
Животновъдни науки, 2025, 62 (5) Bulgarian Journal of Animal Husbandry, 2025, 62 (5)

30

Black Soldier Fly (Hermetia illucens L.) larvae as a sustainable protein 
source for animal feed

Ishaya Usman Gadzama1*, Abdullateef Akolawole Idris2, Oyeyemi Kunmi Sherifdeen3, 
Michael Idowu Babajide4, Yolanda Dehwe5, Samuel Usen Essien3, Adeola Oluwabunmi 
Ojugbele4, Methun Chandra Dey6, Rutendo Paida Magaya5, Vanessa Anesu Mutimaamba7, 
Bada Mubarak Mobolaji4, Fahad Bin Islam8, Olatinwo Opeyemi Faruk3 Collins Lawrence 
Omogiade9 and Henry Chukwuebuka Chime10

1School of Agriculture and Food Sustainability, University of Queensland, Gatton, QLD 4343, Australia
2Department of Animal Production, Faculty of Agriculture, University of Jos, Plateau State 930001, Nigeria
3Department of Animal Health and Production, Federal University of Agriculture, Abeokuta, Ogun State 
111101, Nigeria
4Department of Animal Science, University of Ibadan, Ibadan, Oyo State 200005, Nigeria
5Department of Livestock Sciences, Faculty of Agriculture, Environment and Food Systems, University of 
Zimbabwe, Mount Pleasant, Harare, 263, Zimbabwe
6Institute of Livestock Science and Technology, Netrokona 2400, Bangladesh
7Department of Livestock Sciences, University of Zimbabwe, Churchill Ave, Harare 630, Zimbabwe
8Department of General Animal Science and Animal Nutrition Faculty of Animal Science and Veterinary 
Medicine Patuakhali Science and Technology University Khanpura, Babuganj, Barishal 8200, Bangladesh 
9Department of Animal Science and Technology, School of Agriculture and Agricultural Technology, Federal 
University of Technology, Owerri, Imo State 460114, Nigeria
10Department of Animal Resources Science, Dankook University 119, Dandae-ro, Dongnam-gu, Cheonan-si, 
Chungcheongnam-do - 31116, South Korea 
*Corresponding author: ishayausman@gmail.com

Citation: Gadzama, I. U., Idris, A. A., Sherifdeen, O. K., Babajide, M. I., Dehwe, Yo., Essien, S. U., Ojugbele, 
A. O., Dey, M. Ch., Magaya, R. P., Mutimaamba, V. A., Mobolaji, B. M., Islam, F. B., Faruk, O. O., Omogiade, 
C. L. & Chime, H. Ch. (2025). Black Soldier Fly (Hermetia illucens L.) larvae as a sustainable protein source 
for animal feed. Bulgarian Journal of Animal Husbandry, 62(5), 30-64

Abstract: Black soldier fly (Hermetia illucens  L., Diptera: Stratiomyidae) larvae (BSFL) farming offers a 
dual solution for Africa by converting organic waste into nutrient-rich protein for animal feed and organic 
fertiliser (frass), addressing urban waste challenges and reducing reliance on unsustainable imports, such as 
fishmeal. However, realising these potential hinges on developing safe, efficient, scalable, and economically 
viable processing methods suitable for African conditions. A comprehensive literature search was conducted 
across academic databases (Google Scholar, ScienceDirect, Scopus, PubMed, Web of Science) using keywords 
such as “black soldier fly larvae processing,” “nutritional composition,” and “antimicrobial properties.” Peer-
reviewed studies, technical reports, and conference papers were included to assess the impacts of harvesting, 
decontamination, drying, and nutrition. Optimising key steps is essential: robust harvesting (sieving or auto-
collection depending on larval stage, substrate humidity, and particle size), effective microbial reduction via post-
harvest processing (feed withdrawal, washing protocols needing refinement, especially for contaminated waste), 
killing methods (freezing, blanching, asphyxiation, mechanical disruption, each impacting nutritional quality, 
microbial safety, and animal welfare differently), and decontamination. Drying methods (low-temperature air, 
high-temperature air, oven, microwave, and freeze-drying) significantly influence the final product’s safety, 
nutritional retention, and economic viability, involving trade-offs between speed, energy efficiency, protein and 
fat preservation, and cost. The nutritional composition of BSFL (protein: 27.54-55.42%, fat: 8.10-57.80%, ash: 
3.90-33.0%, chitin: 3.87-9.62%) and functional properties (antimicrobial peptides, lauric acid; up to 52% of 
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lipids) are highly variable, primarily dictated by the rearing substrate. This offers opportunities for tailored 
production but requires strict control of substrate safety to avoid heavy metal accumulation. Processing choices 
also directly impact protein digestibility and amino acid profiles. Optimising these processing parameters is 
fundamental to ensuring a safe, nutritious, and stable insect meal that meets regulatory standards, reduces post-
harvest losses, improves economic viability for small-scale farmers, and unlocks the role of BSFL in circular 
economies, food security, waste management, and climate-resilient agriculture across Africa.
 
