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Abstract 
 

The aquaculture sector plays an increasingly strategic role in meeting global demand 
for animal protein. However, the sector’s sustainability is largely constrained by its 
dependence on feed raw materials such as fish meal and fish oil. Constraints such as 
declining stocks due to overfishing and price volatility have necessitated research into 
alternative lipid and protein sources. This review evaluates the potential of edible 
insect oils—which have emerged as a sustainable alternative—for use in feed rations. 
Based on current literature data, the nutritional profile of insect oils and their effects 
on fish growth performance will be examined; furthermore, the distinctive 
characteristics of these oils by species and insect diet, extraction techniques, 
limitations, and future projections will be discussed.  
 

Introduction 
 

The aquaculture sector is gaining increasing 
importance due to its critical role in human nutrition and 
its strategic significance in ensuring global food security 
(Dewali et al., 2023; Mohd & Mushtaq, 2025). Thanks to 
their high-quality protein content, essential amino acid 
composition, omega-3 polyunsaturated fatty acids, and 
rich vitamin and mineral profiles (Jayasekara et al., 2020; 
Çankırılıgil & Berik, 2025), these products are recognized 
worldwide as fundamental components of healthy 
dietary patterns (Ellulu et al., 2015; Fontana & Partridge, 
2015). Thus, aquaculture can contribute to public health 
by providing nutritious aquatic foods that support a 
healthy and balanced diet (Golden et al., 2021). Despite 
the growing importance of aquaculture for sustainable 
seafood production (Naylor et al., 2021), fishing 
activities continue to place pressure on wild stocks 
(Edgar et al., 2024), highlighting the need to reduce the 
sector’s dependence on natural resources. 

According to the FAO’s 2024 report, the world 
population is expected to reach 9.7 billion by 2050. This 
increase is projected to have significant impacts on the 

supply and demand of food derived from aquatic 
organisms, and the potential pressure on food security 
has elevated the aquaculture sector to a more strategic 
level (FAO, 2024). Aquaculture production is projected 
to exceed 100 million tons for the first time in 2027 and 
it is projected to reach 106 million tons by 2030, while 
the total volume of aquaculture products is expected to 
rise to 202 million tons (FAO, 2022). However, a large 
portion of the feed materials used in aquaculture 
depends on marine-derived raw materials such as fish 
meal and fish oil further increasing ecological pressure 
(Kok et al., 2020). Against the backdrop of these global 
dynamics, aquaculture stands out as a stable and 
sustainable source of protein (Merino et al., 2012). 

The increasing number of aquaculture facilities, 
high feed costs, and fluctuations in fish oil supply have 
made it imperative to research sustainable, low-cost 
new lipid and protein sources that can fully or partially 
replace fish oil in rations (Naylor et al., 2021; Serra et al., 
2024; Majluf et al., 2024). Although efforts have been 
directed toward the use of plant-based sources (soy, 
palm, oilseeds), these sources fail to deliver the desired 
performance due to factors such as anti-nutritional 
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factors, amino acid imbalances, low digestibility, 
environmental impact, and limited yield (Yeşilayer et al., 
2013). Therefore, when identifying new sources, 
parameters such as nutritional adequacy, bioavailability, 
toxicity, and palatability must be met simultaneously 
(Vasey & Powell, 1984). In this context, insects stand out 
as a strong alternative raw material due to their high 
protein quality, suitable amino acid profile, and high-
quality lipid composition (Van Huis, 2013; Uslu et al., 
2023). 

Insects have historically been part of the dietary 
culture of many societies and are currently the focus of 
attention due to the economic, ecological, and 
nutritional benefits they offer (Van Huis & Ooncix, 
2017). Thanks to their high protein content, rapid 
reproduction rates, low environmental footprints, and 
ability to convert organic waste into biomass, they serve 
as a natural and sustainable food source for both poultry 
and aquaculture (Pastor et al., 2015; Ssepuuya et al., 
2017). Among edible insects actively contributing to the 
diets of approximately 2 billion people worldwide, 
species such as Hermetia illucens, Musca domestica, and 
Tenebrio molitor stand out, and over 1,900 edible 
species have been identified in total (Huis et al., 2013). 
From a nutritional perspective, insects are rich in 
essential amino acids, vitamins, minerals, and 
polyunsaturated fatty acids. Their protein digestibility is 
higher than that of plant-based sources and comparable 
to that of animal proteins (Gravel et al., 2020). Although 
their lipid profiles vary depending on developmental 
stage, diet, and species, they are generally rich in 
unsaturated C18 fatty acids such as oleic, linoleic and 
linolenic acids (Tzompa-Sosa et al., 2014; Paul et al., 
2017).  Various studies have shown that the crude 
protein levels of certain insect species are comparable 
to those of fish meal and soybean meal, and that their 
lipid content is even higher than that of many 
conventional sources (Makkar et al., 2014). In particular, 
the high fat accumulation in the larval form makes 
insects an energy-dense feed source. It has been 
reported that the unsaturated fatty acid content can 
reach up to 65% in some species (Lange & Nakamura, 
2021). The wide variation observed in nutritional 
composition stems from physiological differences 
related to diet and the stage of metamorphosis. It has 
been reported that fat content can reach up to 62% in 
the larval stage, while it decreases significantly in the 
adult stage (Sales-Campos et al., 2013). Additionally, 
some terrestrial insect species have a richer omega-6 
profile compared to aquatic insects which provides an 
advantage in certain feed formulations (Lange & 
Nakamura, 2021). It is also emphasized in the literature 
that fat reserves are higher in female individuals due to 
sexual dimorphism (Khusro et al., 2012). 

