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Review of Black Soldier Fly (Hermetia illucens L.) as a
Sustainable Protein Source in Aquaculture: Nutritional

Limitations and Improvement Strategies

I-Pei Kuo"”", Yi-Jui Hsieh’, and Shuenn-Der Yang’

Abstract

Kuo, I. P, Y. J. Hsieh, and S. D. Yang. 2025. Review of black soldier fly (Hermetia illucens
L.) as a sustainable protein source in aquaculture: Nutritional limitations and improvement
strategies. J. Taiwan Agric. Res. 74(3):205-219.

Fishmeal is the primary protein source in aquaculture feed; however, due to limitations in ma-
rine resources, the global supply of fishmeal can no longer meet the rapidly growing demands of the
aquaculture industry. Black soldier fly (Hermetia illucens) has the ability to efficiently convert inedi-
ble organic by-products into protein and is considered a sustainable alternative to fishmeal. However,
black soldier fly larvae fed on plant-based substrates often face the nutritional limitations of low pro-
tein content and inadequate essential amino acids and fatty acids. These deficiencies may negatively
impact fish growth performance, immune response, and flesh quality. Additionally, chitin, a major
component of insect exoskeletons, has a controversial role in fish feed. While some studies indicate
that chitin positively affects fish health, others have found that it acts as an anti-nutritional factor for
certain fish species. This review evaluates the nutritional potential of black soldier fly meal in aqua-
culture feed. The primary limiting amino acids in black soldier fly meal include arginine, isoleucine,
lysine, and methionine, while the major limiting fatty acids are eicosapentaenoic acid (EPA) and do-
cosahexaenoic acid (DHA). To enhance the nutritional quality of black soldier fly larvae, this review
focuses on analyzing their protein content, amino acid and fatty acid profiles, and the effects of chitin.
Furthermore, potential improvement strategies, including defatting processes, substrate manipulation,

and chitin removal, are discussed.
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INTRODUCTION

Aquaculture is a fast-growing industry that
plays a key role in the food supply. In 2022,
global aquaculture production reached 94 mil-
lion tonnes, surpassing capture fisheries for the
first time (FAO 2024). Fishmeal (FM), which
contains 60-72% crude protein, has been used
as a primary protein source in fish diets (Cho
& Kim 2011; Luthada-Raswiswi et al. 2021).

According to estimates from the Marine In-
gredients Organisation, over 87% of FM was
used in the aquaculture industry in 2021 (FAO
2024). However, the primary ingredients for
FM production are wild-caught fish, such as
anchovy (Engraulis ringens J.), Jack mackerel
(Trachurus murphyi N.), sardine (Strangomera
bentincki), menhaden (Brevoortia tyrannus),
and Alaska pollock (Theragra chalcogram-
ma) (Hall 2010). Due to overfishing, climate
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change, and ocean pollution, the limited supply
of FM is insufficient to meet aquaculture de-
mands (Shahidul Islam & Tanaka 2004; Olsen
& Hasan 2012; Jannathulla ef al. 2019). There-
fore, developing alternatives to FM is crucial
for ensuring sustainability in aquaculture.

Regarding protein content, environmental
sustainability, consumer acceptance, and feasi-
bility, insect meal is one of the most promising
alternatives to FM (Hua et al. 2019). Among
various insects, black soldier fly (BSF; Herme-
tia illucens) has received significant research
attention due to its outstanding efficiency and
biosecurity. BSF can convert organic waste
into insect protein with a superior feed con-
version ratio (1.4-2.6), compared to other
insects, such as yellow mealworm (7Tenebrio
molitor; 3.8-19.1) and house cricket (Acheta
domesticus; 2.3—6.1) (Oonincx et al. 2015).
Secondly, no entomopathogen outbreak has
been documented in BSF production up to the
present. Their high resistance to disease infec-
tion reduces the risk in commercial production
(Joosten et al. 2020). Thirdly, a feeding trial
revealed that the BSF does not exhibit bioac-
cumulation effects for mycotoxin (Deoxyni-
valenol, Aflatoxin B1/B2/G2, Ochratoxin A,
and Zearalenone) and pesticide (Chlorpyrifos,
Chlorpyrifos-methyl, Pirimiphos-methyl).
Moreover, the reduced pesticide levels de-
tected in the residual substrate suggested that
BSF may have the ability to degrade pesticides
(Purschke et al. 2017). Further studies have
proved that the ability of BSF to degrade Af-
latoxin B1 and antibiotics (ciprofloxacin, ty-
losin, and enrofloxacin) primarily stems from
the microorganisms in its gut (Mei ef al. 2022;
Yang et al. 2022; Suo et al. 2023).

