmeal and soybean meal in feed diets, but the effects on fish
growth, nutrient utilization, and health vary. A number of factors, such as the presence
of anti-nutritional factors, digestibility, and levels of essential amino acids, need to be
considered [26].
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Researchers’ interest in the use of insect meal as a substitute for fishmeal in fish feed has
increased in recent years. Insects with potential as an alternative protein source include the
black soldier fly larvae (BSFL) [27], silkworms (Bombyx mori) [28], yellow worms (Tenebrio
molitor) [29], grasshoppers (Locusta migratoria and Schistocerca gregaria) [30], crickets (Acheta
domesticus and Gryllus assimilis) [31], and house flies (Musca domestica) [32]. Insects are
known to be found in the natural diet of freshwater and marine fish, especially in the early
stages of their development [33], because they are rich in amino acids, fats, vitamins, and
minerals [34]. Africa is ahead of other regions of the world in adopting the use of the
black soldier fly (and other insect species) as a source of animal feed [35]. Local legislation
allows different types of waste to be used to feed the larvae, and then the larvae and their
by-products are used to produce feed for farm animals or pets.

Native to many regions of Africa, BSFL could contribute to waste recycling, and its
growth could be favored by the warm climate. In African countries, livestock production
accounts for approximately 30% of the gross value of agricultural production, and therefore,
the cost of feed limits the development of the sector. For example, in Kenya, the price of feed
accounts for about 70%, and large-scale insect farming can be an alternative protein solution,
as insects can feed on various types of organic waste [36]. Some freshwater fish species
such as tilapia (Oreochromis niloticus) and African catfish (Clarias gariepinus) could be raised
with BSFL-based feed, contributing to the development of African aquaculture [37,38]. The
contribution of aquaculture to the development of African countries is significant because
it provides proteins of animal origin.

As the global insect-based feed industry is expected to grow from USD 128 million in
2019 to an estimated USD 3.4 billion by 2030, the use of BSF meal in aquaculture is gaining
considerable interest [39].

However, despite promising research results on growth performance, immune mod-
ulation, and waste valorization, several challenges remain. These include regulatory
constraints regarding substrates used for rearing BSFL; questions about fish product qual-
ity and consumer acceptance; inconsistencies in nutrient composition based on rearing
substrates; and difficulties scaling up BSFL production at industrial levels.

This review aims to explore the current status of BSFL use in aquafeeds, synthesize
recent findings, highlight the opportunities and risks of large-scale adoption, and discuss
how BSFL meal can contribute to the future of sustainable aquaculture.

2. Materials and Methods

This review was conducted through a structured literature search to compile and
synthesize scientific findings related to the use of Hermetia illucens (black soldier fly larvae—
BSFL) meal as an alternative ingredient in aquaculture feeds. The relevant literature was
identified using the following electronic databases: Web of Science, Scopus, PubMed, and
Google Scholar. The search spanned from 2002 to 2025 and included 200 peer-reviewed
journal articles, regulatory reports, and review papers.

The keywords and Boolean operators used included combinations of the following terms:

“Black Soldier Fly” OR “BSFL” OR “Hermetia illucens” AND “aquaculture”, “fish feed”,

77 i 77

“sustainability”, “growth performance”, “fillet quality”, “chitin”, “lauric acid”, “consumer

Za7i

acceptance”,

v

regulatory”, “microbial safety”, and “antimicrobial activity”.

Inclusion criteria included the following: articles published in English; studies focused
on the application of BSFL meal in fish diets; research addressing nutritional composition,
growth performance, feed conversion ratio, fillet characteristics, or bioactive effects (e.g.,
antimicrobial effects and immune modulation); and literature discussing regulatory aspects
or consumer perceptions relevant to BSFL-fed aquaculture.
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Exclusion criteria consisted of the following: studies on terrestrial animals or unrelated
insect species and publications lacking specific data on BSF applications in aquafeeds.

3. Hermetia illucens: Biology and Nutrient Composition
3.1. Biology of Species

Hermetia illucens, also known as the black soldier fly, is a common species in the family
Stratiomyidae, order Diptera. Since the late twentieth century, H. illucens has attracted
attention due to its usefulness in recycling organic waste and generating animal feed [40].
Black soldier flies are at their nutritional peak during the pupal stage when they can be
fed to animals such as poultry, fish, pigs, lizards, turtles, and even dogs. This insect is
one of the few insect species approved for use as aquaculture feed in the EU. They can be
kept at room temperature for several weeks and have the longest shelf life between 10 and
16 °C [41]. BSFLs are characterized by a rapid reproductive cycle and high concentrations
of proteins, lipids, vitamins, and minerals [14,42]. The insects can develop in fairly small
spaces and generally larvae and pupae are reared together on a feeding substrate in small
trays made of various materials such as wood, fiberglass, polyethylene [43].

The life cycle of the BSF comprises four developmental stages—egg, larva, pupa,
and adult—and is influenced by a number of factors such as temperature, humidity, light
intensity, and type of food [44] (Figure 1). A female lays between 206 and 639 eggs. They
hatch in 3-4 days. The newly hatched larvae are 1 mm long and weigh 0.1 g. They grow for
18-36 days depending on the substrate on which they develop. The prepupal stage lasts up
to 7 days and the pupal stage 1-2 weeks [45]. BSFL adults are considered non-pathogenic
as they do not feed [46].

Black Soldier Fly (Hermetia illucens) life cycle

One female lays about 206-639 eggs
that hatch in 3-4 days.

e

Adul A
\ \ / \ Larvae

15-20 mm length [ m \ I e \ )
Life span for 89 days | f | ( A | Larvaeare1 rgrqécng and weigh
' / /' In7-51 days, they turn into prepupae

Pupae %!
18-19 mm 18-19 mm
In 1-2 weeks, they turn In 7 days, they turn into
into adults pupae

Figure 1. Life cycle of the black soldier fly (Hermetia illucens). The cycle includes five stages: eggs,
larvae, prepupae, pupae, and adult flies.

Since adults do not consume food, this behavior helps the larvae accumulate larger
amounts of lipids that increase their chances of survival when they enter the adult stage.
The increased fat requirement of larvae increases their ability to consume food waste [47].
Studies have shown that BSF larvae can prevent the spread of house flies and reduce
harmful bacteria, such as Escherichia coli and Salmonella enterica, by secreting bactericidal
compounds. Therefore, industrial rearing of BSFL does not favor disease transmission [48].
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3.2. Nutrient Composition of Insect Meal

BSF meal has a nutritional composition rich in proteins (up to 52%) and lipids (up to
38%), as well as minerals, which makes it a suitable ingredient for fish diets (Table 1). Some
authors suggest that BSFL meal may contain 35-57% crude protein, 32.6% fat, 6.7% crude
fiber, and 8.6% ash content [49,50]. Schiavone et al. [51] and Halloran et al. [52] show that
BSF larvae contain between 37 and 63% protein and 20 and 40% fat.

Table 1. Chemical composition of FM and BSFL.

Parameter Fishmeal BSFL
Dry matter (%) 92.10 91.70 94.10 - - 93.19
Protein content (%) 65.20 37.70 48.60 42.10 39.38-48.20 52.46
Fat content (%) 9.20 32.60 32.00 26.00 25.69-38.36 9.29
Ash content (%) 16.80 10.70 58.50 - 7.26-8.27 7.80
NDF (%) 5.30 16 181.10 - - -
ADF (%) 0.50 8.40 92.50 - - 22.10
Gross energy
(keal/kg) 4.510 5.660 - - - -
Gross energy (M]/kg) 18.90 23.70 26.60 - - 22.76
Calcium (g/kg) 41.30 30.30 6.80 7.56 13.00-21.17 3.64
Iron (mg/kg) 352 375 1600 - - -
Sodium (g/kg) 10.57 091 1.20 - 3.38-5.02 -
Zinc (mg/kg) 99 93 154.0 - 300-1200 -
Phosphorus (g/kg) 26.40 6.60 9.30 9 6.00-9.10 10.1
Magnesium (g/kg) 2.20 2.90 3.30 - 2.50-3.31 -
References [53] [54] [55] [56] [57] [58]

The composition of insect meal is directly influenced by the substrate on which the
insects are grown, as this determines their nutritional profile [59]. Table 2 presents several
types of substrates used in the rearing of Hermetia illucens larvae.