Due to their rich nutritional profile, ease of 
procurement, and potential contribution to sustainable 
feed development, insect meals have gained increasing 
attention as alternative feed ingredients in aquaculture. 
In this context, the present review provides a 

comprehensive assessment of the use of insect meal-
supplemented diets in aquaculture. 
 

Commercially Important Insect Species and Their 
Lipid Potential 

 

Edible insects are commercialized worldwide in the 
form of live insects, insect meal, or processed protein 
and oil derivatives, with lipid quality being one of the key 
factors influencing their commercial value (Tzompa-
Sosa et al., 2021; Gharibzahedi & Altintas, 2023). The 
market value, reported at $406 million in 2018, is 
projected to reach $1.18 billion by 2023 and $3.13 
billion by 2026, in line with increasing demand (Wade & 
Hoelle, 2020). From a production methodology 
perspective, it is reported that approximately 92% of the 
consumed biomass is currently obtained through 
collection from natural habitats, while the remaining 
portion is sourced from controlled industrial production 
systems (Demirci & Yetim, 2021). Moreki et al. (2012) 
emphasize that Coleoptera species within the insect 
orders are a fundamental component of the diet and 
survival of wild mammals (Ünal & Arslan 2020). As 
reported by Tang et al. (2019), the potential for edible 
insects currently produced on a commercial scale 
includes Acheta domesticus (cricket), Apis mellifera 
(honeybee), Bombyx mori (domestic silkworm), 
Imbrasia belina (mopane caterpillar), Rhynchoporus 
phoenicis (African palm weevil), and Tenebrio molitor 
(yellow mealworm) (Tekiner et al., 2022). Since 2013, 
European Union legislation has permitted the use of 
insect proteins as feed ingredients in aquaculture, 
subject to certain restrictions. In line with these 
regulations, the number of studies conducted on 
Hermetia illucens (black soldier fly), Tenebrio molitor 
(yellow mealworm), and Musca domestica (housefly)—
all of which have high potential as animal feed—has 
increased rapidly (Veldkamp et al., 2012; Charlton A.J. et 
al., 2015). 

There are numerous studies in the literature 
demonstrating the nutritional potential of various larval 
species. Bosch et al. (2014) determined crude protein 
levels of 52.0%, 64.8%, and 47.0%, and crude fat levels 
of 33.9%, 22.2%, and 39.6% in Tenebrio molitor, 
Alphitobius diaperinus, and Zophobas morio, 
respectively. Adámková et al. (2016) reported that all 
these species can be considered as fat sources, but the 
mealworm and buffalo beetle stand out in terms of 
protein quality. Upon examining the fatty acid profile, it 
was determined that the suitability of buffalo and morio 
beetles for human consumption is controversial due to 
their high saturated fat content and unfavorable n-6/n-
3 ratio, whereas the mealworm is the richest source of 
linoleic and alpha-linolenic acids. In the same study, 
analysis of the fatty acid composition of these larval 
species revealed that palmitic acid ranged from 30.453% 
to 40.437%, and oleic acid from 36.252% to 50.545%; 
the highest linoleic acid concentration (20.349%) was 
reported in the buffalo maggot. 
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Black Soldier Fly (Hermetia illucens) 
 
Black soldier fly (BSF) larvae are not only a key 

bioconversion agent in waste management due to their 
ability to biologically degrade organic waste and achieve 
high biomass yields, but they also stand out for their rich 
lipid profiles. Characterized by a saturated fatty acid 
composition rich in terms of lauric acid (C12:0), BSF 
larvae have been reported to have a fat content ranging 
from 15% to 40% on a dry matter basis (Dierenfeld & 
King, 2008; Oonincx et al., 2015; Sealey et al., 2011). 
Manzano-Agugliaro (2012) demonstrated that the 
ability of BSF larvae to accumulate saturated fatty acids 
such as C16:0 and C18:0 makes them a suitable 
feedstock for the biofuel industry due to the oxidative 
stability and viscosity properties of the resulting oil. 
Chromatographic analyses conducted by Wang et al. 
(2017) revealed that the BSF lipid fraction possesses a 
diverse unsaturated fatty acid profile, containing not 
only saturated fatty acids but also 22.54% oleic acid, 
12.67% molitoric acid, and 6.45% palmitoleic acid. When 
evaluated alongside reported protein levels ranging 
from 32% to 58%, BSF larvae emerge as a versatile feed 
and energy source. 