BSF belongs to the phylum Arthropoda,
class Insecta, order Diptera, and family Stratio-
myidae. The life cycle of BSF is divided into
five stages, namely egg, larvae (five instars),
prepupae (sixth instar), pupae, and adult. The
adults-only consume water and do not have
stingers. Therefore, they are regarded as harm-
less insects to humans and can even be reared
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in residential areas for organic waste disposal.
The larva is the only stage that consumes food
and is generally reared for 2—4 wk (Basri et
al. 2022; Purkayastha & Sarkar 2022). Upon
developing into the prepupae stage, they stop
feeding and migrate from the substrate. Lever-
aging this behavior, the technology of self-har-
vesting can be developed to reduce operational
costs (Giannetti et al. 2022).

Research on replacing FM with BSF meal
has been extensively conducted. However, the
optimal FM replacement level varies greatly
across different studies. The potential adverse
effects of excessive dietary inclusion of BSF on
fish include growth retardation, intestinal dam-
age, coloration reduction, nutrition composition
decline, and flesh quality impairment (Huang
et al. 2022; Khieokhajonkhet et al. 2022; Kuo
et al. 2022; Yamamoto ef al. 2022). In addition
to differences between fish species, the nutri-
tional requirements of fish are also determined
by various factors, such as growth stage, water
quality, feeding regime, and feed processing
condition (Jobling 2016). However, the lack of
standardization in BSF meal quality may be a
greater challenge for feed manufacturing due
to their high plasticity in nutritional profile
(Barragan-Fonseca et al. 2021; Siva Raman et
al. 2022). Several studies have shown that the
proximate composition, fatty acid profile, and
amino acid profile can be manipulated by feed-
ing substrates (Liland et al. 2017; Fuso et al.
2021; Rodrigues et al. 2022). In addition, the
harvest stage and processing method are also
crucial factors that affect the quality of BSF
meal (Huang et al. 2019; Do et al. 2020).

Although BSF meal is regarded as a poten-
tial FM alternative and has been commercially
produced, its grading standard has not yet been
established. Since only a few studies address
the quality of BSF from the perspective of
aquaculture, this literature review aims to pro-
vide an overview of its limited nutritional value
and summarize a possible improvement strategy
based on fish’s nutritional requirements.
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NUTRITIONAL VALUE

Proximate composition

The proximate composition and chitin con-
tent of BSF fed on various substrates are listed
in Table 1. The body composition of BSF is
greatly altered by the feeding substrates. The
crude protein (conversion factor of 6.25) and
lipid content of BSF ranged from 30.8-59.8%
and 21.6-40.7%, respectively. The highest pro-
tein content was observed in the BSF fed on
brewery by-products. Moreover, a correlation
matrix between the proximate composition of
substrates and the body composition of BSF is
illustrated in Fig. 1. The crude protein content
of substrates was positively correlated with
the crude protein of BSF (P < 0.05). However,
a negative correlation was found between the
crude protein of substrates and the crude lipid

of BSF (P < 0.05). These results indicate that
feeding BSF with low-protein substrates leads
to lower protein but higher lipid accumulation.
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Fig. 1. Correlation matrix between the proximate

composition of substrates and the body composition
of black soldier fly (BSF). DM: dry matter; CP: crude
protein; CL: crude lipid; CH: chitin. Values in the cells
represents the Pearson’s correlation coefficients.