Keywords: Black soldier fly larvae; Hermetia illucens; processing method; nutritional quality; fatty acid; 
antimicrobial peptides 

INTRODUCTION

Livestock production is a cornerstone of Sub-
Saharan Africa’s economy, contributing approx-
imately 40% of the region’s agricultural GDP 
and supporting one-third of the global livestock 
population (AU-IBAR, 2016; Dercon and Gollin, 
2014). The rising demand for animal-source 
foods, driven by population growth, urbaniza-
tion, and income gains, will require an additional 
107 million tons of meat and 5.5 million tons of 
milk by 2050 in low- and middle-income coun-
tries (Alexandratos and Bruinsma, 2012). How-
ever, this sector faces profound sustainability 
challenges. It generates over 70% of Africa’s ag-
ricultural greenhouse gas (GHG) emissions, pre-
dominantly from enteric methane (Tubiello et al., 
2014), with GHG intensity in East Africa quadru-
pling the global average (Pressman et al., 2018). 
Moreover, livestock contributes to land degrada-
tion, with 58% attributed to overgrazing, biodi-
versity loss, and freshwater depletion (Godfray 
et al., 2018; Mekuria et al., 2018). Compounding 
these pressures, feed production consumes ap-
proximately 800 million tons of cereals annually, 
accounting for a third of global output, and is pro-
jected to exceed 1.1 billion tons by 2050 (FAO, 
2012; Herrero et al., 2013). Competition between 
human food and animal feed is acute in Africa, 
where staple crops like maize double as poultry 
feed ingredients, inflating costs and undermin-
ing food security (Gura, 2008; Mengesha, 2011). 
Thus, sustainable intensification hinges on de-
coupling livestock growth from resource-inten-
sive feeds and environmental harm.

Innovative solutions are imperative, and in-
sect-derived proteins represent a promising al-
ternative to conventional feeds, such as soybean 
meal (SBM) and fish meal (FM) (Gadzama et 
al., 2025). Insects offer nutrient-dense, ecologi-
cally efficient protein sources that circumvent 
food-feed competition (Khan, 2018). Specifically, 
black soldier fly (BSF, Hermetia illucens) larvae 
thrive on organic waste, including manure, agri-
residues, and slaughter byproducts, converting 
them into high-value feed ingredients (Newton et 
al., 2008; Pretorius, 2011; Gadzama et al., 2023a, 
b). Nutritionally, BSF meal provides 35–61% 
crude protein, 7–42% lipids (notably lauric and 
palmitic acids), and exceptional calcium levels 
(1.21–4.39%), while housefly larvae deliver 37.5–
63.1% protein, essential fatty acids (e.g., 26–36% 
linoleic acid), and metabolizable energy up to 
4140 kcal/kg, surpassing SBM (Pretorius, 2011; 
Moula et al., 2018). Furthermore, housefly pupae 
protein exceeds 76%, with amino acid profiles ri-
valling fish meal (Pretorius, 2011). Insect rearing 
valorises waste streams, mitigating pollution and 
supporting circular economies (Secci et al., 2018; 
Sayed et al., 2019). Research confirms that insect 
meals can partially or fully replace SBM/FM in 
poultry and aquaculture without compromising 
growth or product quality (Marono et al., 2015; 
Smetana et al., 2019; Gadzama, 2025), though 
methionine supplementation may be needed for 
some species (Pretorius, 2011). Therefore, scaling 
insect-based feed production offers a dual path-
way to enhance Africa’s livestock resilience: re-
ducing reliance on costly, imported feeds while al-
leviating environmental footprints through waste 
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upcycling. This transition is vital for achieving 
sustainable protein security amid escalating cli-
mate and resource constraints.

This review article provides a comprehensive 
overview of the production, nutritional value, 
digestibility, and application of black soldier fly 
larvae (Hermetia illucens) as alternative protein 
sources for animal feed in Africa. It examines 
their effects on animal growth performance and 
health, evaluates their economic and environ-
mental impacts, highlights benefits and challeng-
es associated with their adoption, and compares 
their suitability across different production sys-
tems. The review also discusses case studies, reg-
ulatory considerations, and prospects to support 
sustainable animal production in Africa.

METHODOLOGY

Literature search 
To comprehensively assess the potential of 

black soldier fly larvae processing, particularly in 
the African context, a comprehensive literature 
search was conducted across multiple academic 
databases, including Google Scholar, ScienceDi-
rect, Scopus, PubMed, Web of Science, JSTOR, 
and SpringerLink. The goal was to gather peer-
reviewed studies, relevant conference papers, and 
technical reports evaluating various aspects of 
BSFL processing, from harvesting to final prod-
uct quality and safety. The focus was on identify-
ing methods that are safe, efficient, scalable, and 
economically viable, as well as their impact on 
the nutritional profile and potential health bene-
fits of BSFL products. Key processing steps ex-
plored included harvesting, post-harvest process-
ing (feed withdrawal, washing), killing, drying, 
and decontamination. The search aimed to cap-
ture information relevant to converting organic 
waste into valuable resources, such as protein-
rich animal feed.