Organic waste can be effectively biotransformed 
by black soldier fly larvae into a high-value feed 
ingredient, the crude protein fraction of which may 
constitute up to 64% of dry matter, thereby holding 
significant potential for aquafeed applications (Nairuti 
et al., 2022). Their low space requirements and high 
biological conversion rates (Oonincx & de Boer, 2012) 
have made black soldier fly (BSF) larvae a strategic 
species from the perspectives of waste management 
and the circular economy (Čičková et al., 2015; Pastor et 
al., 2015). In particular, it has been reported that 
Hermetia illucens provides efficient biomass conversion 
by maintaining a balance between waste reduction and 
larval development within the 42–56% range and offers 
hygienic advantages by suppressing unwanted bacterial 
activity in the waste (Diener et al., 2009). 

The most distinctive feature that distinguishes the 
black soldier fly from other insect species is the 
extremely high proportion of C12:0 (lauric acid) in its fat 
fraction (40–50%). While this fatty acid is present only in 
trace amounts in the mealworm, lauric acid (C12:0) has 
been reported as the predominant fatty acid component 
in black soldier fly fat at a rate of 42.29% (Ravi et al., 
2019). This characteristic makes BSF oil a lipid fraction 
that serves as both an energy source and a functional 
component. Feeding during the larval stage directly 
shapes the nutritional composition of the black soldier 
fly. Studies on substrate manipulation (feed medium 
changes) have shown that the diet consumed by the 
larvae can significantly modulate the fatty acid profile. 
In a study conducted by Barroso et al. (2017) focusing on 
“omega-3 enrichment through dietary modification,” it 
was emphasized that the fatty acid values reported for 
larvae fed a standard substrate are valid only under 
control conditions. It was demonstrated that when 

larvae were fed diets enriched with fish oil or flaxseed, 
C18:3 (linolenic acid) levels increased significantly 
(Barroso et al., 2017; Ravi et al., 2019). These findings 
indicate that BSF larvae behave like a “bioreactor,” 
reflecting the substrate composition in their own lipid 
profiles, and offer significant flexibility in designing fatty 
acid compositions suitable for the target fish species. 
Studies on the use of edible insect oils in fish diets have 
focused particularly on Black Soldier Fly (BSF) oil. In a 
feeding trial conducted on Atlantic salmon (Salmo 
salar), Belghit et al. (2019) replaced fish oil with BSF oil 
up to 100% and observed no significant decline in 
growth performance even when fish oil was completely 
replaced with insect oil. However, a decrease in omega-
3 levels (particularly EPA and DHA) was detected in the 
fish fillets. This finding suggests that while BSF oil is a 
potent energy source, fish oil may need to be 
supplemented as part of a “finishing diet” during the 
pre-harvest period to preserve the final product’s fatty 
acid profile. 

In another research, Li et al. (2016) gradually 
replaced soybean oil in the diet of juvenile Jian carp 
(Cyprinus carpio var. Jian) with BSF oil (0%, 25%, 50%, 
75%, and 100%). According to the results, it was 
determined that the addition of BSF oil had no adverse 
effects on the fish’s growth parameters, feed conversion 
ratios, survival rates, or liver function. Fatty acid 
composition of the tissues reflected the diet, and the 
lauric acid content increased in the BSF groups. 
Additionally, the use of BSF oil reduces intra-abdominal 
fat and optimizes product quality by significantly 
increasing DHA (22:6n-3) levels in muscle tissue 
compared to the control group. The study’s results show 
that BSF oil was reported to be an alternative lipid 
source that can be successfully used in place of soybean 
oil in juvenile Jian carp diets without compromising fish 
health and performance, and that it can improve meat 
quality. 

Moutinho et al. (2023) evaluated the effects of BSF 
oil on marine fish, a vegetable oil blend consisting of 
rapeseed, palm, and flaxseed oils in the diets of sea 
bream (Sparus aurata) was gradually replaced with BSF 
larval oil, which is rich in saturated fatty acids, 
particularly lauric acid. Dietary BSF replacement levels of 
42%, 84%, and 100% were tested. It was reported that 
replacing 100% of the vegetable oils with insect oil had 
no adverse effect on growth performance, feed intake, 
or survival rate, and no significant difference in final 
weight was observed between the groups. As the level 
of BSF oil in the diet increased, a linear increase in feed 
efficiency and protein efficiency was observed, and it 
was found that the apparent digestibility of protein and 
energy also showed a trend toward improvement in 
parallel with the increase in the BSF ratio. These findings 
indicate that black soldier fly larval oil can be 
successfully used as a 100% replacement for vegetable 
oils in juvenile sea bream diets. Dietary inclusion of 
18.75% BSF larvae meal in African catfish diets enhanced 
feed water stability, supported superior growth 
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performance, reduced feed costs by 29%, and increased 
profitability to 60.84%, while maintaining fillet taste and 
consumer acceptability. These results demonstrate that 
BSF larvea serves as a promising, sustainable, and 
economically viable alternative feed ingredient for 
aquaculture, particularly in developing regions (Hervé et 
al., 2024). 
 
