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ABSTRACT
The increasing demand for animal-based protein has led to biodiversity loss, deforestation, pollution, and extensive land use, 
mainly due to the rising production of soybean meal and fish meal used to feed livestock. Some edible insects, such as the black 
soldier fly, mealworm, and cricket, have emerged as a new sustainable source of protein. This review highlights that these edible 
insects can replace a significant portion of soybean meal and fish meal in monogastric animals (pigs and chickens) and aquacul-
ture (fish and crustaceans). Their protein content, amino acid profile, and digestibility often meet the nutritional requirements of 
these animals. However, some indispensable amino acids require special attention. Overall, edible insect meals can be compared 
to those made from soybeans and fish. They can partially or fully replace these traditional protein sources in livestock farming.

1   |   Introduction

Over the last decades, agriculture has faced the challenge of ex-
ponential population growth, increasing from 2.5 billion people 
in 1950 to 8.1 billion in 2025, with projections of 9.7 billion by 
2050 and 10.9 billion by 2100 (Gu et al. 2021). Under current cli-
mate conditions, 2.3 billion people are affected by malnutrition, 
and 720–811 million people are undernourished; with the cli-
mate projected for 2050 and beyond, there is a risk that this num-
ber will increase (Mirzabaev et al. 2023). The growing frequency 
of floods and storms can negatively impact crop and livestock 
production. The lengthening and intensification of drought epi-
sodes are already affecting crop yields, livestock production, and 
aquaculture (Mirzabaev et al. 2023). Developing countries face 
a significant protein deficit, a central factor in food insecurity 
(Schönfeldt and Hall 2012). Animal-based protein is a valuable 
source due to its good amino acid profile, especially in countries 
facing scarcity. As agriculture—especially livestock—is a major 
contributor to pollution, including eutrophication and green-
house gas (GHG) emissions, it is essential to reorganize protein 
production and consumption between humans and livestock. 

Feeding livestock with protein sources suitable for human con-
sumption is no longer sustainable (Bessada et al. 2019).

In this context, improving the efficiency with which dietary 
proteins are utilized by animals becomes a central challenge 
in livestock nutrition. There are 20 proteinogenic amino acids, 
nine of which (lysine, methionine, threonine, tryptophan, iso-
leucine, leucine, histidine, phenylalanine, and valine) cannot 
be synthesized at the cell level by monogastric animals and 
ruminants. Additionally, arginine is considered indispensable 
for poultry and fish. These amino acids, whose carbon skele-
tons cannot be synthesized by animal cells, are classified as 
indispensable amino acids (IAAs) (Boisen et  al.  2000). The 
concept of indispensable amino acids emerged in the early 
20th century. IAAs were initially identified based on nitrogen 
balance and growth response studies. Based on these find-
ings, it was assumed that the absence of dispensable amino 
acids (DAAs) in a diet could be compensated for by de novo 
synthesis within the organism (Hou et al. 2015). This led to 
the development of the “ideal protein” or “ideal amino acid 
profile” concept, which defines the optimal nitrogen-to-IAA 
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ratio (Boisen et  al.  2000). Building on the ideal amino acid 
profile concept, animal diets have since the 1950s primarily 
been formulated using linear models designed to minimize 
feed costs by reducing expensive ingredients while ensuring 
that the diet remains sufficiently close to the animal's nu-
tritional requirements. Despite their crucial roles in animal 
nutrition, these models typically calibrate IAA requirements 
based on lysine levels but do not account for DAAs (Pesti 
and Choct  2023). Knowledge of the ideal amino acid ratio 
concept has enabled the supplementation of diets with syn-
thetic amino acids, such as lysine (L-lysine) and methionine 
(DL-methionine). The use of peptides or protein hydrolysates 
has also been a notable advance in animal feed (Eugenio 
et al. 2022). The ability to lower the protein content of a diet 
by supplementing with limiting amino acids helps reduce feed 
costs, alleviate pressure on protein production, and minimize 
nitrogen excretion (Adhikari et  al.  2025). However, formu-
lating diets based on amino acid requirements also requires 
accurate knowledge of amino acid digestibility. Protein and 
amino acid digestibility can be assessed at the fecal and ileal 
levels. The latter is considered more accurate and can be mea-
sured through apparent ileal digestibility (AID), standardized 
ileal digestibility (SID), or true ileal digestibility (TID). Based 
on current knowledge, SID is the most suitable method, as it 
accounts for endogenous losses, unlike AID, which requires 
less complex data than TID (Lindberg  2023). This approach 
ensures a more accurate match between dietary amino acid 
supply and the animal's physiological requirements, thereby 
improving growth performance, feed efficiency, and nutrient 
utilization while reducing nitrogen excretion (Lindberg 2023). 
The digestibility of a protein is determined by comparing the 
amount of nitrogen ingested with the amount of nitrogen pres-
ent in the ileal digesta (or feces, depending on the measure-
ment level), considering endogenous losses or not. The result 
is then divided by the amount of nitrogen ingested (Opstvedt 
et al. 2003). To calculate crude protein content, a nitrogen-to-
protein conversion factor of 6.25 is generally applied, based on 
the assumption that 100 g of protein contains approximately 
16 g of nitrogen. Digestibility is expressed as a ratio or percent-
age; when it approaches 1% or 100%, the digestibility of the 
given feed is considered optimal (Li et  al.  2011). Because of 
their high protein content, complete amino acid profile (both 
indispensable and dispensable amino acids), and high digest-
ibility, soybean meal (SBM) and fish meal (FM) have estab-
lished themselves as the benchmark protein sources in animal 
nutrition (Kim et al. 2012).

Against this backdrop, a new protein source for animal nutri-
tion that has emerged over the past two decades is insect pro-
tein. With protein levels comparable to SBM (45%–50%) and 
sometimes even reaching those of FM (60%–80%), insects rep-
resent an abundant protein source. Additionally, their amino 
acid profile is generally equivalent to SBM's and sometimes to 
FM's (Vasilopoulos et al. 2023; Veldkamp and Vernooij 2021). 
Insects typically exhibit high protein and amino acid digest-
ibility, with standardized ileal digestibility values for most 
indispensable amino acids frequently exceeding 80%, and 
in several cases reaching 85%–95%, which is comparable to 
soybean meal, depending on the insect species and the ani-
mal studied (Lee et al. 2022; Matin et al. 2021). However, the 
presence of chitin, which contains non-protein nitrogen, can 

lead to an overestimation of crude protein content when using 
the conventional nitrogen-to-protein conversion factor of 6.25 
(Shin and Lee 2021), and consequently to an underestimation 
of their true protein nutritional quality. Therefore, it is recom-
mended to use a nitrogen-to-protein conversion ratio of 4.76 
for full-fat or defatted insects and 5.6 for insect hydrolysates 
(Janssen et al. 2017). Despite this, insects remain high-quality 
alternatives to SBM and FM for partial or total replacement in 
animal nutrition because, in addition to having a good amino 
acid profile and good digestibility, their protein percentage 
remains high despite the correction made by a factor of 4.76 
(Lee et al. 2022; Makkar et al. 2014). Beyond their nutritional 
value, insects also offer several environmental advantages. 
What makes insect farming a sustainable option is its abil-
ity to recycle low-value bio-waste, use less water, require less 
land, and emit fewer GHG compared to traditional protein 
sources (Galán-Díaz et  al.  2024; Smetana et  al.  2023; Zhang 
et  al.  2025). Even the frass produced by insects can serve as 
fertilizers for plants (Poveda 2021). Another advantage of in-
sect farming is its scalability, ease of implementation, and the 
fact that it does not require high-tech equipment (Caparros 
Megido et  al.  2024). Life cycle assessment studies offer the 
opportunity to determine and compare the sustainability and 
environmental impact of protein production relative to tradi-
tional protein sources. The study by Modahl and Brekke (2022) 
highlights that when mealworms, Tenebrio molitor L. 1758, 
and black soldier flies (BSF), Hermetia illucens (L. 1758), are 
fed with low-value inputs such as waste, their environmen-
tal impact in terms of GHG emissions is lower than that of 
soy and can rival that of wheat protein, FM, and faba beans. 
Conversely, the study by Beyers et al. (2023) shows that BSF is 
not more environmentally sustainable than FM or SBM when 
the energy source, farm location, and feed type are not spe-
cifically optimized to minimize impact. A key determinant of 
the environmental sustainability of edible insect production 
is the quality of the feed used. This sustainability decreases 
when a food-versus-feed competition arises (Bosch et al. 2019; 
Henriksson et al. 2025). The environmental benefits of insect 
farming are maximized when production systems are carefully 
designed to use low-quality feed inputs, thereby avoiding food–
feed competition and reducing pressure on fisheries and forests 
(Cozzolino et al. 2025; Salomone et al. 2017). This capacity to 
upcycle bio-waste is a distinctive feature that reinforces insects 
as a sustainable alternative to conventional protein sources 
such as SBM and FM (Goyal et al. 2021; Siddiqui et al. 2024). 
Food sovereignty and the relocalization of employment are also 
significant advantages that insect proteins can offer (Dunkel 
et al. 2024). Taken together, these nutritional and environmen-
tal considerations highlight the potential of insect proteins in 
livestock systems. This review aims to highlight how some of 
the most commonly farmed edible insects can meet livestock's 
protein and amino acid needs (monogastric, aquaculture spe-
cies) to make this sector more sustainable.