Table 1. Proximate composition and chitin content of black soldier fly (BSF) fed with various substrates.
Substrate” BSF
Feeding substrates DM CP CL DM CP CL Chitin Reference
Food waste 17.7 20.2 19.4 41.0 39.5 38.1 8.1 Hosseindoust et al. (2023)
Tofu byproduct 24.1 29.2 11.2 429 435 37.0 8.7
Vegetable 11.1 13.1 8.6 38.0 37.7 34.5 7.1
Chicken feed 25.8 17.5 53 38.7 41.2 33.6 6.2 Spranghers et al. (2017)
Digestate 243 24.6 6.2 38.6 422 21.8 5.6
Vegetable waste 12.7 8.6 2.1 41.0 39.9 37.1 5.7
Restaurant waste 26.2 15.7 13.9 38.1 43.1 38.6 6.7
Vegetable + fruit waste” 8.3 12.0 2.6 22.0 41.9 26.3 6.2  Meneguz et al. (2018)
Fruit waste 13.2 4.6 2.8 283 30.8 40.7 5.6
Winery byproduct 35.8 11.7 7.9 26.5 34.4 322 5.3
Brewery byproduct 232 20.1 8.7 29.1 53.0 29.9 1.4
Chicken feed 31.2 19.5 4.5 29.5 43.6 32.9 5.1 Eggink et al. (2022a)
Mixed feed” 28.7 20.6 34 26.2 43.4 27.0 5.1
Brewery by-product 31.2 26.1 9.8 22.8 59.8 22.4 4.7
Mussels 26.2 19.9 3.4 20.6 48.4 21.6 2.6
Rapeseed cake 31.7 30.9 12.7 29.1 515 24.5 4.7
Shrimp waste 20.0 37.6 7.4 21.8 49.5 22.9 4.1

“DM: dry matter; CP: crude protein; CL: crude lipid. The proximate composition and chitin content were presented as the percent-
age of DM. A nitrogen-to-protein conversion factor of 6.25 was used for CP calculation.

¥70% vegetable and 30% fruit waste.

* Mixed feed was formulated with 66.5% water, 16.0% pea grits, 8.0% wheat, 7.0% chicken starter feed, 2.1% sugar beet pellet, and

0.4% vitamin-mineral mixture.
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Due to its high content of unsaturated fatty ac-
ids, BSF fat is susceptible to oxidation during
storage or feed processing, leading to reduced
palatability and adverse physiological effects
(Jorge Inaki et al. 2022).

Protein is the most expensive nutrient and
accounts for 30-50% of fish diet (Aragdo et
al. 2022). Compared to terrestrially-derived
proteins, marine-based proteins offer a more
balanced amino acid profile for fish but are
more costly (Ma et al. 2020). High-quality
FM generally contains 60-72% crude protein
but remains only 6—-10% of crude lipid (Cho &
Kim 2011). To replace FM in fish diet, insuffi-
cient protein levels and deficiency in essential
amino acids are the primary limitations for
BSF protein. In commercial feed production,
oil is generally coated after pelleting to pre-
vent oxidation from high temperatures during
extrusion (Chaabani et al. 2020). Therefore,
the development of defatting and amino acid
manipulation technologies is recommended to
enhance the quality of BSF protein.

Amino acids

The essential amino acids in fish, namely
arginine, histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, trypto-
phan, and valine, are pivotal for growth and
metabolism (Xing et al. 2024). The essential
amino acid profile of various insect meals is
presented in Table 2. Compared with FM, the
essential amino acid index (EAAI) of BSF,
cricket, and mealworm are 1.01, 0.89, and
0.58, respectively, indicating that BSF has a
relatively balanced amino acid profile than
others. The chemical score of BSF shows that
arginine is the first limiting amino acid, fol-
lowed by isoleucine, lysine, and methionine.