Mealworm (Tenebrio molitor) 

 
Taxonomically classified within the Coleoptera 

(Tenebrionoidea) superfamily, mealworms can be 
reared both in industrial-scale farms and in household 
production systems, particularly in western climatic 
zones. Tenebrio molitor, which is commercialized as 
human food in some European countries, particularly 
the Netherlands, is also among the species in high 
demand in the feed industry (Son et al., 2021). Tenebrio 
molitor L. (yellow mealworm) is characterized by its high 
protein content as well as a rich lipid and fatty acid 
composition. Due to these characteristics, it is 
considered one of the prominent feed raw materials 
within the insect fauna (Özsoy et al., 2017). Although it 
is a pest that causes economic losses in stored products, 
its nutritional composition enables the reevaluation of 
this species for feed and food purposes (Ghaly & Alkoaik, 
2009; Durst et al., 2010; Siemianowska et al., 2013). It is 
noteworthy that the levels of C18:1 (oleic acid) in the 
fatty acid profile of the Tenebrio molitor remain at 
approximately 50% during both the larval and pupal 
stages. This indicates that mealworm oil contains high 
levels of monounsaturated fatty acids (MUFA), similar to 
olive oil; the high ratio of C18:2 (linoleic acid) offers a 
significant nutritional advantage for freshwater fish. 
However, supplementation with EPA/DHA may be 
necessary to achieve optimal meat quality and health 
indicators in marine fish (de Castro et al., 2018). 

Protein content ranging from 44% to 69% and 
crude fat content ranging from 23% to 47% in their larval 
form (Veldkamp et al., 2012). When evaluated in terms 
of amino acid profile, it has been reported that the lysine 
content is higher than that of fish meal and soybean 
meal; the methionine level, however, is similar to that of 
soybean meal but lower than that of fish meal 
(Gnaedinger et al., 2015a,b; Tran & Heuzé , 2015). The 
omnivorous feeding habits of mealworms allow for 
flexibility in ration formulation. Ingredients such as 
wheat bran, soybean meal, and skim milk powder can be 
included in the diet, and it has been reported that this 
species has a lower environmental footprint in terms of 
greenhouse gas and ammonia emissions compared to 
conventional cattle farming (Smith et al., 2019). In terms 
of rearing parameters, optimal growth performance is 
achieved at a temperature of 28°C and a relative 
humidity range of 30–55%, while humidity levels of 70% 
and above are reported to limit the species’ survival 
(Józefiak & Engberg, 2015). 

Studies conducted on human and animal health 
and digestion also support the potential of mealworms. 

Analyses conducted under laboratory conditions have 
shown that the protein digestibility of Tenebrio molitor 
is 75.7% (Stone et al., 2019). It has been reported that 
the anti-obesity and anti-thrombotic effects observed in 
various insect species can also be achieved through the 
consumption of mealworms; mealworm larvae have 
been shown to exhibit biological activity that reduces 
hepatic lipid profiles and homocysteine levels (Pyo et al., 
2020). In terms of energy content, it has been reported 
that yellow mealworm larvae provide 498.68 kcal per 
100 g of dry matter (Kuntadi et al., 2018). In a study on 
chitin yield, it was determined that 4.72 g of chitin was 
obtained from 100 g of dried mealworm powder (Son et 
al., 2021). An analysis of the amino acid profile reveals 
that arginine, histidine, leucine, lysine, and valine are 
predominant, while isoleucine, tryptophan, methionine, 
and threonine are present at lower levels (Kröncke et al., 
2019). The non-essential amino acid fraction consists 
primarily of alanine, aspartic acid, proline, and glutamic 
acid (Hong et al., 2020). In the fatty acid composition, 
linoleic, oleic, linolenic, palmitic, pentadecanoic, and 
palmitoleic acids are the major components, followed 
by lauric, myristic, stearic, decanoic, and arachidonic 
acids (Lenaerts, 2018). 

Substituting up to 75% of fishmeal with black 
soldier fly larvae meal in Nile tilapia diets maintains a 
balanced amino acid profile compliant with FAO/WHO 
standards, improves lipid-related nutritional indices by 
reducing SFA and increasing MUFA/n-6 PUFA, albeit 
with some reduction in n-3 LC-PUFA at higher levels. 
Overall, this approach offers a sustainable strategy to 
lessen marine resource dependency in aquaculture 
while preserving fillet nutritional quality (Dernekbaşı & 
Karadayı, 2026). 