2   |   Protein Sources and Amino Acid Requirements 
in Monogastric Animals

Among livestock species, monogastric animals are particularly 
dependent on high-quality dietary protein sources. Due to its 
high protein and lysine content, which completes the amino 
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acid profile of cereals, SBM is the primary protein source in 
animal feed, particularly for monogastric species (Eugenio 
et al. 2022; Gołębiewska et al. 2022). Of the 352 million met-
ric tons (MMT) of soybeans produced in 2021–2022, approxi-
mately 247.4 MMT were processed into SBM (Pope et al. 2023). 
South America is the leading producer of soybeans, with Brazil 
and Argentina at the forefront. The cultivated soybean area in 
South America expanded from 26.4 million hectares (Mha) in 
2001 to 55.1 Mha in 2019, largely driven by deforestation (Song 
et  al.  2021). However, the sustainability of soybean produc-
tion is increasingly questioned, primarily due to deforestation 
and land-use changes, which contribute to biodiversity loss 
(Fehlenberg et  al.  2017). Additionally, soybean cultivation 
has a high carbon footprint, particularly when forests, savan-
nas, or grasslands are cleared for farming (Wilkinson and 
Young 2020). Although soybeans are a legume, their cultiva-
tion relies heavily on petrochemical-derived fertilizers, lead-
ing to significant nitrous oxide (N2O) emissions. Furthermore, 
the widespread use of genetically modified organisms (GMOs) 
and associated pesticides raises additional environmen-
tal concerns (Castanheira and Freire  2013; Wilkinson and 
Young 2020).

The environmental impact of monogastric feeding extends be-
yond the production process. If diet formulation does not align 
with the specific requirements for IAAs, the total needs for 
DAAs, and their digestibility, it can lead to inefficient nutrient 
use. Oversupply results in food waste and excessive nutrient 
excretion, whereas deficiencies cause slowed growth and also 
increase excretion. The excretions of monogastric animals re-
sulting from their diet can lead to significant environmental 
pollution. Nitrogen (N) and phosphorus (P) excretions con-
tribute to eutrophication and water contamination. Nitrogen 
can become environmentally toxic in various forms: ammonia 
(NH3) contributes to air and water pollution, nitrate (NO3

−) 
contaminates groundwater and poses health risks, nitric acid 
(HNO3) causes acid rain, and N2O is a potent greenhouse gas 
that exacerbates climate change (Paik 2001).

Optimizing protein and amino acid supply is therefore a key 
lever to reduce nutrient excretion and the associated environ-
mental impacts. The protein and amino acid requirements of 
monogastric animals vary depending on the species (Table 1). 
Other factors may influence these requirements within the 
same species, such as the stage of development. In pigs, min-
imum dietary protein requirements range from approximately 
11%–18% of their diet, depending on their stage of development 
(Rocha et al.  2022). Piglets and growers have high protein re-
quirements (18%–22%) to support rapid growth. Lactating sows 
also need sufficient protein (14%–17%) to sustain milk produc-
tion for their litter. In contrast, finishing pigs have lower protein 
demands (12%–16%), requiring only enough to maintain their 
metabolism (Kerr et al. 1995; National Research Council 2012; 
Strathe et al. 2017).

In pigs, the most limiting amino acids can be ranked in the follow-
ing order: lysine, threonine, methionine, tryptophan, valine, and 
isoleucine (Defa et al. 1999; Figueroa et al. 2003; Meyer et al. 2017; 
Naatjes et al. 2014; Shen et al. 2014). These amino acids are com-
monly supplemented, allowing for a reduction in crude protein 
(CP) in diets. Advances in precision nutrition for pigs have enabled 
reductions in total CP content of 4%–5% (Gloaguen et  al.  2014; 
Peng et  al.  2016). However, this reduction may decrease DAAs 
and conditionally IAAs such as arginine (Humphrey et al. 2024). 
Similar considerations regarding protein reduction and amino 
acid balance apply to other monogastric species, particularly poul-
try. In poultry, protein requirements range from 16% to 23%. The 
younger the bird, the higher its protein needs as a percentage of 
its diet (Chrystal et al. 2020; Ji et al. 2014; Kidd et al. 2021; Pesti 
and Choct 2023; Sterling et al. 2006). In poultry, depending on the 
type of diet (cereal-based, soy-based, or mixed), the first limiting 
amino acids are methionine or lysine, followed by threonine, tryp-
tophan, valine, and isoleucine (Baker 2009; Edmonds et al. 1985; 
Fernandez et  al.  1994). Regarding DAAs, glutamate, glutamine, 
and arginine can enhance poultry performance, especially in diets 
with a low crude protein content (He et al. 2021; Maia et al. 2024). 
Despite efforts to supplement poultry with IAAs, it is difficult to 

TABLE 1    |    Indispensable amino acids profile requirement (relative to lysine) of fishes, crustaceans, chicks, and pigs.

Amino acid Fishes Crustaceans Chicken Pigs

Arginine 0.96 1.04 1.04 0.42

Histidine 0.38 0.51 0.37 0.32

Isoleucine 0.63 0.88 0.67 0.55

Leucine 0.94 1.16 1.13 1.00

Valine 0.73 0.88 0.78 0.70

Lysine 1.00 1.00 1.00 1.00

Methionine + cysteine 0.67 0.65 0.75 0.60

Phenylalanine + tyrosine 1.19 1.04 1.18 0.95

Threonine 0.67 0.78 0.68 0.65

Tryptophan 0.17 0.16 0.16 0.18

References (Xing et al. 2024) (Xing et al. 2024) (Selle et al. 2023) (Van Milgen and Dourmad 2015)

Note: Amino acid requirements are expressed as ratios relative to lysine in accordance with the ideal protein concept, where lysine serves as the reference amino acid 
to describe the relative requirements of other indispensable amino acids across species and physiological stages.
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reduce their total crude protein requirements by more than 2% or 
3% (Brandejs et al. 2022; Chrystal et al. 2020; Kriseldi et al. 2018).

3   |   Protein Sources and Amino Acid Requirements 
in Aquaculture

Beyond terrestrial livestock, aquaculture has become one of 
the fastest-growing sectors of animal production worldwide. 
Aquaculture animal production increased from 41.7 MMT in 
2000 to 90.4 MMT in 2012. About half of these aquaculture 
species rely on artificial commercial diets. The production of 
aquaculture feed reached 52.9 MMT in 2022 (Alltech Agri-Food 
Outlook 2023). Of the 5 MMT of global FM production, 4 MMT 
are used in aquaculture (Glencross 2022). This surge has put im-
mense pressure on fish meal (FM), the primary protein source in 
aquaculture, due to its high protein content and complete amino 
acid profile. Overfishing has led to competition between aqua-
culture feed production and human food supply derived from 
wild fisheries. The soaring demand for FM has outstripped sup-
ply, creating further competition with agriculture, particularly 
soybean production, which could otherwise be used for direct 
human consumption, thereby raising sustainability concerns re-
lated to feed–food competition (Olsen and Hasan 2012). Another 
major issue in aquaculture feed is the excess organic matter in-
troduced into aquatic environments. Eutrophication, driven by 
phosphorus and nitrogen, has the most significant impact on 
freshwater and marine ecosystems, as these nutrients act as lim-
iting factors for growth. The bacterial decomposition of organic 
matter can lead to oxygen depletion, with the most severe effects 
occurring in lakes (Cho and Bureau 2001). These environmental 
challenges are closely linked to the inherently high protein and 
amino acid requirements of aquatic species.

Fish, especially juveniles, have a high protein requirement 
(30%–50%) relative to their energy needs due to their poikilo-
thermic physiology (Wilson 1986). The same applies to crus-
taceans, which can have protein requirements exceeding 50% 
of their diet (Mente 2006). In aquaculture, as in most mono-
gastric animals, lysine or methionine are frequently among 
the first limiting amino acids in formulated diets. Depending 
on the plant protein source used, either lysine or methionine 
may become limiting, as plant-based ingredients differ mark-
edly in their amino acid profiles. Given the high amino acid 
requirements of many farmed aquatic species, supplementa-
tion of these amino acids is therefore commonly required in 
aquafeeds (Nunes et  al.  2014). The supplementation of syn-
thetic amino acids in aquaculture faces the same challenges 
as in other animals, such as differences in amino acid digest-
ibility. However, it also encounters unique issues, such as the 
dispersion of amino acids into the aquatic environment (Li 
et  al.  2009). In their meta-analysis, Xing et  al.  (2024) estab-
lished the requirements for IAAs for fishes and crustaceans 
(Table 1).