Table 2. Types of substrates used in the rearing of Hermetia illucens larvae.

Types of Substrates References
Degassed sludge and chicken feed [60]
Pineapple waste, jackfruit waste, rumen content, fish offal, and [61]
mixed substrates
Market waste: fruits, vegetables, meat, and fish in decomposition; hotel [62]
waste: cooked foods and vegetable and non-vegetable wastes
Animal waste (slaughterhouse remains, fish, mussels, butcher waste, etc.),
fodder waste (wheat bran, soy flour, cornmeal, dog food, old bread, alfalfa,
etc.), fermentation products (by-products from winemaking, beer waste, [63]
and tofu yeast), food waste (waste from markets, canteens, hotels,
municipal organic waste, brown algae, etc.), fruits, garden waste,
vegetables, and mixed waste
Soybeans [64]
Spent mushroom substrate [65]
Rice bran, fruit waste (papaya and bananas), vegetable waste (mustard
leaves and watercress), tofu by-products, liquid palm sugar, and sago [66]
(Putak flour)
Aquaculture solid waste [67]
Fresh soybean curd residue and coconut endosperm [68]

Sesbania grandiflora and Moringa oleifera leaves and agro-industrial
by-products, including soybean waste, wheat pollard, rice bran, and [69]
milk-extracted coconut meat
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For example, insects fed on protein- and carbohydrate-rich substrates, such as wheat
bran, will produce a meal with higher protein and lipid contents. In contrast, a substrate
based on vegetable waste, such as fruit and vegetable scraps, may result in a flour with a
higher carbohydrate content. The type of substrate also influences the content of fatty acids,
minerals, and vitamins, thus affecting the nutritional value of insect meal used in fish feed.

In the case of carbohydrate-rich substrates, a greater amount of lipids accumulates in
the larvae, while protein-based substrates will increase the protein content [70]. Also, the
fatty acid profile can be manipulated by adding plant sources to the growth substrate [71].

The study of larval fatty acid (FA) profiles indicated that feeding them with fermented
substrates leads to an improved larval FA profile, which is a plus considering their use as
aquatic animal feed [72].

Boafo et al. [73] conducted a study in Ghana that investigated the use of six types of
substrates selected as suitable for egg laying by female Hermetia illucens and subsequent
larval development. The substrate types selected were pig manure, bird manure, fruit
waste, millet porridge puree, waste from local sorghum beverage producers, and waste
from roots and tubers. All substrates were attractive for larval development, but pig
manure was the most productive one. The type of substrate used influenced the total
prepupal weight. The yield on pig manure was significantly higher compared to the other
substrates, and chicken manure and fruit waste had similar prepupal yields. The substrate
millet porridge had a higher yield in prepupal development compared to chicken manure,
fruit waste, and roots and tubers. Regarding the contents of crude protein, fat, crude ash,
crude fiber, and moisture in the prepuces grown on these substrates, they were 36.2-43.4%,
25.6-41.3%, 7.7-19.8%, 9.9-12.3%, and 57.5-61.8%.

In a study by Jucker et al. [74], larvae fed three diets varied in protein and fat contents.
Thus, diet 1 was fruit based (oranges, apples, and pears), diet 2 vegetable based (cabbage,
lettuce, and green beans) and diet 3 mixed (fruits and vegetables). The mixed diet group
had the highest protein content of 17.6 g/100 g compared to the other two groups. Larvae
reared on the fruit-based diet had a higher fat content, especially saturated fatty acids. The
calcium content was high in all experimental variants, ranging between 1421.3 mg/g and
2703.7 mg/g.

Another study by Ahmad et al. [75] aimed to determine the growth rate of BSFL and
to study the effectiveness of composting fruit (apples, pineapple, papaya, and bananas)
and vegetable (tomato, cabbage, cucumber, and lettuce) wastes from local markets and
canteens by these larvae.

The waste was divided into three categories that included fruits, raw vegetables, and
cooked vegetables. These wastes were administered into two categories of larvae of 2 and
4 g. The data obtained showed that larvae reared on fruit substrate had the best growth,
of 1700%, compared to the initial weight of 2 g, and of 1200% starting from a 4 g initial
weight, respectively. Fruit residues had the highest percentage of reduction, by 57% using
larvae, indicating that they could be more suitable as a substrate for larval development.
Furthermore, the study shows that waste reduction with different amounts of larvae did
not show significant differences. This study shows the ability of larvae to transform organic
substrates into biomass.

3.2.1. Amino Acid Composition of BSFLM

Table 3 presents the amino acid composition in BSFL. BSFLM is a rich source of amino
acids including lysine, methionine, cysteine, arginine, and tryptophan [76]. In their study,
Lu et al. [77] examined the amino acid profile of black soldier fly larvae and found that
the most abundant essential amino acids in black soldier fly larvae were leucine (average
44.6 g/kg), lysine (average 38.8 g/kg), and valine (average 40.1 g/kg), which are higher
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than those found in soybean meal, with valine also exceeding the content found in fishmeal.
The least abundant essential amino acids were methionine (average 9.3 g/kg, ranging
from 6.3 g/kg to 13.4 g/kg) and tryptophan (average 3.6 g/kg, ranging from 2.3 g/kg to
5.3 g/kg), which were comparable to soybean meal levels but much lower than those in
fishmeal. In BSFL, the lysine content is significantly lower compared to fishmeal, ranging
between 21.80 g/kg and 27.70 g/kg [54,55].

Table 3. Amino acid composition of FM and BSFL.

Parameter Fishmeal BSFL
Arginine (%) 5.70 18.70 19.90 22.00 1.94 1.80-2.55
Histidine (%) 241 11.70 13.80 13.40 1.32 2.08-2.77
Isoleucine (%) 4.74 15.8 19.10 19.30 1.57 1.76-2.40
Leucine (%) 7.74 26.30 30.60 30.00 2.59 2.67-3.62
Lysine (%) 791 21.80 23.00 27.70 2.22 2.44-3.60
Methionine (%) 3.02 6.80 7.10 7.60 0.58 0.61-1.07
Cysteine (%) 0.94 2.40 2.20 3.30 0.28 0.12-0.16
Phenylalanine (%) 4.12 15.30 16.40 17.10 1.51 1.35-2.11
Tyrosine (%) 3.33 21.40 - 26.50 2.30 1.71-3.09
Threonine (%) 4.37 14.50 16.20 18.40 1.42 1.42-1.94
Tryptophan (%) 1.18 5.40 5.40 - 0.53 -
Valine (%) 5.43 22.6 28.20 29.40 2.25 2.29-3.09
References [53] [54] [42] [55] [78] [57]

3.2.2. Methionine and Lysine

Although BSFL represent a sustainable protein resource, with a protein level similar to
that of fishmeal, their amino acid profile shows some deficiencies, especially regarding the
levels of methionine and lysine, amino acids essential for optimal growth of fish, especially
carnivorous ones. A comparative analysis of the amino acid content of black soldier fly
larvae meal against the nutritional requirements of different fish species indicates both
the advantages and disadvantages of this protein source. In the case of using BSFL meal,
these limitations can be overcome by supplementing the diet with synthetic amino acids,
by combining BSFL with other complementary protein sources, or by adjusting the feeding
substrate of the larvae to improve the amino acid level.

Methionine and lysine are two essential amino acids with an important role in fish
nutrition. Methionine is the primary methyl donor in organisms and is vital for protein
synthesis, the synthesis of important metabolites like phosphatidylcholine and creatine, and
the antioxidant system through cysteine and glutathione production [79]. It also regulates
immunity, energy metabolism, and reproduction [80]. The methionine requirement of fish
varies according to species, age, and cysteine and taurine levels and is between 0.49%
and 2.5% of the diet. Methionine should be added to the diet when fishmeal in fish feed
is substituted by other vegetable protein sources [81]. According to some authors, the
methionine concentration ranges between 6.80 g/kg and 7.60 g/kg, significantly lower
compared to fishmeal [54,55].