In a study determining the nutritional composition 
of Tenebrio molitor, Alphitobius diaperinus, and 
Zophobas morio larvae, it was noted that the 
macronutrient and fatty acid compositions of these 
species were characterized in detail. The findings 
indicated that these larvae are suitable for evaluation as 
alternative feed sources in animal nutrition 
(Sabuncuoğlu et al., 2018). In another study conducted 
by Lee et al. (2022), the aroma profiles and 
physicochemical properties of oils extracted from 
Tenebrio molitor, Allomyrina dichotoma, and Protaetia 
brevitarsis seulensis were evaluated. 
 
Silkworm (Bombyx mori) 

 
The silkworm pupa (Bombyx mori) possesses a 

unique fatty acid profile that distinguishes it from 
species such as the mealworm and the black soldier fly, 
and is considered strategic for aquaculture. Data on this 
species in the literature reflect a characteristic fatty acid 
composition that is frequently cited as a reference, 
particularly in fish feeding studies. The most distinctive 
feature distinguishing the silkworm pupa from other 
insect species is its extremely high content of C18:3n-3 
(α-linolenic acid). While the omega-3 content in 
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mealworms and black soldier flies is generally around 
1% and at trace levels, it reaches 30–35% in silkworm 
pupae. This characteristic makes silkworm pupae oil an 
extremely valuable plant-based oil alternative, 
particularly for cold-water species such as trout and 
salmon. The high level of (PUFA) at 41.7% not only 
enriches the diet with omega-3 but also increases its 
susceptibility to oxidation (Wei et al., 2009; Tomotake et 
al., 2010). For this reason, when silkworm pupa meal or 
oil is used in feed formulations, it is recommended to 
supplement it with antioxidants such as vitamin E and to 
carefully manage storage conditions. In contrast, the 
moderate level of palmitic acid (23.6%) compared to 
other insect species contributes to a balanced energy 
density profile of the ration (Wei et al., 2009; Tomotake 
et al., 2010). 
 

Bioactive Properties of Insect Oils 
 

When evaluating the bioactive properties of insect 
oils, it is observed that the antimicrobial activity in black 
soldier fly (BSF) oil, in particular, stems not from protein-
derived antimicrobial peptides (AMPs) but from the high 
levels of lauric acid (C12:0) present in the lipid matrix. 
Ravi et al. (2019) clearly demonstrated this distinction in 
their detailed characterization study of the oil fraction 
and the defatted meal (protein fraction). The analyses 
showed that the dominant component in the oil phase 
was lauric acid, while AMPs were present only in the 
protein fraction. Thus, it has been experimentally 
confirmed that the antimicrobial activity observed in 
BSF oil is lipid-derived rather than peptide-derived. 
Antimicrobial peptides (AMPs) found in insects are 
classified into four main categories based on their 
chemical structure: aliphatic, cysteine-rich, proline-rich, 
and glycine-rich groups (Yi et al., 2014). It has been 
reported that these peptides exert their antimicrobial 
activity primarily by disrupting cell membrane 
permeability, creating pores in the membrane, or 
triggering the production of reactive oxygen species 
(ROS) (Rahnamaeian et al., 2015). In addition, the 
literature reports the existence of numerous antifungal 
AMPs that directly target and disrupt fungal cell wall 
integrity and membrane stability (van der Weerden et 
al., 2013; Wang & Li., 2016). 

The antimicrobial efficacy of BSF oil, however, 
operates through a completely different mechanism. 
Lauric acid (C12:0) converts into its derivative, 
monolaurin, during digestion or under environmental 
conditions. Monolaurin binds to the lipid membranes of 
enveloped viruses and bacteria, disrupting membrane 
integrity and leading to the lysis of pathogenic cells. 
Therefore, although it is not structurally a protein-
derived AMP, it exhibits an antimicrobial effect similar 
to that of AMPs (Ravi et al., 2019). Dierick et al. (2002), 
on the other hand, demonstrated that the high lauric 
acid content in BSF oil exhibits a strong inhibitory effect, 
particularly against Gram-positive bacteria; it can 
effectively inactivate important pathogens such as 