Searching criteria 
The search strategy employed targeted key-

words such as “black soldier fly larvae process-
ing”, “BSFL processing methods”, “BSFL har-

vesting”, “BSFL killing methods”, “BSFL dry-
ing”, “BSFL decontamination”, “BSFL nutritional 
quality”, “BSFL safety”, “BSFL proximate com-
position”, “BSFL amino acid profile”, “BSFL fatty 
acid composition”, “BSFL mineral composition”, 
“BSFL antimicrobial peptides”, and “BSFL health 
benefits”. Boolean operators (AND/OR) were used 
to refine the results, focusing primarily on stud-
ies involving Hermetia illucens (black soldier fly). 
Additional filters were applied to prioritise studies 
examining specific processing techniques, includ-
ing methods for separation, washing, killing (e.g., 
freezing, heat, mechanical, asphyxia), drying, and 
decontamination. The impact of processing on 
product quality was also considered, focusing on 
nutritional retention, protein digestibility, amino 
acid composition, fatty acid profile, and mineral 
content. Safety and health aspects were evaluated, 
including the presence and effects of antimicro-
bial compounds, potential accumulation of toxic 
elements, and benefits for animal gut health. No 
restrictions were placed on publication years to 
ensure the inclusion of both foundational and re-
cent research. The reference lists of key articles 
were manually screened to identify additional rel-
evant studies.

The importance of optimising Black Soldier 
Fly larvae processing for Africa’s future

The focus on black soldier fly larvae process-
ing is not merely academic; it sits at the heart of 
a sustainable revolution for Africa. BSFL farm-
ing offers a dual solution: converting vast quanti-
ties of organic waste (a major urban challenge) 
into valuable resources. The larvae produce nu-
trient-rich protein for animal feed, reducing re-
liance on expensive, unsustainable imports like 
fishmeal, and organic fertiliser from the residue 
(frass). However, unlocking these potential hing-
es on developing safe, efficient, scalable, and eco-
nomically viable processing methods suitable for 
African conditions. Robust harvesting, effective 
microbial reduction (through optimised washing, 
killing, and decontamination), and preservation 
techniques that maximise nutritional retention 
(highlighting the drawbacks of freezing and the 
potential of blanching) are fundamental. These 
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steps ensure the final insect meal is safe for live-
stock, competitively nutritious, stable for storage 
and transport, and meets regulatory standards. 
Moreover, efficient processing reduces post-har-
vest losses and improves the economic viability 
for thousands of potential small and medium-
scale farmers across the continent. 

Harvesting 
Insect processing begins with harvesting and 

aims to produce a microbiologically and physi-
co-chemically safe, stable final product. Studies 
have shown that processing significantly influ-
ences final product quality, impacting microbial 
load reduction, colour stability, nutritional qual-
ity, and protein functionality (Van Huis et al., 
2013; Tzompa-Sosa et al., 2014). Key steps in 
this process may include harvesting, post-harvest 
processing such as feed withdrawal and washing, 
killing, macronutrient extraction, decontamina-
tion, drying, and grinding. Each industrial pro-
cessing step should prioritise reducing microbial 
load while preserving or enhancing nutritional 
quality to ensure the final product is safe for con-
sumption, nutritionally rich, and stable for stor-
age and transport.

Separating larvae from substrate
Harvesting involves separating larvae from 

their feeding substrate, primarily achieved 
through sieving or auto-collection. The optimal 
method depends on the BSF stage (larvae vs. 
prepupae), substrate humidity, and particle size. 
Sieving is the most common industrial method, 
which utilizes rotary drum systems or vibrating 
sieves to retain larvae and prepupae while allow-
ing the digested substrate (frass - a valuable soil 
amendment) to pass through (Cheng et al., 2017). 
Effective sieving requires the substrate to be fully 
digested, have small particle sizes, and contain 
≤50% humidity to prevent obstruction (Cheng et 
al., 2017).

Auto-collection exploits the natural migration 
behaviour of prepupae seeking drier pupation 
sites (Sheppard et al., 1994; Diener et al., 2011). 
Tomberlin et al. (2002) described guiding pre-
pupae via ramps into collection buckets. While 

this method ensures only live insects are har-
vested and tolerates higher substrate moisture, it 
has lower efficiency as not all prepupae migrate 
predictably. Additionally, concerns exist that mi-
gration might mobilize energetic reserves, poten-
tially reducing nutritional value; however, this re-
quires further investigation.