For example, the methionine requirement for African catfish (Clarias gariepinus) is
between 18.7 and 21.4 g/kg [82]; for carp (Cyprinus carpio), the methionine requirement
would be 0.855 g/100 g DM according to Schwarz et al. [83]; and for juvenile rainbow trout
(Oncorhynchus mykiss), it is 0.52-1.49% of the diet, respectively, of dietary protein [84].

Lysine, on the other hand, is critical for growth, nitrogen balance, and preventing fat
accumulation. It helps maintain osmotic pressure and acid-base balance in body fluids
while also promoting muscle growth through hyperplasia and hypertrophy of muscle fibers.
Research on different fish species fed lysine-supplemented diets have shown better growth
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rates, increased immunity, and improved fecundity compared to fish fed lysine-deficient
diets. In addition, lysine-supplemented diets are more economically efficient [85].

In the case of lysine, the optimal level for grass carp was recommended between
2.13 and 2.39% of the diet [86]; for rainbow trout fingerlings (Oncorhynchus mykiss), it is
1.30% of the diet [87]; for white sturgeons (Acipenser transmontanus), it is 15.8% [88]; and
for Nile tilapia juveniles (Oreochromis niloticus), the requirement was estimated at 5.12% of
the diet [89].

Addressing the amino acid imbalances of BSFL meal, particularly methionine and
lysine deficiencies, can be approached from multiple angles. At the fish nutrition level,
supplementation with crystalline or coated amino acids has proven effective. In gibel carp
(Carassius auratus gibelio), diets low in protein but supplemented with crystalline or coated
methionine and lysine significantly improved antioxidant capacity, intestinal health, and
muscle quality, with coated forms showing superior effects on enzyme activity and fat
deposition [90]. From an insect production perspective, new advances in BSFL nutritional
enhancement may help reduce the need for supplementation. For example, suppression of
nutrient amino acid transporters in BSFL excretion systems increased the larval content of
several essential amino acids (e.g., histidine 1257% and valine 1198%), although this came
at the cost of reduced larval biomass [91]. However, supplementation of BSFL substrates
with lysine has shown limited benefits: crystalline lysine addition above 0.3% reduced
larval growth, survival, and prepupal rates, suggesting that larvae themselves do not
benefit from lysine fortification beyond a minimal threshold [92].

3.2.3. Fatty Acids Composition of BSFL

An important disadvantage of Hermetia illucens larvae meal is given by the low level
of long-chain polyunsaturated fatty acids (PUFAs), especially eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA), necessary for the healthy development of fish, especially
marine species. Replacing fishmeal and fish oil in the feed of farmed salmon with sustain-
able ingredients, but which have low levels of the essential fatty acids EPA and DHA, may
decrease the nutritional value of the fish and also the growth performance and health [93].

Research over the past decades on essential fatty acids in fish has led to the es-
tablishment of minimum requirements necessary to prevent nutrition-related patholo-
gies, to find optimal levels for their growth and development, and to identify innovative
sources of PUFAs to maintain the nutritional quality of farmed fish in a context of limited
marine resources [94].

To overcome this deficiency, the diets of fish consuming BSFLM feed can be supple-
mented with rich sources of PUFAs, such as alternative lipid sources (vegetable oils and
animal fats) or genetically modified microalgae and oilseed crops [95,96].

Although BSFLM is a sustainable protein source, its use in fish feed requires nutritional
improvements to ensure an optimal level of essential fatty acids.

The black soldier fly grows and reproduces readily and can be reared on biowaste.
Insects often accumulate fat, especially in their immature stages. The lipid content of
un-degraded black soldier fly larvae is high (26-35%) [97]. The lipid extracts from Hermetia
illucens larvae are characterized by a high concentration of fatty acids, especially lauric acid,
which ranges from 37% to 62%, depending on the extraction methods employed [98]. Other
significant fatty acids include palmitic acid (C16:0), oleic acid (C18:1n-9), and linoleic acid
(C18:2), with linoleic acid being a notable omega-6 polyunsaturated fatty acid (PUFA) [98].
Additionally, Hermetia illucens larvae contain small amounts of omega-3 fatty acids, such as
a-linolenic acid (C18:3) [98]. In contrast, other species like Tenebrio molitor (mealworm) have
significantly lower levels of lauric acid, typically containing less than 0.5% [99]. Table 4
present comparative fatty acids composition between fishmeal and BSFL.
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Table 4. Fatty acid composition of FM and BSFL.

Parameter Fishmeal BSFL
C8:0 caprylic acid (%) - - 0.003 - - -
C10:0 capric acid (%) - - 0.201 0.70 0.86 0.44-0.85
C11:0 undecanoic acid (%) - - 0.004 - - -
C12:0 lauric acid (%) 0.09 122 8.567 14.10 45.97 17.89-37.18
C13:0 tridecanoic acid (%) - 0.009 - - -
C14:0 myristic acid (%) 4.10 18.10 2.488 1.90 8.70 5.21-11.77
C14:1 myristoleic acid (%) - - 0.042 - - -
C15:0 pentadecanoic acid (%) - - 0.048 - 0.15 -
C15:1 pentadecenoic acid (%) - - 0.009 - - -
C16:0 palmitic acid (%) 12 32.80 8.870 5.30 12.21 20.65-24.59
C16:1 palmitoleic acid (%) 4.80 11.80 0.924 1.10 1.91 1.75-2.67
C17:0 heptadecanoic acid (%) - - 0.053 - 0.20 -
C17:1 heptadecanoic acid (%) - - 0.032 - 0.20 -
C18:0 stearic acid (%) 2.40 6 1.194 0.90 2.53 2.95-4.42
C18:1 oleic acid (%) 8.20 32.30 8.869 7.30 11.24 9.28-15.35
C18:2 linoleic acid (%) 1.40 19.70 3.815 2.70 14.07 4.71-24.08
C18:3 linolenic acid (%) 1.20 2.80 0.400 0.20 1.65 0.32-1.99
C18:4 stearidonic acid (%) 1 0.80 - - - -
C20:0 arachidic acid (%) 0.20 0 0.041 0.0 0.10 -
C20:1 eicosenoic acid (%) 4.50 0 0.034 - 0.06 ND-0.46
C20:3 eicosatrienoic acid (%) - - 0.008 - - ND-0.38
C20:4 arachidonic acid (%) 1.60 0 0.118 - 0.14 -
C20:5 eicosapentaenoic acid (%) 6 1.30 0.079 0.30 - -
C22:0 behenic acid (%) 0.20 0 - - - ND-0.26
C22:1 erucic acid (%) 5.20 0 - - - -
(C22:2 docosadienoic acid (%) - 0.20 0.081 - - -
C22:5 docosapentaenoic acid (%) 1.80 - - - - -
C22:6 docosahexaenoic acid (%) 4.40 0.60 - - - -
C24:0 lignoceric acid (%) 0 0 - - - -
References [53] [54] [47] [78] [100] [57]

ND = not detected.

3.2.4. Lauric Acid in BSFL

Lauric acid (C12:0) is a medium-chain saturated fatty acid found in various natural
sources, including coconut oil, palm kernel oil, and certain insect species. Among insects,
Hermetia illucens larvae are particularly notable for their high content of lauric acid, making
them a promising candidate for use in aquaculture as a feed additive [99].

Lauric acid derived from Hermetia illucens larvae exhibits significant bioactivities,
including antibacterial, antiviral, antifungal, and anticancer properties [101]. For instance,
lauric acid has shown potent antibacterial activity against Gram-positive bacteria, such as
Staphylococcus aureus, with a minimum inhibitory concentration (MIC) of 500 pug/mL [102].
It also demonstrates antiviral efficacy, particularly against the herpes simplex virus type 1,
where it inactivates the virus at a concentration of 2 mg/mL [103]. Lauric acid has antifungal
properties as well, being effective against Candida albicans at an effective concentration of
10 mg/mL [104]. Furthermore, lauric acid has been found to induce antiproliferative and
pro-apoptotic responses in breast and endometrial cancer cells, highlighting its potential as
an anticancer agent [105].

In aquaculture, lauric acid has shown positive effects on fish health. A study by Belghit
et al. [106] found that insect-based diets high in lauric acid significantly reduced liver lipids
in freshwater Atlantic salmon (Salmo salar). Despite the high content of saturated fatty acids
in these diets, the apparent digestibility coefficients of all fatty acids were high. Lauric
acid, being a medium-chain fatty acid, was rapidly oxidized and had low deposition in
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the liver, leading to a decrease in liver triacylglycerols compared to the control diet. This
suggests that lauric acid is efficiently utilized for energy rather than stored as fat, potentially
improving the metabolic health of the fish.