Salmonella and E. coli. In this context, it is observed that 
insect-derived raw materials contribute to immune 
modulation through both their protein fraction (AMP, 
chitin) and lipid fraction (lauric acid, monolaurin). A 
study conducted by Henry et al. (2015) also reported 
that the chitin and AMP residues present in insect meal 
obtained after oil extraction increased lysozyme activity 
and strengthened the immune response in fish. In 
insects, the antimicrobial defense mechanism is carried 
out by both protein- and lipid-derived biochemical 
agents. One of the key components of this defense 
repertoire is antimicrobial peptides (AMP), which are 
small peptide molecules belonging to the innate 
immune system of insects. Peptides such as Defensin, 
Cecropin, and Attacin are water-soluble due to their 
polypeptide structures and, since they do not migrate 
into the hydrophobic lipid phase, they pass into the 
defatted meal (meal) fraction rather than the lipid 
fraction during lipid extraction. Indeed, in a study 
conducted by Ravi et al. (2019), the presence of 
“Cecropin-like peptide 1,” which is effective against 
Gram-negative bacteria, was confirmed in the meal 
fraction obtained after extraction. In black soldier fly 
(Hermetia illucens) oil, these peptides are not naturally 
present; however, the oil fraction exhibits significant 
antimicrobial activity due to its medium-chain fatty 
acids (MCFAs). The primary determinant of this activity 
is lauric acid (C12:0), the predominant component of the 
lipid profile. Lauric acid converts into a derivative called 
monolaurin during digestion or under environmental 
conditions, and monolaurin disrupts membrane 
integrity by interacting with the lipid membranes of 
enveloped viruses and bacteria. This mechanism makes 
monolaurin a functionally AMP-like antimicrobial agent, 
even though it does not belong to the AMP class (Ravi et 
al., 2019). 

Dierick et al. (2002) demonstrated that lauric acid, 
which is present in high concentrations in BSF oil, 
exhibits a strong inhibitory effect, particularly against 
Gram-positive bacteria, and is also effective in 
inactivating pathogens such as Salmonella and E. coli. 
These findings support the notion that BSF oil can be 
considered not only as an energy source but also as a 
functional feed ingredient. The antimicrobial peptides 
remaining in the protein fraction also have significant 
effects on animal health. Henry et al. (2015) reported 
that insect meal obtained after oil extraction enhances 
lysozyme activity in fish and strengthens the immune 
response due to the chitin and AMP residues it contains. 
This indicates that both the oil and protein fractions of 
insect-derived raw materials can modulate immunity 
through different mechanisms. 
 

Possibilities for Substrate Manipulation (Feed 
Enrichment) 

 

The composition of the feeding environment for 
insects can profoundly affect both their protein and lipid 
profiles; for this reason, this process is referred to in the 
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literature as substrate manipulation or biological 
enrichment. The nutritional composition of insects, 
particularly their protein content, depends on variables 
such as life cycle, diet, environmental factors, and the 
quality of the culture medium (FAO, 2013). Ademolu and 
Idowu (2010) reported that grasshoppers fed on bran 
stored twice as much protein as those fed on corn. 
Similarly, it has been reported that consuming just 50 g 
of species such as Eulepida mashona and Henicus 
whellani provides a nutritional contribution sufficient to 
meet one-third of daily protein intake (Raheem et al., 
2019). Ravi et al. (2019) emphasized that insects 
function like a type of bioreactor by reflecting the 
chemical profile of the waste or feed they consume in 
their biomass, and thus target nutritional profiles can be 
strategically shaped through substrate selection. 

The fatty acid profile is also highly sensitive to 
substrate manipulation. Liland et al. (2017) noted that 
when seaweed was added to the diet of BSF larvae, 
vitamin E levels in the larvae increased fourfold 
compared to the control group. They demonstrated that 
BSF is highly prone to accumulating both lipids and 
water-soluble micronutrients. The same study stated 
that diets enriched with brown seaweed (Ascophyllum 
nodosum) facilitate the direct transfer of marine-
derived bioactive compounds to the larvae; thus, the 
nutritional composition of BSF can be “tailored” to suit 
the intended feed or food application. Another critical 
aspect of substrate manipulation is safe feed 
production. Some substrates (e.g., moldy foods) may 
contain mycotoxins; however, BSF larvae do not 
accumulate these toxic components, as they metabolize 
or eliminate the majority of them via feces. Camenzuli 
et al. (2018) and Bosch et al. (2017) demonstrated that 
BSF larvae do not accumulate aflatoxin B1 due to a 
robust tolerance mechanism. This characteristic 
indicates that BSF can be utilized in safe feed production 
as a low-risk, high-functionality bioconverter. Summary 
of the results obtained through substrate manipulation 
was shown in Table 1. 
 

Lipid Biogenesis in Insects and the Importance of 
the Culture Medium 

 

The lipid profile of insects, particularly black soldier 
fly (BSF) larvae, is largely dependent on the energy 
stored during the larval stage. Since the mouthparts of 
adult flies are non-functional, feeding does not occur. 
Therefore, all metabolic energy and lipid accumulation 
take place exclusively during the larval stage. This 
biological necessity results in the substrate consumed 
by the larvae (e.g., fish waste, oilseed meal, or flaxseed) 

directly influencing the fatty acid composition. This 
provides producers with a significant opportunity to 
design the desired nutritional profile by feeding the 
larvae with high-energy or specific fatty acid profile 
feeds (Ravi et al., 2019; Gobbi, 2013; Liland et al., 2017). 
The fact that the BSF functions as a “biological lipid 
reactor,” enabling the production of modifiable fat 
profiles tailored to the targeted nutritional composition, 
makes it of strategic importance, particularly in 
aquaculture and functional feed formulations. 
 