In this context of increasing pressure on conventional pro-
tein sources and growing sustainability concerns in aquacul-
ture, alternative feed ingredients with high protein content 
and balanced amino acid profiles are being actively explored. 
Among these, insects have emerged as particularly promising 
candidates.

4   |   Black Soldier Fly: Nutritional Value and 
Applications in Animal Feeding

The black soldier fly, H. illucens, belongs to the Diptera order 
and the Stratiomyidae family. This fly originates from the trop-
ical areas of South America and is reared for its larval stage. 
The black soldier fly larvae (BSFL) have a wide range of inter-
est due to their polyphagous, voracious, and rapidly developing 
lifestyle. The BSFL can feed on biowaste, including fruits and 
vegetables, by-products of the cereal industry, kitchen leftovers, 
and manure (Kaya et al. 2021). The BSFL converts the biowaste 
into protein-rich and fat-rich biomass, which can notably pro-
duce biofuels and animal feed (Mangindaan et al. 2022). This 
ability to efficiently convert low-value organic substrates into 
high-quality biomass underpins the growing interest in BSFL 
for animal feeding. The BSFL protein content is approximately 
40%, with fat content ranging between 22% and 39%, depend-
ing on the feed substrate, and a fatty acid profile that is always 
dominated by saturated fatty acids such as lauric acid (C12) 
(Spranghers et al. 2017). Although the lipid profile of BSFL is 
dominated by saturated fatty acids and may be considered sub-
optimal, this limitation can be mitigated by defatting the larval 
biomass, whereas the high lauric acid content offers promis-
ing perspectives due to its antimicrobial properties (Schiavone 
et al. 2017; Suryati et al. 2023). It is an easy insect to rear, re-
quiring little technology or expertise (Gougbedji et  al.  2021). 
Finally, this insect has a short life cycle of approximately 
40 days, from egg to egg, depending on rearing conditions such 
as temperature, humidity, and feed type (Purkayastha and 
Sarkar 2022). These reasons make BSFL an interesting method 
for valorizing biowaste into protein for animal feed.

Including black soldier fly meal (BSFM) in monogastric diets has 
significantly expanded in recent years as a substitute for SBM and 
animal-based meals in pig diets. In brief, the production of BSFM 
from larvae requires their slaughter, drying, degreasing or not 
depending on regional standards and formulation parameters, 
grinding, and then potentially cooking, again depending on san-
itary standards (Hurtado-Ribeira et al. 2023; Meijer et al. 2025). 
Pigs, especially piglets, benefit from animal meals such as FM 
or whey due to the high digestibility of their amino acids. In pig-
lets, when fed a diverse diet based on SID and containing 13% of 
SBM, 5% of FM, 20% whey and 4.5% of blood plasma, and supple-
mented with IAAs (Lys, Met, Thr, Trp), up to 50% of animal pro-
teins can be replaced with BSFM (Crosbie et al. 2021). In piglets 
on a diet without FM and based on the amino acids profile and 
crude protein content, there is no negative impact on growth and 
digestibility when reducing SBM from 18.5% to 6.5% by including 
10% BSFM, provided amino acids (Lys, Met, Thr, Trp) and lipids 
are adjusted accordingly (Biasato et al. 2019). For finishing pigs 
considering crude protein and amino acids, it is possible to re-
place the entire FM, which represents 7% of the diet, with BSFM 
without increasing Lys and Met supplementation compared to 
an FM-containing diet. However, protein digestibility was not 
measured (Chia et al. 2021). Beyond pigs, BSFM has also been 
evaluated in other monogastric species, particularly poultry. 
Poultry protein sources are generally limited to plant-based pro-
teins such as soybean meal.

Some studies that have formulated diets based on SID from the 
literature have shown that partially defatted BSFL can replace 
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25% of SBM in diets containing 32%–40% SBM in broiler chicks 
(Facey et al.  2023; Fruci et al.  2023). At high inclusion levels, 
BSFLM induced significant shifts in the excreta amino acid pro-
file, with higher levels of several amino acids and reduced argi-
nine, indicating potential alterations in amino acid metabolism 
and utilization rather than clear effects on digestibility per se 
(Fruci et al. 2023). A low arginine lysine (Arg: Lys) ratio, result-
ing from excessive or insufficient arginine, increases arginase 
activity, ultimately reducing arginine availability (Balnave and 
Barke 2002). The methionine cysteine (Met:Cys) ratio is another 
crucial factor in poultry nutrition, ensuring an adequate methi-
onine supply and optimal cysteine synthesis. Partially defatted 
BSFM provides a well-balanced Met:Cys ratio of approximately 
50:50, making it a suitable ingredient for poultry diets (Brede 
et al. 2018; Pacheco et al. 2018). Another critical aspect of BSF 
meal use in monogastric nutrition is whether full-fat (FF) or de-
fatted (DF) BSF is used. Available studies suggest that defatting 
may influence nutrient availability, with DF BSF meal showing 
similar or, in some cases, higher amino acid digestibility and 
slight differences in apparent amino acid profiles compared with 
FF products (Crosbie et al. 2020; Silva et al. 2024). These factors 
must be considered, especially since lysine, methionine, thre-
onine, and tryptophan are commonly supplemented in mono-
gastric diets, and the Arg:Lys ratio is critical in poultry nutrition.

Beyond terrestrial monogastric animals, the use of BSFM 
has also been widely investigated in aquaculture species. 
Salmonids, notably salmon and trout, have been the focus of 
extensive research aimed at reducing FM or SBM in their diets 
by incorporating BSFM (Gougbedji et al. 2022; Hoc et al. 2021; 
Papuc et al.  2020). In these fish, BSFM struggles to meet me-
thionine and lysine requirements (Weththasinghe et al. 2022). 
However, based on nitrogen content, without impacting growth 
and apparent digestibility, it is possible for salmon to replace 
FM with BSFM entirely, if the diet is supplemented with amino 
acids (Met and Lys) so that the levels are identical to the con-
trols. This corresponds to a total inclusion of 25% BSFM in the 
diet (Lock et al. 2016). Under farming conditions, by measuring 
growth without considering digestibility, salmon can benefit 
from BSFM inclusion levels of 4%, 8%, and 10%, leading to an 
overall reduction of approximately 1%–3% in FM content (Eide 
et  al.  2024; Radhakrishnan et  al.  2023). These diets were for-
mulated on an iso-protein and iso-nitrogenous basis, without 
explicitly accounting for the standardized ileal digestibility 
(SID) of amino acids. A higher inclusion rate of BSFL could have 
been feasible if the formulation had been based on the amount 
of digestible amino acids. For trout, FM reductions are only 
partial (Mohan et  al.  2022). However, based on an isonitroge-
nous formulation, it still allows for BSFM inclusion rates of 20% 
for brown trout (Salmo trutta fario L. 1758) and 30% for rain-
bow trout (Oncorhynchus mykiss Walbaum 1792) (Mikołajczak 
et al. 2022; Terova et al. 2019). The Nile tilapia, Oreochromis ni-
loticus (L, 1758), is a fish with protein requirements that reach 
up to 45% (El-Sayed and Teshima 1992). In tilapia, maintaining 
isoprotein diets has enabled replacement of fishmeal (FM) by 
BSF meal (BSFM) up to 100% without impairing growth perfor-
mance (Agbohessou et al. 2021; Devic et al. 2018; Tippayadara 
et al. 2021). However, conclusions regarding protein digestibility 
remain inconsistent and appear strongly dependent on inclusion 
levels and overall diet formulation. Agbohessou et al. (2021) re-
placed FM (110 g/kg) with increasing levels of BSFM up to 225 g/

kg and reported a slight reduction in apparent protein digestibil-
ity at high inclusion levels. In contrast, Tippayadara et al. (2021) 
replaced FM (100 g/kg) with lower levels of BSFM (up to 100 g/
kg), whereas simultaneously reducing soybean meal and in-
creasing rice bran inclusion, and observed increased apparent 
protein digestibility. These differences in ingredient substitution 
patterns likely contribute to the divergent digestibility outcomes 
reported. However, Limbu et al. (2022) estimated that replacing 
81%–84% of fish meal with BSF meal optimizes its growth.