In another study, Fontinha et al. [107] evaluated the effects of introducing lauric
acid into the diets of juvenile European sea bass on growth performance, oxidative stress
enzymes, immunological parameters, and plasma metabolites. This study indicated that
supplementation with up to 2% lauric acid in the diet stimulated growth performance
in juvenile European sea bass, and 1% lauric acid improved oxidative status and gut
microbiota and downregulated anti-inflammatory genes.

3.2.5. Chitin and Chitosan in BSFL

Chitin is a natural biopolymer with the chemical formula C8H1305N, structurally
similar to cellulose. It is primarily extracted from crustacean shells, mollusks, insects,
fungi, and certain plants [108]. Chitosan, a cationic polysaccharide derived from chitin
through a deacetylation process, is composed of glucosamine and N-acetyl-glucosamine
monomer residues linked by {3 (1—4) linkages [109]. Both chitin and chitosan are widely
recognized for their excellent biodegradable properties, non-toxic nature, and eco-friendly
characteristics. These biopolymers have applications in various industries, including food,
medicine, cosmetics, agriculture, and textiles, due to their ability to enhance growth rates,
improve immunological functions, and reduce gut microbial pathogens in both terrestrial
and aquatic animals [110].

Chitin and chitosan can be successfully derived from various stages of insects, par-
ticularly those used in the insect-based food industry. For example, chitin and chitosan
have been extracted from Tenebrio molitor (mealworm), including its larval, molt, and adult
stages [111]. These extracts have been shown to have distinct properties, such as antibacte-
rial activities, which make them suitable for applications in packaging and biomedicine.
Additionally, Hermetia illucens has also been studied as a potential source of chitin and
chitosan, with pupal exuviae being identified as the most suitable biomass for produc-
tion due to their high chitin content [112]. Adult stages of Hermetia illucens contain up to
5% chitin [113].

Both chitin and chitosan possess significant biological properties, such as antimicrobial,
antioxidant, and wound-healing abilities, which make them suitable for various applica-
tions in food, biomedical, and industrial fields [110]. These compounds have been shown
to have immunomodulatory effects, helping to improve disease resistance and immune
responses in aquaculture species [114,115]. In aquaculture, chitin and chitosan have been
used as feed additives to improve the growth, immunity, and disease resistance of aquatic
animals. For instance, chitin supplementation in the diet of common carp (Cyprinus carpio)
has resulted in enhanced immune resistance and improved growth performance [114].
Similarly, mrigal carp (Cirrhinus mrigala) fed chitin-enriched diets exhibited improved
immune response and disease resistance to Aphanomyces invadans [115]. Moreover, studies
on Nile tilapia (Oreochromis niloticus) have shown that chitin supplementation enhances
growth performance and the feed conversion ratio (FCR), along with an improved immune
response [116]. The potential of chitosan, particularly from Epinephelus bruneus, has also
been demonstrated in improving growth and immune responses, providing a viable option
for aquaculture feed additives [117].

A major challenge in utilizing insect-based chitin in aquaculture is its digestibility.
Chitin, being a complex polymer, can interfere with the digestion of other nutrients. Chiti-
nase, an enzyme responsible for breaking down chitin, is necessary for enhancing the
digestibility of insect meal in aquatic animals. Studies have shown that carnivorous and
omnivorous fish possess the required chitinolytic enzymes like chitinase, chitobiase, and
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lysozyme, which aid in the digestion of chitin [118]. These enzymes are important for the
breakdown of chitin in the digestive system, facilitating better nutrient absorption and
reducing the negative impact on growth performance. Despite the promising applications
of chitin and chitosan in aquaculture, further research is needed to optimize their use,
particularly in the development of chitinase supplementation strategies.

In a study conducted by Renna et al. [119], which aimed to introduce partially defatted
BSFL meal into the diet of rainbow trout, it was observed that a percentage of 40% corre-
sponding to 2 g of chitin/100 g of dry matter did not produce negative effects on growth,
although digestibility decreased.

Including chitin in the diet of rainbow trout at a rate of up to 3% did not influence
growth performance, blood biochemistry, nutrient digestibility, or intestinal activity [120].

Eggink et al. [121] investigated the effect of chitin on nutrient digestibility and chitinase
activity in fish. BSFL meal with different chitin concentrations (18, 27, and 154 g chitin/kg
DM) was tested in the diet of Nile tilapia (Oreochromis niloticus) and rainbow trout (On-
corhynchus mykiss). The fish were able to digest chitin, but its digestibility decreased at
higher levels of chitin in the diet.

Chitin effects are species specific and dose dependent. At low levels, it may stimulate
immunity and gut health, while at higher levels, it tends to reduce digestibility of protein
and lipids, impairing growth. According to a recent review, the role of chitin in aquafeeds is
highly variable and depends on both the inclusion level and the species considered [122]. In
turbot, diets containing 1.47% chitin from 16.5% BSFL prepupae meal significantly reduced
growth performance [122,123]. In Atlantic salmon, chitin inclusions above 1 g/100 g diet
impaired body weight, the condition factor, and protein digestibility [122,124]. By contrast,
results in rainbow trout have been inconsistent: while 26.4% BSFL meal (0.73% chitin)
reduced weight gain and lipid digestibility [122,125], other studies using up to 12% BSFL
meal (1% chitin) reported no adverse effects on growth performance [122,126]. These
contrasting findings highlight that chitin can be beneficial in moderation but may become
detrimental when dietary levels exceed species-specific tolerance thresholds. Optimizing
chitin inclusion requires understanding the nutritional physiology of each species and
carefully balancing its potential immunostimulant benefits against the risk of reduced
nutrient utilization [122].

Future studies should also focus on improving the digestibility of insect-based chitin
and its integration into sustainable aquaculture practices. Additionally, understanding the
interaction between chitin, gut microbiota, and the overall health of aquatic species will be
important in maximizing the benefits of these biopolymers in aquaculture systems.

4. Impact of BSFL Meal in Aquaculture

Numerous studies have been carried out in aquaculture where fishmeal has been
replaced with black soldier fly larvae meal (BSFL) in different proportions in fish such
as carp (Cyprinus carpio, var. Jian), Nile tilapia (Oreochromis niloticus), lemon fin barb
(Hypsibarbus wetmorei), meagre (Argyrosomus regius), catfish (Clarias gariepinus), rainbow
trout (Oncorhynchus mykiss), and gilthead seabream (Sparus aurata), and positive results
have been observed (Table 5).

The aim of a study by Kroeckel et al. [123] was to determine the nutritional value
of Hermetia meal for juvenile turbot (Scophthalmus maximus) by determining growth per-
formance, feed intake, and nutrient retention efficiency. Diets had 0%, 17%, 33%, 49%,
64%, and 76% insect meal. No negative effects on feed intake and the feed conversion
ratio were observed by including 33% HM. SGR was lower in all diets containing BSFL,
while FCR was significantly higher in diets with inclusion levels above 33%. Chitinase
activity or chitinolytic active bacteria were not detected in the midgut of turbot. Chitin
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in the BSFL could have influenced feed intake and nutrient digestibility and, therefore,
growth performance.

Li et al. [97] conducted a study in Cyprinus carpio var. Jian by replacing soybean oil
with insect meal oil at 0, 25, 50, 50, 75, and 100%. The aim of this study was to estimate how
insect meal oil influences BSFLO (black soldier fly larvae oil), growth performance, feed
conversion, fatty acid profiles, biochemical parameters, and lipid metabolism. The results
showed that growth, nutrient utilization, and serum biochemical parameters of fish from
five groups were not different (p > 0.05). The fatty acid compositions of intraperitoneal
adipose tissue, muscle, and hepatopancreas were closely correlated with the studied diets.
The results suggested that the growth of Jian carp was not adversely affected by black fly
larvae oil.

Experiments were carried out on juvenile Lates calcarifer (barramundi or Asian perch)
in order to analyze the efficacy of replacing FM with BSFLM in proportions of 0, 25, 50,
75, and 100. The experiment demonstrated that an appropriate level for optimal growth
could be higher than 28.4% but less than 50%, without negative effects on amino acid
composition [127].