Soybean meal is a conventional plant-
based protein source and has been successfully
used as an FM alternative in various fish diets
(Zhou et al. 2005; Lim et al. 2011; Yang et
al. 2011). However, the primary limiting ami-
no acid of soybean meal is methionine, with
a chemical score of only 0.51. Methionine is
also insufficient in BSF. Additionally, using
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crystalline amino acids is low in fish (Dab-
rowski et al. 2010). Therefore, the methionine
content in BSF is a critical factor in determin-
ing its suitability for replacing FM.

Cystine is not an essential amino acid as
it can be synthesized from methionine. There-
fore, a sufficient dietary intake of cysteine can
spare methionine (Twibell et a/. 2000). Recent
study demonstrated that there was a positive
linear regression between methionine con-
tent in BSF larvae and rearing time, while no
linear regression was observed in BSF larvae
cysteine concerning rearing time. Moreover,
elevating the carbon-to-nitrogen (C/N) ratio
in almond hulls also facilitated methionine
accumulation in BSF larvae but did not affect
their cysteine content (Miner ef al. 2022). This
result indicates that the methionine content
in BSF larvae can be manipulated by feeding
substrates. However, the unchanged cysteine
content suggests that the biosynthesis pathway
of BSF may differ from that of vertebrates.

Fatty acid

Lipids are the most energy-dense macro-
nutrient (9 kcal g"') and can effectively reduce
protein loss by catabolism (Thirunavukkarasar
et al. 2022). As shown in Table 3, the predom-
inant fatty acid in BSF is lauric acid (C,, : 0).
When the rapeseed oil was replaced with BSF
oil in the Atlantic salmon (Salmo salar) diet,
the apparent digestibility coefficients of lauric
acid reached 95% and higher. In comparison,
approximately only 50% of ingested lauric
acid was recuperated in the tissues, indicating
lauric acid is highly oxidized for energy gener-
ation. In addition, the high level of lauric acid
in the BSF-based diets prevented fish liver
from excessive lipid storage, which reflects
metabolism dysfunction (Belghit ef al. 2019b).
These results showed that lauric acid derived
from BSF is a potential protein sparer.

Furthermore, lauric acid possesses a broadly
antimicrobial ability against various fish patho-
gens and can alleviate the inflammation induced
by a bacterial infection (Huang et a/. 2014;
do Couto et al. 2021). Supplementing diets
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Table 2. Amino acid profile of fishmeal (FM), soybean meal, and various insect meals.

Amino acid profile FM* Soybean Meal” BSF* Cricket" Mealworm"
¢ 16 g nitrogen
Arginine 7.86 7.23 4.93 6.20 3.61
Histidine 1.84 2.53 3.30 2.20 1.60
Isoleucine 6.12 4.54 4.17 3.75 2.51
Leucine 6.85 7.78 6.94 6.70 422
Lysine 8.18 6.38 5.68 5.14 3.03
Methionine 2.49 1.26 1.84 2.02 1.15
Phenylalanine 3.55 4.94 4.13 4.00 2.51
Threonine 4.00 3.86 3.98 3.88 2.42
Tryptophan 0.72 1.28 1.63 0.85 0.57
Valine 5.33 4.80 5.85 4.24 3.62
Chemical score"
Arginine - 0.92 0.63 0.79 0.46
Histidine - 1.38 1.79 1.20 0.87
Isoleucine - 0.74 0.68 0.61 0.41
Leucine - 1.14 1.01 0.98 0.62
Lysine - 0.78 0.69 0.63 0.37
Methionine - 0.51 0.74 0.81 0.46
Phenylalanine - 1.39 1.16 1.13 0.71
Threonine - 0.97 1.00 0.97 0.61
Tryptophan - 1.78 2.26 1.18 0.79
Valine - 0.90 1.10 0.80 0.68
EAAT" - 0.99 1.01 0.89 0.58

“ Whole herring meal (Boge 1960). FM was used as the reference protein.

¥ Egyptian soybean (Saleh 2020).

* Black soldier fly (BSF) prepupae fed with chicken feed (Spranghers et al. 2017).

Y Gryllus bimaculatus (Taufek et al. 2018).
¥ Tenebrio molitor (Wu et al. 2020).