Post-harvest processing
Post-harvest steps, such as feed withdrawal 

and washing, are employed on a large scale to 
improve product stability and microbial quality, 
although their adoption varies among producers. 
The Feed Withdrawal Period (FWP), also known 
as gut purging, is recommended by the FAO to 
reduce microbial load, as removing the insect gut 
is difficult, and undigested feed, frass, and asso-
ciated microbes often contaminate the final meal 
(Van Huis et al., 2013). Research on related spe-
cies shows egestion times of 60-100 minutes for 
fly larvae, but gastrointestinal evacuation times 
(GET) when fasting are more extended; for exam-
ple, adult Blatella takes 3 days versus a 120-min-
ute egestion time (Day and Powning, 1949; Es-
pinoza-Fuentes et al., 1987; Mumcuoglu et al., 
2001). Due to the limited availability of GET data 
for most insects, a 12 - 48-hour FWP is gener-
ally assumed to be sufficient (Tzompa-Sosa et al., 
2014; Charlton et al., 2015). However, Wynants et 
al. (2017) found that a 48-hour FWP, with or with-
out faecal contact, did not reduce microbial load 
in mealworms (T. molitor). The authors suggested 
residual frass might remain due to an unknown 
GET. More importantly, McCue (2010) reported 
that starvation can trigger the metabolism of en-
ergy reserves, potentially impacting nutritional 
quality. Therefore, research on the effectiveness 
of BSF larvae in FWP is crucial, especially giv-
en their role in processing contaminated organic 
matter.

Washing
Washing, similar to crustacean processing, in-

volves using water (dipping or spraying) to remove 
surface feed, frass, and microbes from insects like 
mealworms (T. molitor), houseflies (M. domestica), 
cheese skippers (Piophila casei), and BSF (H. il-
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lucens), thereby extending shelf-life (Stadtlander et 
al., 2017; Mutungi et al., 2017). Dickson and Ander-
son (1992) noted that washing carcasses effectively 
removes organic matter and microbes at low cost. 
Efficacy can be enhanced by adjusting pressure, 
duration, temperature, repetitions, or adding sani-
tisers (e.g., chlorine, organic acids). Despite its po-
tential, Wynants et al. (2017) reported that dipping 
T. molitor in agitated water for 1 minute showed 
no significant microbial reduction. To date, this 
appears to be the only published study on rinsing 
edible insects, highlighting an important research 
gap. Given the potential for BSF to convert highly 
contaminated waste, optimising washing protocols 
(e.g., sanitisers, pressure washing) is a critical area 
for future investigation.

Killing methods in insect processing
Killing is a crucial step in insect processing as 

it can significantly impact the nutritional quality, 
microbial safety, colour stability, and taste of the 
product (Farina, 2017). In any animal production, 
killing should be fast and effective, contributing to 
a reduction in the microbial load while maintaining 
the nutritional quality of the product. Invertebrates 
are killed by various methods, including cold, heat, 
asphyxiation, and mechanical disruption. There-
fore, the killing method should be adapted to the 
specific requirements of the species. Freezing and 
blanching are the most frequently used methods; 
however, many other methods also have the poten-
tial to be just as effective (Kouřimská and Adám-
ková, 2016; Van Huis and Tomberlin, 2017). In-
dustrial practices reflect this diversity, as shown in 
Table 1 (Erens et al., 2012), where companies em-
ploy various techniques tailored to specific insects. 
For instance, freezing is used by Jagran B.V. for 
houseflies (Musca domestica). At the same time, 
freeze-drying is applied to mealworms (Tenebrio 
molitor) by Van der Ven, and to crickets, grasshop-
pers, beetles, and flies by Kreca. Wageningen Uni-
versity’s Leon Westerd also utilizes freeze-drying 
for large insects (Erens et al., 2012).

Freezing as a method for insect killing
Freezing is frequently used in industrial ap-

plications as it allows for product preservation 

while gradually killing the insect. Because in-
sects are poikilotherms, freezing them to death 
reduces their metabolism, preventing any poten-
tial pain or suffering. Additionally, freezing has 
the advantage of reducing microbial growth and 
enzyme activity associated with spoilage. This 
method can be carried out by freezing, freeze-
drying, or immersion in ice water (Fu et al., 
2014). Several studies have investigated the im-
pact of freezing black soldier fly (BSF) larvae on 
lipid and protein quality, as well as colour stabil-
ity (Caligiani et al., 2019; Leni et al., 2019). Since 
enzymes remain active after freezing, spoilage 
enzymes have been reported to induce lipid deg-
radation and polyphenol oxidation (Caligiani et 
al., 2019; Leni et al., 2019). In BSF larvae, the 
enzyme responsible for lipolysis is highly active 
even at freezing temperatures, leading to lipid 
deterioration during storage at -20°C (Caligiani 
et al., 2019). Consequently, it is crucial to inhibit 
these enzymes rapidly to maintain the nutritional 
quality of the insect.

Killing by heat in insect processing
Killing by heat has been used for many inver-

tebrates, including lobsters, shrimps, and insects. 
Blanching is one of the most common killing 
methods used in insect production, as it enables 
rapid microbial reduction (Piyasena et al., 2003). 
Some insects begin to die at 50°C, but higher 
temperatures are generally used to inactivate mi-
croorganisms simultaneously (Armstrong et al., 
2009). Heat treatment can be applied through dry 
heat, such as in an oven, or moist heat, such as 
blanching and steaming.