Methods for Extracting Insect Oil 

 
The extraction methods used to obtain oil from 

insects directly affect the oil’s yield, chemical quality, 
oxidative stability, and production cost. 

Mechanical pressing is the most common and 
economical oil extraction method on an industrial scale. 
Similar to the principles used in olive oil or sunflower oil 
production, dried larvae are subjected to physical 
compression in screw presses. Liland et al. (2017) 
applied this method to BSF larvae and reported that 
approximately 40–60% of the total oil could be 
recovered. There is no risk of toxic residues since no 
chemical solvents are used; the product is considered 
“organic.” However, Oil yield is low; up to 10–15% of oil 
may remain in the meal. Therefore, while mechanical 
extraction is particularly suitable for low-cost feed 
production, it may not be sufficient in situations 
requiring high yields. 

Solvent extraction is one of the methods that yields 
the highest oil yield and is typically preferred in 
laboratory analyses or industrial productions where 
maximum yield is the goal. Organic solvents such as 
hexane are generally used. The insect meal is washed 
with the solvent, the oil transfers to the solvent phase, 
and then pure oil is obtained through evaporation 
(Soxhlet method). In a comparative study conducted by 
Tzompa-Sosa et al. (2014) on mealworms, cockroaches, 
and crickets, oil yields of 95–99% were reported. 
However, this method has significant limitations just as 
hexane residues must be completely removed and due 
to the loss of natural antioxidants, the oil may become 
more prone to oxidation. Also, Additional purification 
processes may be required for use in the feed industry. 
Despite its high yield advantage, solvent extraction is a 
method that must be carefully managed from the 
perspective of food and feed safety. 

Supercritical CO₂ extraction is an advanced 
technology-based method used to obtain high-purity 
oils with excellent oxidative stability. In this method, CO₂ 
is converted to the supercritical phase under high 

Table 1. Results obtained through substrate manipulation  

Type of Manipulation   Sample Substrate Used Result Obtained 

Vitamin Enrichment Seaweed 4-fold increase in Vitamin E 
Fatty Acid Modification Special Diets Increase in Omega-3 content 
Safety / Detox Mycotoxin-Contained Waste No accumulation of Aflatoxin 

Table was formed with main outputs of Liland et al. 2017, Barroso et al., 2017 and Camenzuli et al., 2018. 
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pressure to act as a solvent; when the pressure is 
reduced, the CO₂ transitions to the gaseous phase and is 
removed from the system, leaving behind pure oil. 
Purschke et al. (2017), in their study conducted on 
Tenebrio molitor larvae, reported that oils obtained via 
supercritical CO₂ are very light in color, odorless, in high 
purity, and preserve sensitive fatty acids such as omega-
3. As an advantage of this mthod is that produces a high-
quality oil fraction. However, it is not economically 
viable for widespread use in the feed industry due to 
high cost. This method is more suitable for value-added 
products, nutraceuticals, and cosmetic applications. 

Aqueous extraction is an environmentally friendly 
method that does not require chemical solvents. The 
insect biomass is mixed with water, ground, and the oil, 
water, and solid phases are separated by centrifugation. 
Tzompa-Sosa et al. (2019) reported that the yield of this 
method is around 40–50%, which is lower than that of 
solvent-based methods. However, the high oxidative 
stability of the obtained oil is considered a significant 
advantage in terms of shelf life. This method is 
particularly suitable for production systems aiming for a 
“clean label” approach and environmental 
sustainability. 

Ravi et al. (2019) evaluated the use of 2-
methyloxolane (2-MeO)—a bio-based, low-toxicity 
solvent—as an alternative to hexane, which poses a high 
toxicological risk, in BSF oil production. According to the 
results, 2-MeO is as effective a fat solvent as hexane and 
it can provide a higher oil yield. The content of 
phospholipids and natural antioxidants is better 
preserved depending on the solvent. Its environmental 
impact is significantly lower than that of hexane. For 
these reasons, 2-MeO is viewed as the solvent 
technology of the future in terms of both yield and 
safety. 
 