Among aquaculture invertebrates, the Pacific white shrimp 
Litopenaeus vannamei Boone, 1931 has been extensively stud-
ied regarding the replacement of fish meal with BSF meal (Ling 
et al. 2025). Overall, replacement rates of 7.5%–25% based on ni-
trogen have shown no negative impact on shrimp growth or com-
position (Chen et al. 2021; Cummins et al. 2017; He et al. 2022; 
Herawati et  al.  2023; Ling et  al.  2025; Richardson et  al.  2021; 
Usman et al. 2021). Low inclusion rates of 4.5% and 7.5% have 
positively influenced growth and feed conversion ratio, respec-
tively (Richardson et al. 2021). However, at high fish meal re-
placement levels with BSFM, an imbalance of IAAs and DAAs 
occurs. Specifically, there is often a deficiency in methionine, 
aspartic acid, glutamic acid, and glycine (Cummins et al. 2017).

5   |   Mealworm: Nutritional Value and Applications 
in Animal Feeding

The mealworm T. molitor is a Coleoptera of the Tenebrionidae 
family. This stored-product pest is native to Europe, but its cos-
mopolitan lifestyle allows it to be found in all corners of the 
world. Although it is an omnivore, this insect prefers flour, from 
which its common name “mealworm” is derived. Mealworm 
larvae have seen significant growth due to the simplicity and 
scalability of their farming, which can be done in a low-cost, 
artisanal manner or on an industrial scale (Grau et  al.  2017). 
Its development time takes a little while, lasting 10–12 weeks 
at 28°C (Vommaro et al. 2024). Additionally, their high protein 
content, ranging from 50% to 60%, has been a key factor in their 
use for both animal and human nutrition (Hong et al. 2020). As 
a result, mealworm meal has been extensively evaluated as a di-
etary protein source in monogastric animals, particularly pigs 
and poultry.

Piglets are susceptible to diet quality; however, incorporating 
up to 6% mealworm meal (MM), consisting of dried and milled 
mealworm larvae, into a feed containing soybean, whey, lysine, 
and methionine increased growth development and apparent 
total tract digestibility (Jin et al. 2016). Later, in growing pigs, 
MM inclusion can reach up to 10% of the total diet by replacing 
either SBM, poultry by-product meal, or hydrolyzed fish solubles 
(Cho et al. 2019; Meyer et al. 2017). The MM has been reported 
to exhibit higher apparent ileal digestibility (AID) for certain 
amino acids, including histidine, arginine, and lysine, compared 
with fish meal, and generally higher AID than poultry meal 
(Meyer et al. 2020). Regarding its hydrolyzed form, mealworm 
larvae hydrolysate showed higher standardized ileal digestibil-
ity (SID) of lysine, methionine, and threonine compared with 
fermented poultry by-product meal and hydrolyzed fish solubles 
(Cho et al. 2019). This advantage is noteworthy, as the inclusion 
of MM in monogastric diets (poultry and swine) generally leads 
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to deficiencies in methionine or methionine plus cysteine (total 
sulfur amino acids), as well as arginine in poultry specifically 
(Veldkamp and Bosch 2015). Common supplementation strate-
gies in monogastric animals, such as methionine fortification, 
enable the inclusion of MM at rates of 5%–10% (Ramos-Elorduy 
et al. 2002; Vasilopoulos et al. 2023). However, adverse effects on 
meat quality may appear at inclusion rates between 10% and 15% 
in broiler feed (Lee et al. 2024). On the other hand, a diet for-
mulated in an isoprotein and isoenergetic manner allows for a 
100% soy replacement rate without negatively impacting growth 
in broilers (Bovera et al. 2015).

Beyond terrestrial monogastric species, mealworm meal has 
also been widely investigated in aquaculture. Mealworms have 
been the subject of numerous studies in aquaculture, some of 
which have been compiled by Shafique et al. (2021). The find-
ings indicate that full-fat mealworms can replace 25%–50% of 
fish meals in certain Salmonidae, Moronidae, and Sparidae 
diets. When mealworms are defatted, the replacement rate can 
increase to 80%–100% for these fish families and Pacific white 
shrimp. When amino acid profiles are considered, lysine or 
methionine deficiencies are often reported as limiting factors 
for the inclusion of insect meals. However, it should be noted 
that several studies reporting such limitations formulated diets 
to be isoenergetic and isonitrogenous, rather than balanced for 
digestible amino acids. As a result, the observed lysine or me-
thionine deficiencies reflect formulation constraints rather than 
intrinsic nutritional limitations of mealworm meal and could 
likely have been mitigated through supplementation with crys-
talline amino acids. For instance, in gilthead seabream (Sparus 
aurata L., 1758) and rainbow trout, replacement of fish meal 
with mealworm meal was limited by lysine deficiency (Iaconisi 
et  al.  2019), whereas in Pacific white shrimp, methionine be-
came the first limiting amino acid, accompanied by a slight 
reduction in apparent digestibility (Panini et  al.  2017). These 
findings highlight the importance of formulating insect-based 
diets on an amino acid–balanced basis when evaluating their 
true nutritional potential.

6   |   Crickets: Nutritional Value and Applications in 
Animal Feeding

Crickets refer to various species of Orthoptera belonging to the 
Gryllidae family. Among the cricket species researched in ani-
mal nutrition, we can notably mention A. domesticus and Gryllus 
bimaculatus (De Geer, 1773). Edible crickets have a widespread 
global distribution. Crickets are hemimetabolous insects, so the 
adult stage does not look very different from the nymph stage. 
They are easy to farm, omnivorous, and are consumed in their 
adult stage (Halloran et al. 2017). Depending on the species, diet, 
and temperature, crickets require several months to develop 
and reach the adult stage (Booth and Kiddell  2007; Sorjonen 
et al. 2019). Adult crickets have a high protein content of approx-
imately 60% (Amarender et al. 2020). As a result, crickets have 
quickly become a new alternative for human and animal nutri-
tion. The rearing process and nutritional profile of different spe-
cies do not change drastically, and the choice of species seems to 
depend on local habits and availability (Loypimai et al. 2024). 
These characteristics have driven increasing interest in crickets 
as a protein source for animal feeding.

In monogastric animals, while cricket meal (CM), consisting of 
dried and milled cricket, cannot fully replace the entire diet, it 
can significantly substitute SBM or FM (Table 2). Most studies 
in monogastric animals have focused on partial replacement of 
SBM or FM. Including 12% A. domesticus CM can replace half 
of the SBM in broiler diets while improving weight and meat 
quality (Mustafa et  al.  2025). Similarly, incorporating 20% of 
Gryllodes sigillatus (Walker, 1869) CM based on crude protein 
and amino acids content reduces SBM usage in broilers and 
lowers methionine supplementation from 0.5% to 0.29% (Fisher 
et al. 2024). Wang et al. (2005) demonstrated that Gryllus testa-
ceus Walker 1869 CM has higher amino acid digestibility and a 
higher amino acid content than FM, except for histidine. This 
allowed for a 20% CM inclusion to replace 100% of FM while 
achieving actual digestibility values of 94.1% for methionine, 
85% for cysteine, and 96% for lysine (Wang et al. 2005). However, 
in Japanese quail Coturnix japonica Temminck et Schlegel 1849, 
a total replacement of FM with 8% G. bimaculatus CM resulted 
in partial reductions of methionine, lysine, and cysteine, though 
egg quality still improved (Permatahati et  al.  2019). Beyond 
poultry species, the use of cricket meal has also been explored in 
pigs. There are fewer studies on the use of CM in pigs; however, 
several dietary strategies have been explored. In one case, a diet 
formulated on a total lysine basis and containing FM, dehulled 
soybean meal, whey, and supplemented lysine, methionine, and 
threonine showed good growth and health outcomes in wean-
ing piglets when 6% G. bimaculatus CM replaced FM (Boontiam 
et al. 2022). On the other hand, research by Miech et al. (2017) 
indicated that 18% of Teleogryllus testaceus (Walker 1869) CM, 
based on protein content, could fully replace FM as the sole pro-
tein source in piglet diets, although this leads to increased nitro-
gen excretion (Miech et al. 2017).