Industrial practices include Van der Ven boil-
ing mealworms and Leon Westerd using hot 
water spray for small insects (Table 1; Erens et 
al., 2012). In addition to reducing the microbial 
load, heat treatment can induce denaturation of 
endogenous spoilage enzymes, thereby limiting 
product deterioration during storage (Manheem 
et al., 2012). Dry heat can result in a high level of 
non-enzymatic browning via the Maillard reac-
tion, compared to blanching, which minimizes 
browning due to its high water content (Ames, 
1990).
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Blanching
Blanching, an immersive method, has been re-

ported to reduce the protein and water content in 
shrimp, potentially reducing drying time (Niam-
nuy et al., 2008). In insects, blanching has been 
investigated as a killing method for black soldier 
fly (BSF) larvae and mealworms. It was report-
ed to increase the pH by 0.5 units for at least 48 
hours, indicating higher product stability com-
pared to raw products (Tonneijck-Srpová et al., 
2019). Blanching also reduces the water-holding 
capacity of insects, thereby reducing drying time 
and inactivating spoilage enzymes while main-
taining colour and nutritional quality (Caligiani 
et al., 2019; Leni et al., 2019; Tonneijck-Srpová 
et al., 2019).

Asphyxia – Use of carbon dioxide and 
nitrogen in insect killing
Carbon dioxide 

Carbon dioxide (CO2) is one of the most com-
monly used methods for anaesthetising inverte-

brates, with exposure times ranging from 3 to 60 
minutes, depending on the insect species (Table 
1; Erens et al., 2012). Companies like Leon West-
erd at Wageningen University use CO2 stunning 
for small insects (Erens et al., 2012). A concentra-
tion of CO2 above 40% induces neuron depolari-
sation without affecting its conductance, leading 
to insect immobilisation (Clark, 1982). However, 
prolonged exposure can be lethal by reducing he-
molymph pH and inducing dehydration through 
the opening of spiracles (Wong-Corral et al., 
2013; Woodring et al., 1978).

To increase survival time under anoxic con-
ditions, insects reduce their metabolic activity 
(Cheng et al., 2013). However, in the presence 
of CO2, metabolic activity is maintained, which 
promotes oxygen depletion and reduces survival 
(Cheng et al., 2013). The time required to kill in-
sects with CO2 effectively varies widely depend-
ing on species, insect stage, temperature, CO2 
and O2 concentration, and humidity (Husain et 
al., 2017). For example, pure CO2 is lethal to Dro-

Table 1. Some insect-killing methods used in industry
Killing Method Species Targeted Individual/Company
Freezing-Based Methods
Freezing Musca domestica (Housefly) Jagran B.V. Insect Rearing Concepts
Freeze-drying Tenebrio molitor (Yellow Mealworm) Van der Ven

Freeze-drying Orthoptera (crickets/grasshoppers), 
Coleoptera (beetles), Diptera (flies) Kreca

Freeze-drying Large insects (unspecified) Leon Westerd, Wageningen 
University

Mechanical Methods
Centrifugation Hermetia illucens (Black Soldier Fly) Tarique Arsiwalla, Protix Biosystems
Grinding Musca domestica (Housefly) Jagran B.V. Insect Rearing Concepts
Thermal Methods
Boiling Tenebrio molitor (Yellow Mealworm) Van der Ven

Hot water spray Small insects (unspecified) Leon Westerd, Wageningen 
University

Gaseous/Experimental
Asphyxia (high nitrogen/low oxygen) or 
Hypoxic asphyxiation Musca domestica (Housefly) Jagran B.V. Insect Rearing Concepts

CO2 stunning Small insects (unspecified) Leon Westerd, Wageningen 
University

Adapted from Erens et al. (2012)
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sophila melanogaster larvae within 30 minutes 
(Badre et al., 2005), whereas it takes 72 hours 
for larvae of Cadra cautella and Tribolium casta-
neum (Husain et al., 2017). Despite the relatively 
long time required, CO2 asphyxiation can anaes-
thetise insects before killing them and reduce 
drying time by initiating dehydration from the 
spiracle opening.

Nitrogen 
Asphyxiation can also be achieved by air satu-

ration with nitrogen (N2), requiring oxygen lev-
els below 3% (Hashem et al., 2014). Jagran B.V. 
uses high nitrogen/low oxygen (hypoxic asphyxi-
ation) for houseflies (Table 1; Erens et al., 2012). 
Achieving air saturation on a large scale can be 
challenging, so vacuum packaging and drowning 
are alternative methods (Fernandez-Cassi et al., 
2019). Insects exhibit varying resistance to as-
phyxia among species and stages. For instance, 
M. sexta pupae can survive for 5 days when im-
mersed in water, whereas larvae only survive for 
4 hours (Woods et al., 2016). Adult grasshoppers 
can survive between 7.5 and 22 hours when sub-
merged in water, while nymphs survive between 
3 and 13 hours (Brust et al., 2007).

The mortality of Ephestia cautella larvae to 
98% N2 is highly variable, requiring between 96 
and 144 hours, which is 1 to 2 days longer than in 
an aerobic atmosphere with 60% CO2 (Hashem 
et al., 2014). The resistance of BSF larvae to an-
oxic conditions has not been thoroughly investi-
gated; however, it may be similar to that of D. 
melanogaster exposed to 100% CO2. However, 
prolonged anaerobic conditions could promote 
anaerobic microbial growth, necessitating a dras-
tic decontamination step.