“ Chemical score and essential amino acid index (EAAI) were calculated according to Kirimi et al. (2020).

with lauric acid (0.1% and 0.8%) in black sea
bream (Acanthopagrus schlegelii) improved the
growth performance, antioxidative capability,
and intestinal morphology and microbiota of
fish (Ullah et al. 2022). Similarly, replacing
25% of soybean oil with BSF oil facilitated the
growth performance of Nile tilapia (Oreochro-
mis niloticus) fry without compromising the
fish body’s fatty acid profile or hematological
homeostasis (Goda et al. 2024).

However, arachidonic acid (ARA, C,, : 4n
- 6), eicosapentaenoic acid (EPA, C,, : 5n - 3),
and docosahexaenoic acid (DHA, C,, : 6n - 3),

which are essential fatty acids for fish, are de-
ficient in BSF. Since ARA is abundant in poul-
try meat (2.4-10.4%) (Kawashima 2019), the
deficiency of ARA in BSF can be addressed
through supplementation with poultry meal. By
contrast, EPA and DHA are mainly originated
from the aquatic ecosystems (Gladyshev et al.
2013). These fatty acids are generally deficient
in land plants and poultry. Consequently, EPA
and DHA are the primary limiting factors in
meeting the essential fatty acid requirements
of fish. Several studies have validated that re-
placing FM with BSF meal leads to poor EPA
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Table 3. Fatty acid profile of cod liver oil, soybean
oil, and black soldier fly (BSF).

% of total identified Cod liver ~ Soybean

fatty acid oil” oil” BSF*
10:0 N.D." N.D. 1.58
12:0 N.D. N.D. 46.39
14:0 6.38 0.08 7.85
14:1n-5 N.D. N.D. 0.53
16:0 19.09 11.49 12.21
16:1In-7 8.75 N.D. 5.56
18:0 4.76 4.11 1.61
18:1n-9 21.09 23.73 10.59
18:2n-6 4.74 55.61 12.46
18:3n-3 0.98 4.97 0.99
20:1n-9 2.16 N.D. N.D.
20:2n-6 0.35 N.D. N.D.
20:3n-6 0.21 N.D. N.D.
20:4n-6 0.85 N.D. N.D.
20:4n-3 1.41 N.D. N.D.
20:5n-3 9.68 N.D. 0.23
21:0 1.11 N.D. N.D.
22:5n-3 4.45 N.D. N.D.
22:6n-3 14.00 N.D. N.D.
SFA" 31.34 15.68 69.64
MUFA" 32.00 23.73 16.68
PUFA" 36.67 60.59 13.68
n-3 30.52 4.97 1.22
n-6 6.14 55.61 12.46
n-3/n-6 4.97 0.09 0.10

“ Data from Francis et al. (2006).

* Data from Ferreira ef al. (2016).

* BSF prepupae fed with wheat bran (El-Dakar et al. 2020).

“N.D.: not detected; SFA: saturated fatty acids; MUFA: mono-
unsaturated fatty acid; PUFA: polyunsaturated fatty acids.

and DHA accumulation in fish bodies (Mancini
et al. 2018; Guerreiro et al. 2020; Oteri et al.
2022; Takakuwa ef al. 2022). Clinical signs of
essential fatty acid deficiency in fish include
poor growth rate, increased mortality, fin
erosion, myocarditis, and sensitivity to stress
(Glencross 2009). Besides animal welfare, es-
sential fatty acids are crucial to product qual-
ity. EPA and DHA are common indicators to
assess the nutritional value of seafood (Chen
& Liu 2020). Moreover, a recent study found
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that salmon fed low levels of EPA and DHA
had higher metabolic rates of astaxanthin and
poor fillet color (Ytrestoyl et al. 2023).