Most, if not all, studies using crickets in aquaculture formulate 
diets based on isonitrogenic and isoenergetic factors. Although 
methionine, lysine, phenylalanine, and tryptophan do not fully 
meet the recommended levels for African catfish, a 100% re-
placement of FM with G. bimaculatus CM is feasible in Clarias 
gariepinus (Burchell 1822) and Clarias isheriensis Sydenham 
1980a (Taufek, Aspani, et al. 2016; Taufek et al. 2017; Taufek, 
Muin, et al. 2016). However, these diets may result in a higher 
excretion rate than the control group. Similarly, for juvenile 
striped snakehead Channa striata (Bloch 1797), replacing 100% 
of FM (initially 45% of the diet) with G. bimaculatus CM is a 
sustainable alternative. This replacement also helps minimize 
nitrogen and phosphorus waste when the diet formulation 
maintains an N:P ratio of 70:30 (Prachom et al. 2023). Another 
successful case of 100% FM replacement using G. bimaculatus 
CM has been observed in the fish Catla catla (Hamilton, 1822). 
However, in this diet, FM accounts for only 25%, while SBM re-
mains at 42% (Perera et al. 2024). In olive flounder Paralichthys 
olivaceus (Temminck et Schlegel 1846), CM inclusion can re-
place only 20%–40% of FM, which still represents a promising 
alternative (Jeong et al. 2021). Fish and crustacean species have 
varying dietary needs, affecting CM inclusion levels. Compared 
to FM, CM from G. bimaculatus lacks methionine, lysine, iso-
leucine, phenylalanine, and tryptophan in hybrid red tilapia 
(Oreochromis spp.). However, CM can replace up to 50% of FM 
in a diet containing 20% FM and 35% SBM (Hanan et al. 2022). 
A comparative study between CM from G. bimaculatus and A. 
domesticus in tilapia revealed that G. bimaculatus has a superior 
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amino acid profile resembling FM. Despite a methionine defi-
ciency in both CMs, they can each replace 100% of FM in a diet 
containing 30% FM and 47% SBM (Perera et al. 2022). Although 
slightly inferior overall, A. domesticus CM has a better arginine-
to-lysine (Arg: Lys) ratio than FM, with values of 1.06 and 0.74, 
respectively (Bbosa et al. 2019). Another cricket species used in 
aquaculture, G. sigillatus, can replace up to 75% of FM in trout 
diets that also include FM, poultry by-products, and SBM-based 
protein sources (Drosdowech et al. 2024).

7   |   Diet Formulation Strategies and Amino Acid 
Digestibility

Several approaches can be used to define inclusion levels of 
alternative protein sources, including crude protein content, 
amino acid composition, and amino acid digestibility (Table 3). 
However, these approaches differ markedly in their precision 
and relevance for accurately meeting animal amino acid re-
quirements. More recently, amino acid solubility has been pro-
posed as a complementary formulation criterion, as it provides 
information on the fraction of amino acids that becomes rapidly 
available for absorption and metabolism. Although less com-
monly applied in the context of edible insects, this approach 
may help better match essential and non-essential amino acid 
supply with the animal's physiological needs, particularly by ac-
counting for differences in amino acid availability kinetics (Hou 
et al. 2015; Oliveira et al. 2020). A second method, less commonly 
used but already less effective, is based on crude protein and the 
amino acid profile (Kumar et al. 2016). A third method, which is 
very imprecise but represents more than half of the formulation 
of diets containing insects, is based solely on the quantity of ni-
trogen or protein (Rocha et al. 2022). Even if a diet is formulated 
based on total amino acid content, failure to account for amino 
acid digestibility may result in excessive or insufficient essential 
amino acid intake. A deficiency of an IAA results in a decrease 
in protein deposition in monogastric and aquaculture animals, 
which can either decrease slaughter weight or lengthen rearing 
time (Zhao et al. 2019). The presence of a limiting amino acid in 
a ration result in the underutilization of other amino acids pres-
ent in relative excess, which are subsequently deaminated and 
excreted as urinary or ammoniacal nitrogen (Cambra-López 
et al. 2022). This imbalance reduces protein synthesis efficiency, 
increases nitrogen excretion, and constitutes both an economic 
loss and an increased environmental risk. Conversely, an excess 
of amino acids will directly lead to their excretion in a nitroge-
nous form, resulting in feed waste that also increases the cost of 
the feed and ultimately the food (Kidd and Tillman 2016).

Beyond growth performance and feed efficiency, these for-
mulation strategies also have major implications for nitrogen 
utilization and excretion. Another major flaw found in most 
studies on the use of insects in monogastric and aquaculture is 
the lack of measurement of nitrogen excretion. Knowing the ni-
trogen excretion rate of a feed allows for the assessment of its 
environmental sustainability and the refinement of subsequent 
formulations using the same ingredients (Gaillard et al. 2020). 
Nitrogen excretion is a critical point, especially in the case of 
insect proteins. Since these proteins are found in many forms 
(full-fat, partially defatted, defatted, or hydrolyzed) and have 
undergone different heat treatments, their actual digestibility 

and availability can vary greatly (Cho et  al.  2019; Crosbie 
et al. 2021; Eide et al. 2024; Facey et al. 2023). The Digestible 
Indispensable Amino Acid Score (DIAAS) is a protein quality 
evaluation method based on the standardized ileal digestibility 
of individual indispensable amino acids relative to a reference 
amino acid requirement pattern. While the use of reactive lysine 
is not mandatory for DIAAS calculation and most published val-
ues rely on total lysine measurements, accounting for reactive 
lysine may be particularly relevant for insect-derived proteins, 
which often undergo thermal processing and may be suscepti-
ble to heat-induced lysine damage. Incorporating reactive lysine 
measurements could therefore improve the accuracy of DIAAS 
assessments for insect-based diets (Herreman et  al.  2020). In 
addition to being an indispensable and often limiting amino 
acid, lysine is sensitive to heat treatment. Taking total lysine 
into account, unlike reactive lysine, is highly likely to lead to an 
overestimation of the availability of this amino acid (Herreman 
et al. 2020).

8   |   Overview and Recommendations

Edible insects have become a promising alternative to traditional 
protein sources in animal feed, such as soybean meal (SBM) and 
fish meal (FM). Soybean cultivation is associated with defor-
estation, land-use changes, biodiversity loss, and environmen-
tal eutrophication due to the intensive use of petrochemical 
inputs (Song et  al.  2021). In other words, soybean production 
for animal feed increases competition for arable land, whereas 
fish meal production intensifies pressure on fishery resources. 
Feeding animals with FM also creates competition for these re-
sources between humans, livestock, and wildlife, and overfish-
ing and bycatch further harm aquatic ecosystems. Moreover, 
the use of FM contributes to the dissemination of nitrogen and 
phosphorus pollutants in marine and coastal environments 
(Primavera 2006). The growing demand for these conventional 
protein sources is therefore associated with increasing scarcity 
and sustainability concerns, highlighting the need for alterna-
tive solutions. In this context, edible insects have emerged as 
promising alternative protein sources for animal feeding.

Among edible insects that receive the most interest, offering 
both a good nutritional profile and easy maintenance, BSF, meal-
worms, and crickets appear to be promising alternative protein 
sources (Hong et al. 2020; Ling et al. 2025; Magara et al. 2021). 
A common advantage of these three edible insects is their ease 
of rearing, particularly for mealworms (Langston et  al.  2023). 
Their rapid life cycle and high reproductive rates, especially in 
black soldier flies, further support their use (Purkayastha and 
Sarkar  2022). However, they differ significantly in their feed-
ing habits. The black soldier fly is highly polyphagous and can 
degrade wet substrates, making it particularly valuable for recy-
cling biowaste and co-products (Mangindaan et al. 2022). The 
nutritional value of these insects as animal feed lies in their high 
crude protein content, ranging from 40% to 60%, and their inter-
esting amino acid profile (Hong et al. 2020; Loypimai et al. 2024; 
Spranghers et al. 2017). Studies indicate that these three insects 
have similar inclusion rates in diets for various animals. In mo-
nogastric nutrition, total inclusion remains relatively low, with 
5%–10% in swine (Biasato et al. 2019; Boontiam et al. 2022; Jin 
et al. 2016; Meyer et al. 2020) and approximately 10% in poultry 

 27719693, 2026, 1, D
ow

nloaded from
 https://aocs.onlinelibrary.w

iley.com
/doi/10.1002/sfp2.70060 by U

niversité D
e L

iège, W
iley O

nline L
ibrary on [23/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



9 of 19Sustainable Food Proteins, 2026

T
A

B
L

E
 3

    
|    

R
at

es
 o

f r
ep

la
ce

m
en

t o
f d

iff
er

en
t t

ra
di

tio
na

l p
ro

te
in

 so
ur

ce
s i

n 
m

on
og

as
tr

ic
 a

nd
 in

 a
qu

ac
ul

tu
re

 b
y 

in
se

ct
 p

ro
te

in
s a

nd
 th

e 
im

pa
ct

 o
f t

hi
s r

ep
la

ce
m

en
t o

n 
th

e 
gr

ow
in

g 
pe

rf
or

m
an

ce
 a

nd
 n

itr
og

en
 

ex
cr

et
io

n 
of

 th
e 

an
im

al
.