Mechanical disruption in insect processing
Mechanical disruption of the neuronal sys-

tem appears to be a promising method of killing 
due to its low cost and rapidity. This method can 
be applied through grinding or centrifugation 
(Erens et al., 2012). Industry examples include 
Protix (Tarique Arsiwalla), which uses centrifu-
gation for black soldier fly (Hermetia illucens) 
larvae, and Jagran B.V.’s grinding houseflies 

(Musca domestica) (Table 1; Erens et al., 2012). 
Despite its application in industry, few studies 
have evaluated the impact of mechanical disrup-
tion on the quality of the resulting product (Erens 
et al., 2012). Grinding has been reported to induce 
browning in several insect species (Janssen et al., 
2017). It can also lead to lipid oxidation by ex-
posing insect constituents to oxygen (Barden and 
Decker, 2016). Conversely, grinding can enhance 
drying capacity by increasing surface evapora-
tion (Barden and Decker, 2016). Furthermore, 
Jagran B.V. stated that, among various methods, 
grinding appeared to be the most animal-friendly 
method of killing (Erens et al., 2012).
 
Other Killing Methods for Invertebrates

Electrocution has been reported as an effec-
tive method for killing crustaceans (Fregin and 
Bickmeyer, 2016). Electrocution at 120 volts and 
20 amps for 10 seconds can stun crustaceans if 
applied for 1 second and kill lobsters and crabs 
if used for 5 and 10 seconds, respectively. How-
ever, electrocution has not yet been investigated 
as a method for stunning or killing insects. A 
diverse range of methods is used to kill insects, 
but significant research has primarily focused on 
blanching and freezing. Therefore, it is crucial to 
optimise the killing process for black soldier fly 
(BSF) larvae to maximise product quality while 
minimising potential pain and suffering. This op-
timisation should consider the range of methods 
already in industrial use for other species.

Decontamination 
Decontamination post-killing is crucial due to 

the high perishability of fresh larvae. Techniques 
such as blanching, drying, high-pressure process-
ing, cold plasma, and microwaves are available. 
However, there are significant research gaps in 
the systematic application and optimisation of 
these methods, specifically for reducing patho-
gens and spoilage organisms in BSFL within Af-
rican operational contexts. Understanding and 
refining the key processing methods for BSFL 
relevant to the African context is vital not only 
for producing safe, high-quality insect products 
but also for realising the immense potential of 
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insect farming in addressing Africa’s pressing 
challenges of food security, waste management, 
and sustainable protein production. Investing in 
research and innovation tailored to African infra-
structure and needs in BSFL processing is there-
fore crucial. It directly contributes to building 
circular economies, enhancing food and nutrition 
security, creating jobs, managing waste sustain-
ably, and fostering climate-resilient agricultural 
systems across Africa. Bridging the identified re-
search gaps is crucial to transforming the promis-
ing concept of BSFL farming into a widespread 
and impactful reality.

Drying methods for Black Soldier Fly larvae
The primary objective of drying black sol-

dier fly larvae is to reduce their moisture content, 
thereby preventing microbial and enzymatic ac-

tivity, and ensuring the product is shelf-stable and 
safe for use. Live larvae typically have a moisture 
content of about 70%, with approximately 30% 
dry matter (Gadzama et al., 2023a, b). Without 
appropriate drying, larvae are at risk of lipid oxi-
dation, enzyme breakdown, and potential mi-
crobial growth (Rahman and Velez-Ruiz, 2007). 
As water evaporates, the protein percentage in 
dried BSFL becomes higher than in fresh BSFL 
(Gadzama et al., 2023a, b). Four small-scale dry-
ing methods were assessed for their suitability 
across several parameters (Table 2). 

Low-temperature air drying
Low-temperature air drying (55°C) is easy to 

use and scalable. However, Kroncke et al. (2019) 
reported that its very long drying time (18 - 20 
hours) and low throughput (63 g/hour) make it 

Table 2. Comparison of quality parameters for small-scale drying methods

Parameter Low-Temperature 
Air Drying

High-Temperature 
Oven Drying

Microwave 
Drying

Freeze 
Drying

Output Characteristics
Shape Shrunken, hard, stiff Light, puffy, crispy Light, puffy Shrunken, firm
Colour Beige, brown Golden Pale yellow Pale, cream
Odour Low Toasty Low Nil
Density 460 g/L 210 g/L 250 g/L 320 g/L
Final Moisture 5.6% 3.5% 4.1% 3.9%
Process Metrics
Material Temperature 55 °C 170 °C 180 °C -20 to -30 °C
Drying Time 18–20 hours 25–30 minutes 20–25 minutes 72 hours
Throughput 63 g/hour 990 g/hour 450 g/hour 92 g/hour
Efficiency
Energy Source Electricity Electricity Electricity Electricity
Energy Consumption 5.48 kW/kg 1.84 kW/kg 1.72 kW/kg 14.4 kW/kg
Drying Efficiency 183 g/kWh 544 g/kWh 581 g/kWh 69 g/kWh
Drying Effectiveness 94.4% 96.5% 95.9% 96.1%
Physical Space 0.5 m² 1 m² 0.4 m² 2 m²