Overall, BSF contains a predominant
amount of lauric acid with various biofunctions
but lacks EPA and DHA. Therefore, feed formu-
lations should be designed based on the nutri-
tional requirements of fish. In general, marine
fish lack the ability to convert short-chain poly-
unsaturated fatty acids (PUFA) to long-chain
PUFA; by contrast, freshwater fish can utilize
n-3andn- 6 C-18 PUFA to synthesize more
highly unsaturated long-chain PUFA. Conse-
quently, marine fish have a higher requirement
for n - 3 long-chain PUFAs than freshwater fish
(Glencross 2009). For instance, dictary BSF-
based diet resulted in the lower accumulation of
n - 3 long-chain PUFAs in various marine fish,
such as meagre (Argyrosomus regius), gilthead
sea bream (Sparus aurata), and red sea bream
(Pagrus major) (Guerreiro et al. 2020; Oteri et
al. 2022; Takakuwa et al. 2022). Comparative-
ly, completely replacing fish oil (FO) with BSF
oil did not compromise the DHA content in the
flesh of red hybrid tilapia (Oreochromis sp.)
(Abu Bakar et al. 2021).
Chitin

Chitin is a linear polymer consisting of
N-acetylglucosamine units linked by B-1,4 gly-
cosidic bonds and presents in the exoskeleton
of insects (Shamshina et al. 2019). As shown
in Table 1, the chitin content is in the range of
1.4-8.7%. The Kjeldahl method is a widely used
technique for determining the crude protein
content. It estimates nitrogen content, which is
then converted to crude protein content using
a conversion factor. Because chitin is a nitro-
gen-containing compound, the crude protein of
BSF meal may be overestimated when a general
factor of 6.25 is used. Considering nitrogen from
the chitin and other non-protein compound, con-
version factors are corrected to 4.76, 4.21-5.01,
and 4.47 by Janssen et al. (2017), Belghit et al.
(2019a) and Smets et al. (2021), respectively.

Although most fish have been shown to
possess chitin-degrading enzymes, their utili-
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zation of chitin varies among species. Dietary
2.5-10.0% of the chitin extracted from crab
shells promoted the non-specific immunity of
gilthead seabream (Sparus aurata), including
natural haemolytic complement activity, re-
spiratory burst activity, and natural cytotoxic
activity, without any negative effect on the
growth performance (Esteban ef al. 2001).
By contrast, both chitin and chitosan retarded
the growth performance of hybrid tilapia (O.
niloticus * O. aureus) at the inclusion levels
between 2-10% (Shiau & Yu 1999). In rainbow
trout (Oncorhynchus mykiss), the tolerance of
chitin derived from shrimp shells was 3%. Ex-
cessive chitin inclusion led to growth inhibi-
tion and reduced nutrient digestibility (Pascon
et al. 2024).

Short-chain fatty acids (SCFAs), such as
acetate, propionate, and butyrate, are the pre-
dominant products of bacterial chitin degra-
dation and contribute to fish intestinal health.
Therefore, chitin can potentially serve as a
prebiotic in fish diets (Hasan et al. 2023).
However, the source of chitin is a crucial fac-
tor in bioavailability. Recent studies have re-
vealed that insects are a superior chitin source
compared to crustaceans. Dietary pupal BSF
exuviae meal had greater effects on intestinal
SCFA-producing bacteria and SCFA produc-
tion compared to shrimp head meal in rainbow
trout (Rimoldi et al. 2023). Similarly, in large-
mouth bass (Micropterus salmoides), dietary
chitin derived from both BSF and shrimp ex-
erted positive effects on antioxidant status,
non-specific immunity, intestinal microbiota,
and SCFA production; however, only BSF chi-
tin further improved growth performance and
monounsaturated fatty acid deposition in mus-
cle tissue (Hu et al. 2025).

Despite its prebiotic effects, chitin has also
been reported to exhibit anti-nutritional prop-
erties in fish diets (Eggink ef al. 2022b). An
in vitro two-step enzymatic assay using pepsin
and trypsin-enriched pancreatin revealed that
the crude protein digestibility of BSF meal was
negatively correlated with the chitin content,

which was the primary variable identified in the
stepwise analysis (Marono et al. 2015). There-
fore, further studies to investigate the effect of
BSF chitin on different fish species and to es-
tablish their tolerance dietary level are recom-
mended.