Magalhaes et al. [128] found that up to 19.5% BSF, corresponding to 22.5% total
protein, can replace FM in diets for juvenile Dicentrarchus labrax (European sea bass), with
no negative effects on growth parameters and nutritional indices.

Another experiment conducted in Cyprinus carpio, var. Jian to estimate the effects
of replacing fishmeal with defatted meal of black soldier fly larvae followed the effects
on growth performance, antioxidant enzyme activities, digestive enzyme activities, and
hepatopancreas and intestinal morphology. The proposed diets contained 0%, 25%, 50%,
50%, 75%, 75%, and 100% BSFL. The results showed that the growth performance and
nutrient utilization of fish from five groups were not different. Hepatopancreas lipid
content and serum cholesterol of the treated groups were significantly lower than that of
control group. Histologic examination of the intestine showed that at a level of 75% or
more FM protein replaced, pathologic changes were observed. The study demonstrates
that it is appropriate to replace up to 50% of dietary FM protein with BSFL [129].

Also, in a study conducted on Cyprinus carpio, var. Jian, the researchers replaced FM
with BSFLM in order to evaluate the growth and body composition of Jian carp. FM in
Jian carp diet was replaced with 0, 35, 70, and 105 g/kg BSFLM. Thus, it was observed that
the growth parameters, biochemical parameters, and amino acid composition were not
affected by the replacement with BSFLM. In conclusion, replacing 100% FM with insect
meal in Jian carp diets does not produce negative effects on growth while decreasing the
amount of n-3 unsaturated fatty acids (HUFAs) in the fish body. This indicates that BSFLM
could be used after nutrient supplementation with n-3 HUFAs to increase fish quality [130].

Another study comprised three experimental variants containing 33, 66, and 100%
insect meal to test growth potential, nutrient utilization, liver health, and sensory fillet
parameters in Atlantic salmon (Salmo salar). Feed intake, daily growth gain, and the feed
conversion ratio were not affected by the inclusion of insect meal in the diets. The protein,
lipid, and amino acid compositions of the whole body were not affected by replacing
fishmeal with insect meal, while the fatty acid composition of the whole body reflected
the composition of the diets. Sensory testing of the fillet revealed only small changes in
its sensory quality. Overall, this study showed that a total replacement of fishmeal with
black fly larvae meal in Atlantic salmon diets is possible without negative effects on growth
performance, feed utilization, nutrient digestibility, liver characteristics, or sensory qualities
of the fillet [106].

A relevant example is that of Japanese perch (Lateolabrax japonicus), where Wang
et al. [131] investigated the partial replacement of fishmeal with defatted insect larval meal.
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The study included five isoprotein (39%) and isolipid (11%) diets with substitution levels
of 0%, 16%, 32%, 48%, and 64% BSFL. The results showed that with up to 64% substitution,
no negative effects on growth performance or liver and intestinal histomorphology were
observed, suggesting good tolerance of this species to the tested ingredient.

Comparable results were also obtained in Siberian sturgeon (Acipenser baerii), a valu-
able species in freshwater aquaculture. In this case, BSFL meal was tested at levels of
5%, 10%, 15%, 20%, 25%, and 30%, and the evaluations focused on feed quality, growth
performance, acceptability, and digestibility. Despite some physical changes to the feed
(reduction in density, sink rate, and stability), biological performances, such as weight
gain and protein conversion efficiency, were significantly improved without affecting
nutrient digestibility [132].

Among salmonids, rainbow trout (Oncorhynchus mykiss) was the subject of a large
study by Kumar et al. [133], in which the addition of BSFL (8% and 16%) to soybean
meal (SBM) diets reduced the occurrence of intestinal enteritis. Furthermore, complete
substitution of fish oil or soybean oil with BSFLO (black soldier fly larvae oil) did not
adversely affect the histological structure of the liver or intestine but led to decreased
inflammation and improved immunity, suggesting that defatting insect meal could be
optional for this species.

On the other hand, in gilthead sea bream (Sparus aurata), the use of BSFL meal at
proportions of 25%, 35%, and 50% in isoenergetic and isoprotein diets generated significant
increases in the content of essential amino acids such as lysine, methionine, isoleucine,
leucine, threonine, and valine. However, levels of minerals such as phosphorus, cal-
cium, and sodium progressively decreased as the percentage of BSFL increased in the diet
(p <0.01) [27].

This trend towards improved biological performance is also observed in goldfish
(Carassius auratus), where the inclusion of BSFL in the diet led to improved growth, feed uti-
lization, and blood biochemical profile. However, negative effects on skin color, carotenoid
content, and liver histological integrity were reported, suggesting that some aesthetic and
physiological aspects may be negatively affected at high concentrations [134].

Equally promising were the results obtained in studies on tench (Tinca tinca), a species
in which substitution levels of 0%, 15%, 30%, 45%, 65%, and 70% with partially defatted
BSFL meal were tested. Survival was high (95.8-100%) in all groups, and the best growth
performance was observed at the 45% BSFL level. Although essential amino acid content
decreased, there were no negative effects on growth, indicating possible sufficiency of
the remaining levels. At the same time, a linear decrease in body lipid content was
observed [135].

Ornamental species such as Betta splendens (Siamese fighting fish) have also benefited
from BSFL supplementation. A 2023 study showed that the inclusion of 13% BSFL in
the diet resulted in significant improvements in growth, hematological profile, and liver
and intestinal morphology, highlighting the potential of this ingredient also in niche
aquaculture [136].

In koi carp (Cyprinus carpio var. koi), the use of insect meal at rates of 50, 100, 150, and
200 g/kg resulted in significant increases in their weight and specific growth rate, especially
at the 200 g/kg level. An improvement in the immune response was also observed,
indicating a dual value—nutritional and functional—of insect meal in this species [137].

Another significant example comes from Nile tilapia (Oreochromis niloticus) aquacul-
ture, where BSFL was tested as a replacement for fishmeal at proportions of 0%, 25%,
50%, and 75% in a 21-week experiment. The 50% BSFL diet achieved the best results in
terms of final weight, daily growth, specific growth rate, FCR, and survival. Furthermore,
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economic analysis showed that the 75% BSFL diet had the lowest feed cost (USD 0.79),
which supports the economic feasibility of using BSFL on an industrial scale [138].
Table 5. Some studies evaluating the effects of BSFL in aquaculture.
Species Period BSFL Level (%) Results Obtained References
The 37.5% BSFL diet had the best
Cuprinus carpio 0,12.5, 25, and results in terms of feed utilization
(cary r;—fin erfin S - 37.5% (fermented efficiency, protein efficiency ratio, [139]
p & & BSFL) specific growth rate, survival, and

linolenic acid levels.

There were no significant differences
related to growth, feed efficiency, and
proximal muscle composition.

Ctenopharyngodon 0, 25, 50, 75, and Malondialdehyde |.. Gut microbiota
idellus (grass 8 weeks 100% (defatted analysis did not reveal significant [140]
carp)—juveniles BSFL) changes. Aeromonas and Shewanella
decreased significantly.
BSFL 100% did not affect growth
performance and carcass composition.
Somatic indices, feed utilization
Oreochromis efficiency, survival rate, and
o ] 0,10, 20, 40, 60, 80, hematological parameters did not show
niloticus (Nile 12 weeks o . [141]
tilapia)—juveniles and 100% s1gn1f{cant chapggs. Ifysoz.yme and
p ]
peroxidase activities in skin mucus
increased.
Growth performance improved with
75% BSFL and above this percentage
Hypsibarbus 0.25 50,75, and decreased. Protein retention | and lipid
wetmorei (lemon fin 8 weeks e 1 O(,)O % ! retention 1. No significant differences [142]

in FCR. No pathological changes. Up to
75% showed no negative effects on fish
growth and health.

barb)—fingerlings

No significant histomorphologic
changes were observed between
treatments. No significant differences
A . in gut bacterial profiles. No significant
YgYrosomus regius diff . ¢ id
(meagre)— 9 weeks 0, 10, 20, and 30% Hierences i protease, peroxidase, [143]
veniles e lysozyme activities, nitric oxide
J production, and total immunoglobulin
levels. A level of 10% BSF is
recommended to avoid pathologic
changes in the intestine.