In
se

ct
L

iv
es

to
ck

R
ep

la
ce

m
en

t
Su

bs
ti

tu
ti

on
 

ra
te

D
ie

t b
as

ed
 o

n
G

ro
w

th
E

xc
re

ti
on

R
ef

er
en

ce
s

Fu
ll 

fa
t H

er
m

et
ia

 
ill

uc
en

s
Po

st
-w

ea
nn

in
g 

pi
gl

et
W

he
y,

 fi
sh

 
m

ea
l, 

bl
oo

d 
m

ea
l

50
%

St
an

da
rd

iz
ed

 il
ea

l 
di

ge
st

ib
ili

ty
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

N
ot

 m
ea

su
re

d
(C

ro
sb

ie
 

et
 a

l. 
20

21
)

Pa
rt

ia
lly

 d
ef

at
te

d 
H

er
m

et
ia

 il
lu

ce
ns

W
ea

ne
d 

pi
gl

et
s

So
yb

ea
n 

m
ea

l, 
w

he
y

29
%

C
ru

de
 p

ro
te

in
 c

on
te

nt
 

an
d 

am
in

o 
ac

id
s

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
H

ig
he

r t
ha

n 
co

nt
ro

l
(B

ia
sa

to
 

et
 a

l. 
20

19
)

Fu
ll 

fa
t H

er
m

et
ia

 
ill

uc
en

s
Fi

ni
sh

in
g 

pi
gs

Fi
sh

 m
ea

l
10

0%
C

ru
de

 p
ro

te
in

 c
on

te
nt

 
an

d 
am

in
o 

ac
id

s
H

ig
he

r t
o 

co
nt

ro
l

N
ot

 m
ea

su
re

d
(C

hi
a 

et
 a

l. 
20

21
)

Pa
rt

ia
lly

 d
ef

at
te

d 
H

er
m

et
ia

 il
lu

ce
ns

Br
oi

le
r c

hi
ck

s
So

yb
ea

n 
m

ea
l

25
%

St
an

da
rd

iz
ed

 
ile

al
 d

ig
es

tib
ili

ty
 

fr
om

 li
te

ra
tu

re

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

(F
ru

ci
 e

t a
l. 

20
23

)

Pa
rt

ia
lly

 d
ef

at
te

d 
H

er
m

et
ia

 il
lu

ce
ns

Br
oi

le
r c

hi
ck

s
So

yb
ea

n 
m

ea
l

25
%

St
an

da
rd

iz
ed

 
ile

al
 d

ig
es

tib
ili

ty
 

fr
om

 li
te

ra
tu

re

H
ig

he
r t

o 
co

nt
ro

l
N

ot
 m

ea
su

re
d

(F
ac

ey
 e

t a
l. 

20
23

)

Pa
rt

ia
lly

 d
ef

at
te

d 
H

er
m

et
ia

 il
lu

ce
ns

A
tla

nt
ic

 sa
lm

on
 

(S
al

m
o 

sa
la

r)
Fi

sh
 m

ea
l

10
0%

N
itr

og
en

 c
on

te
nt

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
N

ot
 m

ea
su

re
d

(L
oc

k 
et

 a
l. 

20
16

)

D
ef

at
te

d 
H

er
m

et
ia

 
ill

uc
en

s
A

tla
nt

ic
 sa

lm
on

 
(S

al
m

o 
sa

la
r)

Fi
sh

 m
ea

l, 
so

yb
ea

n 
m

ea
l

25
%

C
ru

de
 p

ro
te

in
 c

on
te

nt
 

an
d 

am
in

o 
ac

id
s

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
N

ot
 m

ea
su

re
d

(E
id

e 
et

 a
l. 

20
24

)

D
ef

at
te

d 
H

er
m

et
ia

 
ill

uc
en

s
A

tla
nt

ic
 sa

lm
on

 
(S

al
m

o 
sa

la
r)

So
yb

ea
n 

m
ea

l, 
G

ua
r m

ea
l, 

V
ic

ia
 fa

ba

27
%

N
itr

og
en

 c
on

te
nt

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
N

ot
 m

ea
su

re
d

(R
ad

ha
kr

is
hn

an
 

et
 a

l. 
20

23
)

Fu
ll 

fa
t H

er
m

et
ia

 
ill

uc
en

s
Br

ow
n 

tr
ou

t 
(S

al
m

o 
tr

ut
ta

)
Fi

sh
 m

ea
l

20
%

N
itr

og
en

 c
on

te
nt

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
H

ig
he

r t
ha

n 
co

nt
ro

l
(M

ik
oł

aj
cz

ak
 

et
 a

l. 
20

22
)

D
ef

at
te

d 
H

er
m

et
ia

 
ill

uc
en

s
R

ai
nb

ow
 tr

ou
t 

(O
nc

or
hy

nc
hu

s m
yk

is
s)

Fi
sh

 m
ea

l
50

%
N

itr
og

en
 c

on
te

nt
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

N
ot

 m
ea

su
re

d
(T

er
ov

a 
et

 a
l. 

20
19

)

En
ri

ch
ed

-fa
tt

y 
ac

id
 

H
er

m
et

ia
 il

lu
ce

ns
N

ile
 ti

la
pi

a 
ju

ve
ni

le
s 

(O
re

oc
hr

om
is

 n
ilo

tic
us

)
Fi

sh
 m

ea
l

10
0%

N
itr

og
en

 c
on

te
nt

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
H

ig
he

r t
ha

n 
co

nt
ro

l
(A

gb
oh

es
so

u 
et

 a
l. 

20
21

)

Fu
ll 

fa
t H

er
m

et
ia

 
ill

uc
en

s
N

ur
si

ng
 N

ile
 ti

la
pi

a 
(O

re
oc

hr
om

is
 n

ilo
tic

us
)

Fi
sh

 m
ea

l, 
so

yb
ea

n 
m

ea
l

80
%

N
itr

og
en

 c
on

te
nt

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
N

ot
 m

ea
su

re
d

(D
ev

ic
 e

t a
l. 

20
18

)

Fu
ll 

fa
t H

er
m

et
ia

 
ill

uc
en

s
N

ile
 ti

la
pi

a 
ju

ve
ni

le
s 

(O
re

oc
hr

om
is

 n
ilo

tic
us

)
Fi

sh
 m

ea
l

10
0%

N
itr

og
en

 c
on

te
nt

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
Le

ss
 th

an
 c

on
tr

ol
(T

ip
pa

ya
da

ra
 

et
 a

l. 
20

21
)

(C
on

tin
ue

s)

 27719693, 2026, 1, D
ow

nloaded from
 https://aocs.onlinelibrary.w

iley.com
/doi/10.1002/sfp2.70060 by U

niversité D
e L

iège, W
iley O

nline L
ibrary on [23/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 19 Sustainable Food Proteins, 2026

In
se

ct
L

iv
es

to
ck

R
ep

la
ce

m
en

t
Su

bs
ti

tu
ti

on
 

ra
te

D
ie

t b
as

ed
 o

n
G

ro
w

th
E

xc
re

ti
on

R
ef

er
en

ce
s

Pa
rt

ia
lly

 d
ef

at
te

d 
H

er
m

et
ia

 il
lu

ce
ns

N
ile

 ti
la

pi
a 

ju
ve

ni
le

s 
(O

re
oc

hr
om

is
 n

ilo
tic

us
)

Fi
sh

 m
ea

l
75

%
N

itr
og

en
 c

on
te

nt
H

ig
he

r t
o 

co
nt

ro
l

N
ot

 m
ea

su
re

d
(L

im
bu

 
et

 a
l. 

20
22

)

Fu
ll 

fa
t H

er
m

et
ia

 
ill

uc
en

s
W

hi
te

 sh
ri

m
p 

(L
ito

pe
na

eu
s v

an
na

m
ei

)
Fi

sh
 m

ea
l

20
%

C
ru

de
 p

ro
te

in
 c

on
te

nt
 

an
d 

am
in

o 
ac

id
s

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
N

ot
 m

ea
su

re
d

(C
he

n 
et

 a
l. 