IMPROVEMENT STRATEGY

Defatting

The high lipid content and abundance of
unsaturated fatty acids in whole insect meal
make it prone to oxidation, which reduces its
palatability. Therefore, defatting is an effec-
tive process to stabilize the quality of BSF
meal (Henry ef al. 2015). When the BSF meal
was used as an FM alternative in the gilthead
seabream diet, the defatted meal was more
readily accepted by fish than the full-fat meal
(Karapanagiotidis ef al. 2023). The defatting
process is also beneficial to fish growth. Re-
placing FM at an isoproteic level with an ad-
justed fatty acid profile, the removal of the fat
fraction from BSF meal improved the growth
of yellowtail (Seriola quinqueradiata), indi-
cating that factors in BSF oil other than fatty
acids affect growth (Ido ez al. 2021). Similar-
ly, when 14% of FM protein was replaced in a
turbot (Scophthalmus maximus) diet, full-fat
BSF meal retarded growth performance and al-
tered intestinal microbiota composition by in-
creasing the abundance of potential pathogenic
bacteria, whereas defatted BSF meal did not
compromise these aspects and showed similar-
ity to the FM-based diet (Zhao et al. 2023).

The conventional defatting processes
of insect meal are divided into chemical and
mechanical methods. Chemical defatting uses
organic solvents, such as ethanol, acetone,
and hexane, to remove insect oil. Although
chemical defatting can achieve oil recovery,
the residual organic solvents result in environ-
mental or hygienic concerns (Kim et al. 2022).
Mechanical defatting extracts oil using screw
and hydraulic press in small-scale and mass
production, respectively. Without pre-heating,
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cold-pressing directly mechanical presses the
ingredient where the temperature only rises to
50-60°C for a short time (Leming & Lember
2005).

Comparing the quality of BSF meal de-
fatted using chemical (aqueous, acetone,
ethanol, and hexane) extraction and mechan-
ical (cold-pressing) defatting methods, the
cold-pressing showed higher total essential
amino acid content and emulsifying capacity
than chemical extraction (Kim et al. 2022).
Likewise, BSF meal defatted with the mechan-
ical method had higher digestibility of lipids,
leucine, and arginine than a chemical method
in hens (Xin et al. 2024). In terms of BSF
oil, pressing and supercritical carbon dioxide
extraction led to lower peroxide value than
hexane after extraction (Hurtado-Ribeira et al.
2023). Overall, these studies indicated that the
mechanical method is superior to the chemical
to produce defatted BSF meal and BSF oil.

Enrichment

Rearing BSF with single substrates gener-
ally results in nutrient deficiency (Raksasat et
al. 2020). To improve nutrient deficiency, sev-
eral enrichment approaches have been studied
recently. Substituting 40% of commercial laying
hen feed with FM resulted in the EPA and DHA
content of BSF larvae reaching a maximum level
of 0.8% and 1.9%, respectively, after 3 h of en-
richment. Moreover, the peak in their crude pro-
tein content (increased from 36.7 to 55.2%) was
observed after 24 h (Barroso et al. 2017). BSF
larvae reared on a fish-based substrate (soybean
meal and marine fish offal) were enriched in
EPA and DHA (2.2% and 0.4%, respectively), re-
sulting in better growth in Nile tilapia compared
to unenriched BSF meal when used as a replace-
ment for FM and FO (Agbohessou ef al. 2024).
A similar result was also reported in rainbow
trout, in which fish offal-enriched BSF meal, but
not unenriched BSF meal could replace FM up to
50% without causing growth inhibition (Sealey
et al. 2011). In addition, the inclusion of 25%
fish waste in banana and orange peels resulted in
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a 2.7-fold increase in biomass conversion effi-
ciency, indicating that co-composting plant and
fish byproducts can not only improve nutrient
availability but also reduce the production cost
of BSF meal (Isibika et al. 2021).