The 50% BSFL diet achieved a better
FCR. Growth performance and survival

Cla?f:éiﬁ;ﬁ nus 16 weeks 95 50, and 75°% demonstrated that BSFL has the [144]
finoerlines T ? potential to replace FM by up to 75%.
sering Fish productivity and feed cost can

be reduced.
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Table 5. Cont.
Species Period BSFL Level (%) Results Obtained References
Reduced growth and feed intake, and
chitin accumulation in the intestine led
Oncorhynchus Dried BSFL to constipation (2-3 meals of dry
mykiss (rainbow 90 days prepupae (1,2, or 3 BSFL/day) and anus necrosis. [145]
trout)—juveniles times/day) Inclusion of one meal of dry BSF
resulted in increased PUFAN-3,
PUFAN-6, and DPA acids in fish.
On.corhyi?chus BSFL could replace up to 66% of the
mykiss (rainbow diet of catfish and rainbow trout fr
trout) and Clarias 4 weeks 0,33, 66, and 100% \ . . y [146]
gariepinus without negatively affecting growth
(catfish)—fry performance.
In over 50%, growth was negatively
Channa striata affec.te'd. SOD,. catalase, and GPx
(snakehead) 9 weeks 0, 25, 50, 75, and activity was improved. Blood [147]
o 1 100% biochemistry and plasma metabolites
juventes were not altered. Reduced appetite on
the 100 HM diet.
m(;;{lg;rﬁygiﬁfw ) 30:70 diet, BSFL The diets tested had a good [148]
! . and standard feed digestibility between 82.6 and 100%.
trout)—juveniles
Growth-related gene expression and
Sparus aurata plasma metabolite profiles were not
(gilthead 67 davs 0,15,30, and 45%  significantly affected. ALT and GDH 7. [149]
seabream)— y (defatted BSFL) Increased digestive enzyme activity in
juveniles the hindgut of fish fed BSFL 15% diet.
Enrichment of the gut microbiota
Good survival, specific growth rate
varied significantly, and FCR decreased
Oreochromis to 1.08 (60%). PER varied from 0.81
. . 0, 40, 50, and 60% (40%) to 2.34 (imported feed). Better
niloticus (Nile 4 weeks . . ) [64]
tilapia)—larvae BSFLM survival on experlmgntal dl.ets jc}}an on
control. For economic profitability, 50
and 60% of BSFL mass is
recommended.
Clarias gariepinus Showed 100% survival. Using 100%
(catfish)— 8 weeks 0, 33, 66, and 100% replacement results in good growth [150]
fingerlings BSFL rate. Protein and lipids 1. Higher profit
at 100% BSFL replacement.
Salmo sa-lar 0, 5,10, and 20% Up to ZQO/o can improvg the .intest.ir}al
(Atlantic 60 days full- fat BSEL microbiota due to lauric acid, chitin, [151]
salmon)—juveniles and peptides in BSFL.
Oncorhynchus 0,15,30,45,60,and  Using 45% BSF stimulated autophagy
mykiss (rainbow 8 weeks 75% BSFLM and gut health. Replacing over 60% of [152]
defatted using FM with BSF would reduce the
trout)—adults .
butane extraction growth rate.
Oreochromis 0,20, and 40% Improved FCR, SGR, and PER. BSF did
niloticus (Nile 5 weeks defatted BSF larvae _ Dot affect gene expression of [153]
tilapia)—juveniles meal proinflammatory cytokines. Improved
p ]

intestinal health in juvenile Nile tilapia.

The arrows 1 and | indicate increased and decreased, respectively.



Fishes 2025, 10, 464

16 of 31

Feeds based on Hermetia illucens are being tested for use in feeding other aquatic
organisms due to the protein and lipid profile that is of interest to aquaculture farmers.
Thus, there are some studies targeting shrimp, crayfish, crabs, mussels, etc.

In the case of Pacific white shrimp, Litopenaeus vannamei, it has become the most
productive shrimp species in the world because it has a fast growth rate and satisfactory
economic results. Therefore, the studies carried out on this species seem to support the
idea of using BSFL meal as a protein source.

Chen et al. [154], in their study on shrimp that lasted 7 weeks, formulated four different
diets: the control diet with 25% fishmeal and three experimental variants with 10%, 20%,
and 30% BSFL, respectively. The results obtained showed no differences in survival but
pointed out that the 20% BSFL diet stimulated fat synthesis. The 30% inclusion rate
negatively affected 3-oxidation and glycolysis, which decreased growth performance and
body composition. As a conclusion, the use of defatted Hermetia illucens larval meal instead
of whole meal may prevent changes in the fatty acid profile of the feed, thus allowing
greater inclusion in shrimp diets.

The research conducted by Zheng et al. [155], who evaluated the effect of replacing
fishmeal (FM) with defatted black soldier fly meal in an experiment that had several
diets containing 0%, 20%, 40%, 60%, 80%, and 100% Hermetia illucens meal, provided
information related to the growth rate, meat quality, and transcriptome of Pacific white
shrimp (Litopenaeus vannamei). The study shows that BSF was able to replace 20% of FM
with positive results, and a higher fat replacement of more than 40% resulted in decreased
growth performance and meat qualities of Pacific white shrimp (fat, collagen, and amino
acids) and increased cooking and thawing losses.

Nunes et al. [156], in their study, investigated the growth but also the economic
performance of feed for Penaeus vannamei postlavae using the replacement of fishmeal with
BSFLM at 0, 25, 50, 75, and 100%. The results showed that replacing FM with BSFLM was a
good idea, but it should be noted that economic profitability was maintained only when
the maximum price of BSFLM did not exceed USD 3.04/kg. This level corresponds to a 75%
replacement of FM. The authors suggest that further research may be needed to provide an
opinion on economically efficient levels of inclusion.

In the case of freshwater crayfish, the research carried out by Alvanou et al. [157]
showed that the use of black soldier fly meal in the feed of Pontastacus leptodactylus juveniles
can be a source of nutrients. Thus, the experiment was carried out for 98 days and followed
how the diet with 0, 50, and 100% BSFL influences growth performance, fatty acid profile,
and body composition. Juveniles fed Hermetia illucens diets were observed to have a better
survival rate, but those on the control diet showed better FCR and SGR. By studying the
fatty acid profile, the authors indicated that PUFAs, SFAs, and w6 fatty acids decreased
when BSFL meal was introduced into the diet.

A 60-day study on the juvenile crayfish Pontastacus leptodactylus showed that diets
exclusively based on fresh larvae of Hermetia illucens or Tenebrio molitor resulted in complete
mortality by the 30th day of the experiment. Mixed diets containing 50% commercial feed
and 50% BSFL or TM showed growth and survival comparable to commercial feed, and a
moderate survival rate was obtained in the BSF group. Therefore, the use of fresh insects
is not recommended, but replacing 50% FM with BSFL can be an alternative in feeding
juvenile crayfish.

Subchan et al. [158] investigated the effect of BSFL pellets on the growth of Cherax
quadricarinatus. The experimental diets included a control with fishmeal pellets, variant 1
with BSFL pellets, and variant 2 with BSFL and fishmeal pellets. The results of the study
showed that the three treatments did not produce significant changes in the growth of
the crayfish. The parameters monitored were carapace length, wet biomass, dry biomass,
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feed use efficiency, and feed conversion ratio. BSFL meal pellets did not produce negative
changes in the growth of the crayfish, and the authors suggested that they can be a substitute
for fishmeal in aquaculture feeds.

Yao et al. [159] investigated the impact of replacing fishmeal with defatted black
soldier fly larval meal (0, 25, 50, 75, and 100%) in the diet of juvenile Chinese crab (Eriocheir
sinensis) on growth performance, oxidative stress, non-specific immune response, and gut
microbiota. The final weight, FCR, and survival rate of the 25 and 50% BSFL meal variants
were observed to perform comparable to the control. Adverse effects on growth, gut
morphology, and microbiota were observed when replacing 75% of dietary fishmeal, and
at 100% replacement, non-specific immunity and survival rate decreased. The study comes
with evidence that BSFL meal can be a sustainable alternative with benefits on microbiota
and immunity in crustaceans.