Comparative Evaluation of Insect Oils and 
Application Perspectives 

 

Studies comparing extraction methods used to 
obtain oil from black soldier fly (BSF) larvae in terms of 
yield, quality, and environmental impacts provide 
important insights regarding both the preservation of oil 
composition and the optimization of production costs. 
These comparisons demonstrate that striking a balance 
between achieving high yields and preserving 
biologically valuable components, such as lauric acid, is 
critical. The role of BSF, mealworm, and silkworm 
species in fish feed based on their fatty acid content was 

shown in Table 2. The table findings reveal that BSF oil 
contains significantly higher levels of saturated fat and 
lauric acid compared to other insect species. This 
characteristic confirms that BSF is not only a protein 
source but also a functional lipid source with protective 
properties against pathogens. However, the high 
saturated fat content and the resulting high melting 
point suggest that it may cause digestive difficulties, 
particularly in cold-water fish (such as trout), at high 
replacement rates. The mealworm (Tenebrio molitor), 
on the other hand, stands out for its high oleic acid 
(C18:1) content of approximately 51%. This composition 
makes mealworm oil an extremely digestible energy 
source that supports fish growth. Since its fatty acid 
profile is similar to that of olive oil and canola oil, it is 
one of the easiest types to substitute in diets. However, 
the limited omega-3 content in both BSF and mealworm 
oil necessitates EPA/DHA supplementation, particularly 
for marine species. 

Silkworm pupae (Bombyx mori) stand out from 
other species with an alpha-linolenic acid (ALA, C18:3n-
3) content reaching 33.8%. This characteristic provides a 
strategically important omega-3 source for cold-water 
fish (trout, salmon). However, the high polyunsaturated 
fatty acid (PUFA) content (42%) reduces oxidative 
stability; therefore, antioxidant supplementation 
becomes critical during storage and feed production 
processes. Palmitic acid (C16:0), on the other hand, is a 
common component in all studied species and plays a 
significant role in meeting fish’s basic metabolic energy 
needs. 
 

Conclusion 
 

Global aquaculture plays a strategic role in meeting 
the animal protein needs of a growing population; 
however, the sector’s sustainability is largely dependent 
on limited and volatile resources such as fish meal and 
fish oil. The data evaluated in this review demonstrate 
that edible insect oils represent a strong alternative to 
traditional feed raw materials due to their nutritional 
richness, low environmental footprint, and economic 
feasibility. The findings indicate that species-specific 
compositional differences enable different usage 
strategies in fish feeding: BSF oil stands out for its high 
lauric acid content (40–50%). It possesses “functional 
feed ingredient” properties due to its antimicrobial 
effect, which disrupts the membrane integrity of 
pathogenic bacteria. It has been shown that it does not 
negatively affect growth performance at 100% 

Table 2. The role of BSF, mealworm, and silkworm species in fish feed based on their fatty acid content 

Species ∑SFA ∑MUFA ∑PUFA Reference 

Mealworm (Tenebrio molitor) 26% 54%** 19% De Castro et al. (2018) 
Black Soldier Fly (Hermetia illucens) 61%* 26% 13% Ravi et al. (2019) 
Silkworm (Bombyx mori) 28% 30% 42%*** Wei et al. (2009) 

Role in Feeding Strategy, * BSF oil may have limited digestibility in cold-water species because of its high melting point, **MUFA provides the best 
energy efficiency, ***PUFA is the most susceptible to oxidation. 
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replacement rates in juvenile sea bream and carp. 
However, due to its high freezing point, the usage rate 
must be carefully adjusted for cold-water species. 
Mealworm oil offers a lipid profile similar to that of olive 
oil, with an oleic acid content of approximately 50%, and 
serves as an important energy source for rapid growth 
due to its high digestibility. Because of its low omega-3 
levels, it is recommended to supplement it with 
EPA/DHA rather than using it alone in marine fish. 
Silkworm pupae offer a strategic omega-3 alternative for 
cold-water species with an ALA (C18:3n-3) level of 
around 33%; however, the high PUFA content increases 
susceptibility to oxidation, making antioxidant 
supplementation necessary. 

When evaluated in terms of extraction methods: 
-Although hexane provides high oil yield, it poses 

toxicity and environmental risks. 
-Mechanical pressing and green solvents such as 

bio-based 2-methyloxolane (2-MeO), on the other hand, 
appear to be both safer and more advantageous in 
terms of preserving phospholipids and antioxidants. 

These studies indicate that strategic feed 
formulations combining species that offer 
complementary characteristics in terms of functional 
lipid profiles may be more effective than an approach 
relying on a single insect species. For example, a 50–50 
combination of BSF (immune support–lauric acid) and 
TM (energy–oleic acid) oils can support both growth 
performance and disease resistance. 

Consequently, insect oils are not merely an 
alternative lipid source but are also considered among 
the sustainable feed components of the future in the 
aquaculture sector due to their modifiable nutritional 
profiles, low environmental footprints, and functional 
biological effects. Thanks to the bioreactor-like nature 
of larvae, optimizing vitamin and fatty acid profiles for 
target species by modifying the culture medium (e.g., by 
enriching it with seaweed) is among the most promising 
strategies for the industry in the coming years.   
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