20
21

)

Pa
rt

ia
lly

 d
ef

at
te

d 
H

er
m

et
ia

 il
lu

ce
ns

W
hi

te
 sh

ri
m

p 
(L

ito
pe

na
eu

s v
an

na
m

ei
)

Fi
sh

 m
ea

l
25

%
N

itr
og

en
 c

on
te

nt
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

N
ot

 m
ea

su
re

d
(C

um
m

in
s 

et
 a

l. 
20

17
)

Fr
es

h 
H

er
m

et
ia

 il
lu

ce
ns

W
hi

te
 sh

ri
m

p 
(L

ito
pe

na
eu

s v
an

na
m

ei
)

Fi
sh

 m
ea

l
50

%
N

ot
 b

as
ed

 o
n 

di
ge

st
ib

ili
ty

, n
itr

og
en

 
or

 a
m

in
o 

ac
id

s

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
N

ot
 m

ea
su

re
d

(H
e 

et
 a

l. 
20

22
)

Pa
rt

ia
lly

 d
ef

at
te

d 
H

er
m

et
ia

 il
lu

ce
ns

W
hi

te
 sh

ri
m

p 
(L

ito
pe

na
eu

s v
an

na
m

ei
)

Fi
sh

 m
ea

l
30

%
N

itr
og

en
 c

on
te

nt
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

N
ot

 m
ea

su
re

d
(H

er
aw

at
i 

et
 a

l. 
20

23
)

D
ef

at
te

d 
H

er
m

et
ia

 
ill

uc
en

s
W

hi
te

 sh
ri

m
p 

(L
ito

pe
na

eu
s v

an
na

m
ei

)
Fi

sh
 m

ea
l

70
.0

%
C

ru
de

 p
ro

te
in

 c
on

te
nt

 
an

d 
am

in
o 

ac
id

s
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

N
ot

 m
ea

su
re

d
(R

ic
ha

rd
so

n 
et

 a
l. 

20
21

)

Pa
rt

ia
lly

 d
ef

at
te

d 
H

er
m

et
ia

 il
lu

ce
ns

W
hi

te
 sh

ri
m

p 
(L

ito
pe

na
eu

s v
an

na
m

ei
)

Fi
sh

 m
ea

l
37

.5
N

itr
og

en
 c

on
te

nt
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

N
ot

 m
ea

su
re

d
(U

sm
an

 
et

 a
l. 

20
21

)

Te
ne

br
io

 m
ol

ito
r m

ea
l

W
ea

ni
ng

 p
ig

le
ts

So
yb

ea
n 

m
ea

l
25

%
N

itr
og

en
 c

on
te

nt
H

ig
he

r t
o 

co
nt

ro
l

Le
ss

 th
an

 c
on

tr
ol

(J
in

 e
t a

l. 
20

16
)

Te
ne

br
io

 m
ol

ito
r m

ea
l

G
ro

w
in

g 
pi

gs
So

yb
ea

n 
m

ea
l

10
0%

N
itr

og
en

 c
on

te
nt

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
Le

ss
 th

an
 c

on
tr

ol
(M

ey
er

 
et

 a
l. 

20
20

)

H
yd

ro
ly

se
d 

Te
ne

br
io

 
m

ol
ito

r
G

ro
w

in
g 

pi
gs

Fe
rm

en
te

d 
po

ul
tr

y 
by

-
pr

od
uc

t o
r 

hy
dr

ol
yz

ed
 

fis
h 

so
lu

bl
e

10
0%

N
itr

og
en

 c
on

te
nt

N
ot

 m
ea

su
re

d
Le

ss
 th

an
 c

on
tr

ol
(C

ho
 e

t a
l. 

20
19

)

Te
ne

br
io

 m
ol

ito
r m

ea
l

Br
oi

le
r c

hi
ck

en
s

So
yb

ea
n 

m
ea

l
34

%
N

itr
og

en
 c

on
te

nt
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

N
ot

 m
ea

su
re

d
(R

am
os

-E
lo

rd
uy

 
et

 a
l. 

20
02

)

D
ri

ed
 T

en
eb

ri
o 

m
ol

ito
r 

la
rv

ae
Br

oi
le

r c
hi

ck
en

s
So

yb
ea

n 
m

ea
l

10
%

N
itr

og
en

 c
on

te
nt

H
ig

he
r t

o 
co

nt
ro

l
N

ot
 m

ea
su

re
d

(V
as

ilo
po

ul
os

 
et

 a
l. 

20
23

)

Te
ne

br
io

 m
ol

ito
r m

ea
l

Br
oi

le
r c

hi
ck

en
s

So
yb

ea
n 

m
ea

l
10

0%
N

itr
og

en
 c

on
te

nt
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

N
ot

 m
ea

su
re

d
(B

ov
er

a 
et

 a
l. 

20
15

)

Te
ne

br
io

 m
ol

ito
r m

ea
l

W
hi

te
 sh

ri
m

p 
(L

ito
pe

na
eu

s v
an

na
m

ei
)

Fi
sh

 m
ea

l
10

0%
A

pp
ar

en
t d

ig
es

tib
ili

ty
 

co
ef

fic
ie

nt
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

Le
ss

 th
an

 c
on

tr
ol

(P
an

in
i 

et
 a

l. 
20

17
)

(C
on

tin
ue

s)

T
A

B
L

E
 3

    
|    


(C

on
tin

ue
d)

 27719693, 2026, 1, D
ow

nloaded from
 https://aocs.onlinelibrary.w

iley.com
/doi/10.1002/sfp2.70060 by U

niversité D
e L

iège, W
iley O

nline L
ibrary on [23/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



11 of 19Sustainable Food Proteins, 2026

In
se

ct
L

iv
es

to
ck

R
ep

la
ce

m
en

t
Su

bs
ti

tu
ti

on
 

ra
te

D
ie

t b
as

ed
 o

n
G

ro
w

th
E

xc
re

ti
on

R
ef

er
en

ce
s

A
ch

et
a 

do
m

es
tic

us
 m

ea
l

Br
oi

le
r c

hi
ck

en
s

So
yb

ea
n 

m
ea

l
62

%
C

ru
de

 p
ro

te
in

 c
on

te
nt

 
an

d 
am

in
o 

ac
id

s
H

ig
he

r t
o 

co
nt

ro
l

N
ot

 m
ea

su
re

d
(M

us
ta

fa
 

et
 a

l. 
20

25
)

G
ry

llo
de

s s
ig

ill
at

us
 m

ea
l

Br
oi

le
r c

hi
ck

en
s

So
yb

ea
n 

m
ea

l
60

%
C

ru
de

 p
ro

te
in

 c
on

te
nt

 
an

d 
am

in
o 

ac
id

s
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

N
ot

 m
ea

su
re

d
(F

is
he

r 
et

 a
l. 

20
24

)

G
ry

llu
s t

es
ta

ce
us

 m
ea

l
Br

oi
le

r c
hi

ck
en

s
Fi

sh
 m

ea
l, 

so
yb

ea
n 

m
ea

l
53

%
N

itr
og

en
 c

on
te

nt
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

Le
ss

 th
an

 c
on

tr
ol

(W
an

g 
et

 a
l. 

20
05

)

G
ry

llu
s b

im
ac

ul
at

us
 

m
ea

l
Ja

pa
ne

se
 q

ua
il 

(C
ot

ur
ni

x 
co

tu
rn

ix
 

ja
po

ni
ca

)

Fi
sh

 m
ea

l
10

0%
N

itr
og

en
 c

on
te

nt
N

ot
 m

ea
su

re
d

N
ot

 m
ea

su
re

d
(P

er
m

at
ah

at
i 

et
 a

l. 
20

19
)

G
ry

llu
s b

im
ac

ul
at

us
 

m
ea

l
Po

st
-w

ea
nn

in
g 

pi
gl

et
Fi

sh
 m

ea
l, 

so
yb

ea
n 

m
ea

l
55

%
To

ta
l l

ys
in

e 
ba

si
s 

an
d 

kg
/k

g 
ba

si
s

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
N

ot
 m

ea
su

re
d

(B
oo

nt
ia

m
 

et
 a

l. 
20

22
)

Le
gs

 re
m

ov
ed

 a
nd

 
w

ho
le

 T
el

eo
gr

yl
lu

s 
te

st
ac

eu
s

Po
st

-w
ea

nn
in

g 
pi

gl
et

Fi
sh

 m
ea

l
10

0%
N

itr
og

en
 c

on
te

nt
H

ig
he

r t
o 

co
nt

ro
l

H
ig

he
r t

ha
n 

co
nt

ro
l

(M
ie

ch
 e

t a
l. 

20
17

)

G
ry

llu
s b

im
ac

ul
at

us
 

m
ea

l
A

fr
ic

an
 c

at
fis

h 
(C

la
ri

as
 g

ar
ie

pi
nu

s)
Fi

sh
 m

ea
l

10
0%

N
itr

og
en

 c
on

te
nt

H
ig

he
r t

o 
co

nt
ro

l
N

ot
 m

ea
su

re
d

(T
au

fe
k,

 A
sp

an
i, 

et
 a

l. 
20

16
; 

Ta
uf

ek
, M

ui
n,

 
et

 a
l. 

20
16

)

G
ry

llu
s b

im
ac

ul
at

us
 

m
ea

l
A

fr
ic

an
 c

at
fis

h 
(C

la
ri

as
 g

ar
ie

pi
nu

s)
Fi

sh
 m

ea
l

10
0%

N
itr

og
en

 c
on

te
nt

H
ig

he
r t

o 
co

nt
ro

l
H

ig
he

r t
ha

n 
co

nt
ro

l
(T

au
fe

k,
 A

sp
an

i, 
et

 a
l. 