Algae are the predominant producers of
EPA and DHA in aquatic ecosystems. The
brown seaweed (Ascophyllum nodosum) was
used to replace the basic feeding medium at
levels ranging 0% to 100%. The EPA content
of BSF larvae was positively correlated with
the dietary level of brown seaweed. However,
it is worth noting that dietary brown seaweed
negatively affected the growth performance of
BSF (Liland ef al. 2017). Furthermore, since
seaweed can accumulate heavy metals from the
environment, the cadmium and total arsenic
levels in BSF larvae exceeded the maximum
residue limits set by the European Union when
the dietary level of brown seaweed exceeded
20% (Biancarosa et al. 2018).

Rearing BSF larvae on chicken manure,
brewers’ spent grain, and kitchen waste mod-
ified their arginine, glutamic acid, proline,
tyrosine, and phenylalanine, whereas no effect
was detected on the most limiting amino acids,
such as lysine, methionine, isoleucine, and
tyrosine (Shumo et al. 2019). Another study
showed that lysine, valine, and leucine were
the most altered amino acids in BSF larvae
when fed different vegetable by-products (Fuso
et al. 2021). A single amino acids reduction
trial demonstrated that reducing 65% of each
amino acid did not affect the growth perfor-
mance of BSF larvae. Moreover, balance cal-
culations for individual amino acids revealed
that deficiency of amino acids was compen-
sated through substrate microbiome synthesis
(Lemme & Kliiber 2024).

As discussed in Section Amino acid, me-
thionine content in BSF is a critical limiting
amino acid for FM replacement. However,
to date, no study has demonstrated that BSF
larvae are capable of directly accumulating
methionine from methionine-enriched sub-
strates. Extending rearing time and increasing
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the C/N ratio in substrates have been proven
to enhance methionine levels in BSF larvae,
indicating that methionine content can be im-
proved through methods other than direct en-
richment (Miner et al. 2022). Moreover, since
microbiota play a crucial role in amino acid
synthesis in BSF substrates (Lemme & Kliiber
2024), further studies are needed to identify
the amino acid-synthesizing bacteria.

Removal of chitin

The fractionation of BSF typically in-
cludes dry and wet modes. The dry mode is
a conventional processing method of insects,
which involves drying and defatting steps.
The dry mode cannot isolate chitin from the
insect body and the final products are BSF oil
and defatted BSF meal. By contrast, the wet
mode uses a juice press step to separate the
chitin-rich press cake from BSF juice. Subse-
quently, the BSF juice is centrifuged and di-
vided into the lipid, cream, aqueous, and solid
fractions. The composition analysis revealed
that approximately 60% of the total chitin is
retained in the press cake, and the remaining
chitin (40%) is primarily found in the solid
fraction (Ravi et al. 2021).

Sieving is an alternative method for frac-
tionation. The BSF meal defatted using the
pressing method was mechanically sieved into
particle sizes of 0-200 pm, 200-400 pm, and
> 400 um. Their chitin contents were 18, 27,
and 154 g kg™', respectively, with similar crude
protein levels of 54.9%, 55.7%, and 55.9%, re-
spectively. This result indicated that a 400 um
sieve can effectively filter out the chitin-rich
fraction. However, the yield of each fraction
was not provided in that study (Eggink et al.
2022b). To assess the feasibility of sieving for
fractionation, further studies on yield and opti-
mal particle sizes are necessary.

CONCLUSION

BSF has emerged as a promising and sus-
tainable alternative protein source to FM in
aquaculture. However, some nutritional lim-

itations, particularly in essential amino acids
(e.g., methionine), essential fatty acids (e.g.,
EPA and DHA), and excessive chitin must be
addressed to optimize its use in aquafeeds.
Strategies such as defatting, substrate en-
richment, and chitin removal can enhance the
nutritional quality and bioavailability of BSF
meals to fish. To maximize its potential as a
sustainable feed ingredient in the aquaculture
industry, establishing BSF meal quality stan-
dards and conducting additional studies on
species-specific dietary tolerance are neces-
sary.
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