In the case of Chinese soft-shelled turtles (Pelodiscus sinensis) raised in Asia for meat
that is delicious and has medicinal properties, research by Li et al. [160], where five ex-
perimental groups were fed diets with 0.5%, 10%, 15%, and 20% BSFLM, respectively,
indicated that the inclusion of 10% and 15% resulted in good antioxidant capacity and
nutritional value. The authors followed growth performance, blood biochemistry, antiox-
idant capacity, and amino acid profile. The results suggest that replacing 10% FM with
BSFLM is feasible for Chinese softshell turtles. The analyzed studies on the introduction
of meal from Hermetia illucens larvae into the feed of aquatic species indicate, however,
that the degree of tolerance and nutritional efficiency vary significantly depending on the
species and the replacement percentages. While some organisms, such as shrimp and clams,
have responded positively to high levels of fishmeal replacement, others, such as crabs or
turtles, require lower percentages to avoid negative effects on growth and survival. The
obtained results emphasize the need to adapt diets according to the specific requirements
of each species, age, as well as the importance of more thorough research on the use of
BSFL in aquaculture.

Moreover, nowadays, black soldier fly larvae are already used in poultry diets as
a sustainable, nutrient-rich substitute for conventional protein sources such as soybean
meal and fishmeal. They provide high levels of protein (42-59%) and essential amino
acids, as well as valuable lipids (9-30% ether extract) and energy (5035-5861 kcal/kg),
depending on the processing method applied [161]. In addition, BSFL contain bioactive
compounds such as chitin and medium-chain fatty acids (e.g., lauric acid), which have been
reported to enhance gut health, modulate immune responses, and reduce pathogen load
in poultry [162]. Moreover, feeding trials in broilers demonstrated that including full-fat
BSFL in diets (up to 20%) improved the feed conversion ratio by about 10% (p < 0.05).
Interestingly, BSFL inclusion also led to a significant reduction in lymphocytes (—47.7%)
and white blood cell counts (—35.9%), with a notable decrease in CD3+ and CD3+CD8+ T
lymphocytes at the highest inclusion level [163]. These findings suggest that BSFL not only
enhance growth performance but may also influence immune function by reducing energy
costs associated with immune responses. Furthermore, post-harvest processing methods
play a crucial role in determining the nutritional profile and physical properties of BSFL
products. A recent study showed that both the type of larvae (defatted vs. non-defatted)
and drying methods (parabola dome, hot-air oven, and microwave) significantly (p < 0.001)
influenced parameters such as color, bulk density, particle size, crude protein (42-59%),
crude fiber (7-14%), ether extract (9-30%), and energy content (5035-5861 kcal/kg). Among
these, microwave and hot-air oven drying were found to be the most suitable methods, as
they retained higher nutrient levels and improved feed quality compared to traditional
drying [161].
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Replacing fishmeal with black soldier fly meal may represent a promising strategy for
developing sustainable aquaculture, but its effectiveness varies with species, age (juvenile
stages may be sensitive to diet changes), inclusion level, and type of insect meal (defatted
or non-defatted). The results indicate that omnivorous fish can tolerate higher levels of
replacement, while carnivorous species may require lower percentage replacements of
fishmeal to avoid affecting growth rate, digestibility, and meat quality.

Therefore, further research is needed to establish what optimal level of BSF flour
inclusion is required by species and age but also to improve the nutritional profile and
digestibility of this alternative protein source.

5. Impact of BSFL Meal on Fish Meat Quality and Sensory Attributes

Beyond perception, the quality of fish raised on insect-based diets is a key considera-
tion. Stadtlander et al. [164] demonstrated that replacing 50% of fishmeal with Hermetia
illucens meal (HIM) in rainbow trout diets maintained feed conversion efficiency and
growth performance, with minor variations in protein utilization. HIM-fed fish exhibited a
slightly darker coloration but retained similar taste and texture compared to those fed tra-
ditional fishmeal-based diets. Sealey et al. [165] investigated black soldier fly prepupae as
a fishmeal replacement in rainbow trout diets. Their study revealed differences in moisture
and lipid content between fish fed BSFL and conventional fishmeal diets. Despite these
compositional changes, sensory evaluations conducted with untrained panelists found
no significant taste differences. This suggests that while lipid and fatty acid composition
influence volatile compounds responsible for aroma and flavor, the inclusion of insect meal
does not significantly alter the consumer-perceived sensory quality of fish fillets [166].

The study conducted by Radhakrishnan et al. [167] that BSFL meal can be included at
up to 10% in Atlantic salmon diets without negatively affecting fillet quality, validating its
potential as a sustainable food ingredient. EPA + DHA levels in salmon fillet were stable.
Sensory evaluation by members of the untrained group showed no significant differences
in overall liking between the diet groups. The study also found that the color of salmon
fillets fed BSFL meal did not differ significantly from those fed the control diet. However,
the 10% BSFL group was associated with attributes such as rancid taste and sour odor.

The inclusion of black soldier fly larvae meal in aquafeeds has also been shown to
positively impact the quality of fish products. For instance, in rainbow trout (Oncorhynchus
mykiss), dietary supplementation of BSFL meal did not impair the fillet quality, guaranteeing
its nutritional value [168]. Additionally, BSFL meal inclusion in the diet of Atlantic salmon
(Salmo salar) did not compromise the physico-chemical quality of the fillets, maintaining the
nutritional profile and sensory attributes [169]. In European sea bass (Dicentrarchus labrax),
BSFL meal supplementation improved the fillet quality traits during shelf life, including
color and fatty acid profile [170].

In a study, Herve et al. [171] analyzed the influence of food-grade larvae on the meat
quality of Clarias gariepinus by replacing fishmeal with diets containing 0, 50, 75, and 100%
BSFLM. Consumers who participated in the study rated the taste of the fish as good in all
diets, except for the 75% BSFLM diet, where 49% of the participants indicated a pleasant
taste. Among the tasters, 37.5% rated the fish fed with commercial feed as bad. The catfish
meat was generally rated as very juicy by most tasters, except for the control diet (which
contained local feed containing 100% fishmeal), which was rated as unpalatable. Overall,
acceptability was high, with all group members unanimously rating the fish in the diet at
75% BSFLM for its overall quality.

A company in Denmark conducted a study in collaboration with the Norwegian
University of Life Sciences and Austevoll Melaks AS, a Norwegian salmon producer, in
which they compared a conventional diet with a diet in which soybean meal was replaced



Fishes 2025, 10, 464

19 of 31

with 4% insect meal. In addition to the growth performance obtained, the studies showed
that the BSFL-enriched diet positively affected the texture and quality of the salmon fillet.
Following sensory tests, it was found that 67% of consumers preferred the taste of salmon
fed with 4% BSFL [172].

6. Consumer Attitudes and Acceptance

Consumer perception plays an essential role in the adoption of insect meal as an
alternative protein source in aquaculture, Roccatello et al. [173] conducted a study involving
303 participants to assess consumer attitudes toward fish products derived from insect-fed
fish. The study found that sustainability awareness and knowledge of insect-based feed
benefits significantly influenced acceptance levels. Participants who demonstrated higher
awareness and understanding of the environmental advantages of insect-based feeds were
more likely to accept these products. Conversely, factors such as age, dietary habits, and
food neophobia were identified as barriers to acceptance. The study further revealed that
providing consumers with clear, science-based information improved their willingness to
accept fish raised on insect meal-based diets. A key finding was that respondents who
answered positively to general knowledge questions about aquaculture and sustainability
showed greater agreement with statements like “The use of insect-based feed makes
the aquaculture sector more sustainable.” Additionally, these consumers placed higher
importance on feed quality and food safety when evaluating fish products. Despite these
positive attitudes, the use of insect meal in fish feed remains unconventional in the minds
of many consumers, particularly in European markets, where limited studies have explored
public perceptions [174-176].

7. Advantages and Disadvantage of Using Insect Meal
7.1. Advantages

Table 6 presents the main advantages of using insect meal in animal nutrition, high-
lighting both environmental and nutritional benefits. This alternative protein source is part
of the global trend of transition towards more sustainable and efficient agri-food practices.