Pros
Easy use, 
commercially 
available, scalable

Easy use, 
commercially 
available, scalable

Low-cost technology, 
efficient

May preserve heat-
sensitive compounds

Cons
Long batch time; 
labour-intensive at 
small scale

May denature proteins May denature some 
proteins

Low productivity; 
high capital/operating 
costs

Adapted from Kroncke et al. (2019)
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labor-intensive at small scales, despite yield-
ing shrunken, beige-brown larvae with an ac-
ceptable final moisture content (5.6%). Son et al. 
(2023) further found that hot air drying (60°C for 
17 hours) optimised nutrient digestibility in pigs, 
significantly improving nitrogen and indispens-
able amino acid retention compared to microwave 
drying. However, they cautioned that blanching 
before hot air-drying reduced digestibility due to 
increased chitin content.

High-temperature oven drying
Conversely, high-temperature oven drying 

(170°C) is readily available and much faster (25 
- 30 minutes), with high throughput (990 g/hour) 
(Table 2); however, high temperature may dena-
ture proteins. Gadzama et al. (2023a, b) reported 
that this method achieved the lowest moisture 
(3.5%) and highest lipid retention (29.8% DM) 
(Figure 1), yielding the best metabolizable ener-
gy (19.6 MJ/kg DM) while using minimal energy 
(1.8 kW/kg). Oh et al. (2024) noted similar protein 
preservation across methods but highlighted that 
oven drying maintained strong in vitro digestibil-
ity.

Microwave drying 
Microwave drying (180°C) offered the fast-

est processing time (20 - 25 minutes) and good 
throughput (450 g/hour). Kroncke et al. (2019) 
demonstrated that this method was the most en-
ergy-efficient (581 g/kWh), producing light, pale-
yellow larvae with low moisture content (4.1%) 
and minimal odour. However, Son et al. (2023) 

reported that microwave-dried BSFL had lower 
nitrogen and amino acid digestibility than hot-air-
dried larvae, likely due to protein denaturation. 
Oh et al. (2024) corroborated this, noting reduced 
crude protein (30.0% as-is) and variable digest-
ibility despite high dry matter disappearance.

Freeze drying 
Freeze drying (−20 to −30°C) produced pale, 

cream-colored, firm larvae with very low mois-
ture (3.9%) and no detectable odour. This meth-
od may best preserve heat-sensitive compounds; 
however, it has significant drawbacks, includ-
ing extremely long drying times (72 hours), low 
throughput (92 g/hour), and the highest energy 
consumption (14.4 kW/kg) and operational costs 
(Table 2). Oh et al. (2024) affirmed that freeze-
drying preserves nutrient digestibility effectively 
but noted its impracticality for large-scale appli-
cations. Gadzama et al. (2023a, b) indicated that 
freeze-drying resulted in moderate lipid retention 
(28.5% DM) but required eight times more en-
ergy than oven drying (Figure 1).

Infrared drying
Infrared drying, as evaluated by Oh et al. 

(2024), performed poorly, producing the lowest 
crude protein content (30.0% as-is), the highest 
chitin content (3.3%), and significantly reduced 
digestibility due to protein denaturation at 95°C. 
Overall, all methods reduced moisture to below 
5.6%, achieving drying effectiveness of ≥94.4%. 
The choice involves trade-offs: oven drying ex-
cels in speed, energy efficiency, and lipid reten-

 

Figure 1. Black soldier fly larvae were dried following low-temperature air drying, high-temperature oven 
drying, microwave drying, and freeze drying, respectively. Adapted from Gadzama et al. (2023).
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tion but risks mild protein damage; hot-air dry-
ing preserves protein digestibility but is slow; 
microwave drying is rapid and energy-efficient 
but compromises protein quality; freeze drying 
offers premium preservation at prohibitive costs; 
and infrared drying is consistently detrimental 
to nutrients. Energy efficiency varied drastical-
ly, with microwave being the most efficient and 
freeze drying the least efficient (Kroncke et al., 
2019; Gadzama et al., 2023a, b).

Proximate composition and chitin content of 
Black Soldier Fly larvae

The nutritional profile of BSFL, particularly 
its protein, fat, ash, fibre, and chitin content, is 
highly variable and significantly influenced by 

rearing practices, especially the substrate used, 
and the drying method applied after harvest (Chia 
et al., 2020; Gadzama et al., 2023a, b). 

Protein
Protein is often the most valued component in 

BSFL for animal feed. Studies consistently show 
a wide range, from 27.54% to 55.42% on a dry 
matter basis (Table 3). Traksele et al. (2021) found 
that larvae reared on different substrates exhib-
ited a broad range of proteins, highlighting the 
impact of the substrate. Furthermore, Zulkifli et 
al. (2022) demonstrated that the drying method 
is also crucial, reporting protein levels ranging 
from 39.48% to 48.20%. Spray-dried larvae gen-
erally yielded higher protein levels than oven-

Table 3. Proximate composition and chitin content of Black Soldier Fly larvae reported by different studies 
(% Dry Basis)
Rearing Substrate / Drying 
Method Protein Fat Ash Fibre Chitin Reference

Different Drying Methods 
(Spray-dried, Oven-dried) 39.48–48.20 25.69–38.36 7.26–8.27 7.41–9.96 – Zulkifli et al. 