20
16

; 
Ta

uf
ek

, M
ui

n,
 

et
 a

l. 
20

16
)

G
ry

llu
s b

im
ac

ul
at

us
 

m
ea

l
A

fr
ic

an
 c

at
fis

h 
(C

la
ri

as
 g

ar
ie

pi
nu

s)
Fi

sh
 m

ea
l

10
0%

N
itr

og
en

 c
on

te
nt

H
ig

he
r t

o 
co

nt
ro

l
N

ot
 m

ea
su

re
d

(T
au

fe
k 

et
 a

l. 
20

17
)

G
ry

llu
s b

im
ac

ul
at

us
 

m
ea

l
St

ri
pe

d 
sn

ak
eh

ea
d 

(C
ha

nn
a 

st
ri

at
a)

Fi
sh

 m
ea

l
10

0%
N

itr
og

en
 c

on
te

nt
H

ig
he

r t
o 

co
nt

ro
l

Le
ss

 th
an

 c
on

tr
ol

(P
ra

ch
om

 
et

 a
l. 

20
23

)

G
ry

llu
s b

im
ac

ul
at

us
 

m
ea

l
C

at
la

 (C
at

la
 ca

tla
)

Fi
sh

 m
ea

l
10

0%
N

itr
og

en
 c

on
te

nt
C

om
pa

ra
bl

e 
to

 c
on

tr
ol

H
ig

he
r t

ha
n 

co
nt

ro
l

(P
er

er
a 

et
 a

l. 
20

24
)

G
ry

llu
s b

im
ac

ul
at

us
 

m
ea

l
Ju

ve
ni

le
 o

liv
e 

flo
un

de
r 

(P
ar

al
ic

ht
hu

s o
liv

ac
eu

s)
Fi

sh
 m

ea
l

40
%

N
itr

og
en

 c
on

te
nt

C
om

pa
ra

bl
e 

to
 c

on
tr

ol
H

ig
he

r t
ha

n 
co

nt
ro

l
(J

eo
ng

 e
t a

l. 
20

21
)

(C
on

tin
ue

s)

T
A

B
L

E
 3

    
|    


(C

on
tin

ue
d)

 27719693, 2026, 1, D
ow

nloaded from
 https://aocs.onlinelibrary.w

iley.com
/doi/10.1002/sfp2.70060 by U

niversité D
e L

iège, W
iley O

nline L
ibrary on [23/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



12 of 19 Sustainable Food Proteins, 2026

(Facey et al. 2023; Fisher et al. 2024; Fruci et al. 2023; Mustafa 
et al. 2025; Ramos-Elorduy et al. 2002; Vasilopoulos et al. 2023). 
However, they can replace a quarter to half of the primary pro-
tein source, such as SBM. Nonetheless, it is essential to consider 
the amino acid profile (Barroso et al. 2014). Methionine, lysine, 
tryptophan, and arginine are often limited in insect meal for 
pigs and poultry. However, since these amino acids, especially 
methionine and lysine, are commonly supplemented in mono-
gastric nutrition, this limitation is not specific to insect meal 
(Baker 2009; Peng et al. 2016; Shen et al. 2014). The digestibil-
ity of amino acids in insect meals is comparable to that of SBM 
and fish meals, depending on the livestock species (Makkar 
et al. 2014; Taufek, Aspani, et al. 2016; Taufek, Muin, et al. 2016; 
Wang et al. 2005). However, there is still a lack of data regard-
ing the SID and DIAAS of edible insect species in the nutrition 
of different livestock. Beyond terrestrial livestock, insect meals 
have also been extensively evaluated in aquaculture. In aqua-
culture, insect meals can constitute 20%–30% of the diet for fish 
and crustaceans and replace 50%–100% of FM (Chen et al. 2021; 
Lock et al. 2016; Perera et al. 2022, 2024; Shafique et al. 2021; 
Taufek, Aspani, et  al.  2016; Taufek, Muin, et  al.  2016; Taufek 
et al. 2017). Again, methionine and lysine are the first limiting 
amino acids. Unlike monogastric farming, supplementing a diet 
with artificial amino acids poses more challenges in aquacul-
ture, as these amino acids can pollute the aquatic environment 
(Li et  al.  2009). The digestibility of insect meals is relatively 
high compared to plant-based proteins, which are not always 
suitable for predatory fish (Hussain et al. 2024; Taufek, Aspani, 
et al. 2016; Taufek, Muin, et al. 2016). Although completely re-
placing traditional protein sources may not be optimal, studies 
show their proportion can be significantly reduced. A small pro-
portion of SBM, FM, or whey, combined with the supplementa-
tion of limiting amino acids, allows for a significant inclusion of 
insect meal, making animal feed more sustainable for the en-
vironment (Adhikari et al. 2025; Boontiam et al. 2022; Crosbie 
et al. 2021; Jin et al. 2016; Kriseldi et al. 2018). In parallel with 
formulation approaches, technological and nutritional optimi-
zation of insect-based raw materials is required to maximize 
their feeding value and expand their use in animal nutrition.

Hydrolyzing insect proteins can also enhance digestibility. 
Thus, concrete pretreatment methods can improve the quality 
of insect-based proteins (Cho et  al.  2019; Janssen et  al.  2017). 
Although not all studies confirm this, there is evidence sug-
gesting that an insect's diet can influence its amino acid profile, 
though these modifications are not drastic (El-Dakar et al. 2021; 
Ferri et al. 2024; Fuso et al. 2021; Liland et al. 2017). Therefore, 
optimizing the amino acid composition of insects through their 
diet could help address the issue of artificial amino acid sup-
plementation in aquaculture. Beyond protein digestibility and 
amino acid composition, the lipid fraction of insects also rep-
resents a critical factor influencing their nutritional value and 
practical use in animal feed. One major limitation to higher in-
clusion rates, particularly in black soldier flies, is their high fat 
content, primarily composed of saturated fatty acids. To address 
this, larvae can be defatted (Meesala et al. 2025). It should be 
noted that more and more studies are focusing on insect oils, 
particularly lauric acid, which is found in large quantities in 
black soldier flies. These studies show that these oils and the 
fatty acids they contain contribute to the proper functioning of 
the digestive system and overall health of monogastric animals In
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and certain fish (Buffoni et al. 2025; Goda et al. 2024; Kumar 
et  al.  2021; Weththasinghe et  al.  2021). This added value pro-
vided by insect proteins could partly justify their high price 
compared to traditional protein sources. For the time being, one 
of the major obstacles to the use of insect proteins in animal feed 
is their price (Biteau et al. 2024).

Edible insects, particularly mealworms, crickets, and BSF, 
offer a viable alternative to SBM and FM, helping agriculture 
and livestock farming achieve greater sustainability (Cadinu 
et al. 2020). Enhancing the sustainability of the entire livestock 
food chain and reducing animal protein-based consumption, 
as well as livestock and food waste, is essential to feeding the 
growing population while protecting our resources and the en-
vironment. It is essential to acknowledge that livestock farming, 
including cattle farming, must be practiced in a responsible and 
balanced manner, as it plays a crucial cultural and environmen-
tal role. Livestock farming supports people worldwide by pro-
viding food and employment. Manure is a natural and essential 
fertilizer, serving as an alternative to petrochemical fertilizers.

Additionally, livestock farming helps maintain permanent 
grasslands, which reduces soil erosion and evaporation, en-
hances biodiversity, and stores atmospheric carbon (Alders 
et al. 2021; Dumont et al. 2019). Agriculture and livestock farm-
ing are essential to our civilization and must be preserved, but 
require responsible management. In conclusion, edible insects 
are valuable in making agriculture and livestock farming more 
sustainable. However, as with all forms of biomass production, 
trade-offs must be considered to avoid conflicts with other sec-
tors and land uses. Therefore, it is preferable to feed insects with 
co-products and biowaste rather than high-quality food sources 
that could be directly used as human food or animal feed.

9   |   Conclusion

This review has provided an overview of some of the leading 
farmed edible insects used in livestock feed. Their high protein 
content, favorable amino acid profile, and good digestibility 
make insect meal a viable option for animal diets. Insects offer 
a sustainable alternative to soybean meal and fish meal, helping 
to reduce land-use change, deforestation, overfishing, pollution, 
greenhouse gas emissions, and water use. A common challenge 
shared by insect meal and traditional protein sources is meet-
ing the requirements for limiting amino acids such as lysine and 
methionine. However, supplementing these amino acids already 
enables the partial replacement of soybean and fish meals with 
edible insect meals in livestock nutrition.
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