However, it is important to emphasize that the effectiveness of these advantages
depends on different factors such as the type of Hermetia illucens meal (defatted or non-
defatted), the growth substrate, the level of inclusion in the diet, age, and target species.
For example, the positive effects of chitin can be reversed at high concentrations, affecting
digestibility. Also, production costs, the legal framework, and acceptability by beneficiaries
remain key variables in the large-scale adoption of these ingredients.

Economic and environmental assessments of black soldier fly larvae meal highlight
both opportunities and challenges for its broader application in aquaculture. At the farm
level, inclusion of BSFL meal has been shown to improve growth performance, feed
efficiency, and profitability in multiple species. For instance, in Siberian sturgeon, diets
containing 10-15% BSFL were the most lucrative, improving feed utilization and reducing
the fish-in—fish-out ratio by up to 75%, despite the higher ingredient cost [177]. Similarly,
studies on Nile tilapia fry demonstrated that replacing 75% of fishmeal with BSFL lowered
feed costs by nearly 32% and increased the profit index by 3.97%, with optimal growth
predicted at 81-84% BSFL inclusion [178]. In Kenya, socio-economic analysis revealed
that a 50% replacement level achieved an 8.94% reduction in feed cost per kilogram of
fish produced, though awareness and adoption among farmers remain limited, with
attitudes and perceived usefulness being the strongest predictors of uptake [179]. At
a broader scale, the socio-economic balance of insect meal production remains negative
under current conditions due to high processing and investment costs, but is expected to
improve with industrial upscaling, technological advances, and shifting nutrient market
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values [180]. Cost estimates for BSFL meal are currently around EUR 3.5 per kg, but
projections suggest that large-scale automation could reduce this below EUR 2 per kg,
improving competitiveness while also valorizing biowaste and generating co-products
such as frass [181]. Life-Cycle Assessment (LCA) studies further show that while BSFL
protein may have a higher climate footprint per kilogram of protein than fishmeal or
soybean meal, it requires substantially less land and delivers significant benefits in food
waste management, achieving net negative emissions of —24.8 kg CO; eq per ton of
waste treated [182]. In conclusion, the advantages of insect meal are real, but for practical
applicability, a thorough analysis is required that takes into account both the environmental
impact and economic profitability.

Table 6. Advantages.

Benefits References
Using insects as a source of protein can help protect marine [183]
resources and reduce overfishing.
BSFL has high nutritional value, as insects are rich in protein,
essential amino acids, and other nutrients necessary for optimal [184]

fish growth.

Insect meal, in particular from the larvae of Hermetia illucens,
contains high amounts of lauric acid, which is why it is increasingly
used in fish feed, stimulating both growth and the immune system.
It is a quick source of energy that is easily metabolized, which can

help convert feed more efficiently. It also has antimicrobial [185,186]

properties, contributing to the intestinal health of the fish and
reducing the risk of infection, which is a plus in aquaculture, where

high stocking densities are practiced and disease prevention

is essential.

Studies show that it has high digestibility, over 92%. [187]

BSFL ensures efficient feed conversion, with insects efficiently
converting consumed feed into biomass, thus contributing to [188]
environmental protection.

BSF larvae consume organic waste from the food industry as well
as from agriculture, thus reducing its volume by up to 80%. This

. . . . . 1
can be an effective solution for reducing organic waste, especially [189]
in countries with lower living standards.
Insects can be grown on various organic wastes, turning them into [183,188]
valuable resources, reducing the need for land, water, and energy. !
Insect production has a lower carbon footprint compared to [190]
traditional livestock farming.
Insect meal can be cheaper due to their short life cycle and their [191]
ability to utilize accessible and inexpensive resources.
The nutritional composition of insect meal can be adjusted by
changing the insect diet during a growing cycle.
Also, chitin is a constituent of the exoskeleton of insects, and [192-194]

studies show that it can stimulate the immune system in animals
consuming feed containing insect meal. Chitin increases the body’s
resistance to the attack of pathogens and can increase immunity.
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7.2. Disadvantage

Despite the many advantages, the use of insect meal can also have some negative
aspects. Insect meals contain a lot of chitin, which can negatively influence digestion and
the absorption of nutrients [123].

Additionally, non-defatted BSF maggot meal has been linked to liver steatosis in some
studies [195,196]. Therefore, some research recommends defatted BSFL to replace FM in
animal feed.

Its amino acid composition is not completely balanced, with deficiencies in essential
amino acids such as methionine, lysine, or tryptophan. These compounds are necessary
for healthy growth and maintenance of an adequate state of health. For this reason, the
introduction of Hermetia illucens meal into feed requires supplementation with essential
amino acids to prevent nutritional imbalances and to ensure performance comparable to
that obtained from conventional proteins.

There are global concerns regarding food safety, processing hygiene, and possible
contamination during production chains. To encourage the use of insects as a food source,
researchers propose standardization of growing and processing processes as well as effec-
tive promotion strategies to increase food safety [197].

Another inconvenience could be related to the degree of consumer acceptance of
the consumption of fish meat fed with diets containing different concentrations of BSFL,
but this shortcoming could be removed by in-depth studies that highlight the safety of
consumption and the positive impact on fish growth.

8. Regulation

In the European Union, proteins derived from insects were allowed as ingredients for
pet food (dogs, cats, birds, or reptiles) and for fur animals (mink). In 2017, authorization
was also issued for the use of insects as food for fish, according to Regulation no. 2001/999
(annex 1V), amended by Regulation 2017 /893 (annex X) (Regulation-2017/893-EN-EUR-
Lex, 2025). It allows for the use of proteins from seven insect species—black soldier fly
(Hermetia illucens), common housefly (Musca domestica), yellow mealworm (Tenebrio molitor),
and crickets (Acheta domesticus, Gryllus assimilis, and Gryllodes sigillatus)—in the feed of
aquaculture animals, birds, and pigs.

In November 2021, as part of EU legislation on animal by-products (Regulation (EU)
2021/1925), the use of processed animal protein (PAP) of silkworms (Bombyx mori) in
aquaculture, poultry, and pig feed was authorized, expanding the list from seven to eight
authorized species.

Regarding the nature of the substrates allowed for larvae grow, in the European Union
(EU), insect farmers are subjected to strict regulations that classify insects as farm animals.
These regulations prohibit the use of animal by-products as a substrate for the growth
of insects, limiting them to waste from the agri-food industry. This limitation derives
from the concerns of the authorities regarding the possible occurrence of problems of a
microbiological nature. In conclusion, insect farmers cannot use post-consumer waste
streams such as catering waste or household food waste, which are more environmentally
sustainable and could provide sufficient food sources for large-scale insect production [198].

In the USA, black soldier fly meal is allowed since 2018 for use according to the
Association of American Feed Control Officials (AAFCO). It has agreed with Enterra Feed
Corporation to use BSFL meal from larvae reared on food scraps in the salmonid feed.

Regarding the African continent, there is not necessarily a legislative framework,
with the authorities preferring to rely on international legislation (FAO and WHO), but
nevertheless, there are studies and attempts to promote the use of BSFL in animal feed. For
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example, a Cape Town company, Agriprotein, produces BSF maggots for fish, chicken, and
pig feed [199].

9. Conclusions

Insects are a quality protein source because they have a well-balanced nutritional
profile, provide essential amino acid requirements for animal organisms, and are rich in
polyunsaturated fatty acids, vitamins, and minerals. Insect meal may have a more stable
cost due to the controlled production method and availability of raw materials compared
to fishmeal, which has fluctuating prices due to reduced availability.

Even though BSF meal has some characteristics that make it a good ingredient for fish
feed, it does not match the nutritional value of fishmeal, but it can be a good competitor
(especially when supplemented with certain amino acids that BSF meal has that are present
in limited quantities compared to FM), particularly in underdeveloped countries without
access to the sea, where fishmeal is expensive.

More research and data are needed on carbon emissions, energy, and water consump-
tion involved in insect farming technologies. In order to produce insects on an industrial
scale, it is necessary to improve the farming facilities for automated and economically
efficient production processes.

It is also absolutely necessary to develop a plan of hygiene measures and sanitary
standards to prevent diseases and contamination with pathogens during the growing
process. It is necessary to develop reliable methods of preparation and preservation to
ensure the safety of feed, including the inactivation of intestinal microbiota.
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