(2022)
BSFL Meal (Protein 
conversion factor Kp = 4.76) 52.46 9.29 7.80 4.81 9.62 Sándor et al. 

(2022)
Different Dried Raw Material 
(Low-fat vs. Regular Larvae) 27.54–55.42 9.85–51.53 6.59–8.10 – 3.87–7.21 Traksele et al. 

(2021)
Different RS (Spent Barley, 
Malted Barley, Corn, 
Sorghum)

29.90–45.70 9.50–49.0 6.70–15.40 – – Chia et al. 
(2020)

Different RS (Bread, Fish, 
Food Waste, Mussel Variants) 32.80–52.60 11.20–57.80 3.90–33.0 – – Ewald et al. 

(2020)
Different RS (Okara, Maize 
Distillers, Brewers’ Grains) 51.20–54.10 – 4.94–11.70 – – Bava et al. 

(2019)
Vegetable Mix Diet (Zucchini, 
Apple, Potato, etc.) 39.42 35.62 7.08 – 4.02 Cappellozza 

et al. (2019)

Vegetable Diet (DDGS, Grape 
Pulp, Bread, Cellulose) 46.00–47.00 20.00–32.00 – – –

Barragan-
Fonseca et al. 
(2017)

Substrates with 0–100% 
Brown Algae (BA0–BA100) 33.50–42.30 8.10–33.80 5.10–15.80 – – Liland et al. 

(2017)
BSF Pre-Pupae (Food Waste: 
Vegetable/Meat/Bread) 42.00 35.00 4.56 – – Salomone et 

al. (2017)

BSF Pre-Pupae (Food Waste) 43.70 31.80 6.00 10.10 – Surendra et 
al. (2016)

Different RS (Spent Grains, 
Beer Yeast, Cookie Remains) 38.30–46.30 24.10–33.50 – – – Oonincx et 

al. (2015)
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dried larvae. Substrates inherently rich in pro-
tein, like brewer’s grains or okara, consistently 
produced larvae with high protein levels. For in-
stance, Bava et al. (2019) reported very high pro-
tein (51.20–54.10%) in larvae fed diets based on 
okara, maize distillers, and brewers’ grains. Sim-
ilarly, Sándor et al. (2022) reported 52.46% pro-
tein in their BSFL meal. Conversely, Chia et al. 
(2020) observed lower minimums (29.90%) when 
larvae were reared on substrates like sorghum.

Fat
Fat (lipid) content exhibits the most significant 

variability among studies, ranging dramatically 
from 8.10% to 57.80%. This extreme flexibility is 
primarily driven by the substrate’s fat and carbo-
hydrate content. Liland et al. (2017) clearly dem-
onstrated this by varying the brown algae con-
tent, resulting in fat levels ranging from 8.10% 
to 33.80%. Ewald et al. (2020) reported an even 
wider range (11.20–57.80%) across diverse sub-
strates like bread, fish waste, and food waste vari-
ants. Moreover, Barragan-Fonseca et al. (2017) 
found that larvae fed a vegetable diet (includ-
ing DDGS) had fat levels between 20.00% and 
32.00%, while Cappellozza et al. (2019) reported 
high fat (35.62%) in larvae fed a specific vegeta-
ble mix. Traksele et al. (2021) also confirmed this 
trend, noting fat content varied inversely with 
protein, ranging from 9.85% to 51.53% depend-
ing on whether low-fat or regular larvae were an-
alysed. Therefore, farmers can strategically select 
substrates to produce larvae tailored for high-en-
ergy applications (e.g., biofuels) or leaner protein 
sources.

Minerals
Minerals such as calcium (Ca) and phospho-

rus (P) are essential for animal health, support-
ing vital functions including bone growth, egg-
shell formation, and enzyme activity. However, 
achieving the right balance of these minerals in 
animal feed is often challenging (Gadzama et al., 
2024). While insects like BSFL are recognised as 
excellent sources of protein and fats (Veldkamp 
et al., 2012; Gadzama et al., 2025), their potential 
as a mineral source is also significant but requires 

careful consideration (Gadzama et al., 2024). The 
ash (mineral) content, which represents the to-
tal mineral fraction of BSFL, exhibits a remark-
able variation, ranging from as low as 3.90% to 
33.0% (Table 3). This wide range indicates that 
the mineral composition of BSFL is not fixed but 
is heavily influenced by what the larvae consume 
(Ewald et al., 2020; Gadzama et al, 2024). Spe-
cifically, Ewald et al. (2020) found that exception-
ally high ash levels (33.0%) are strongly linked to 
larvae being reared on substrates naturally rich 
in minerals, such as mussel shells or fish waste 
(Table 3). Similarly, research by Chia et al. (2020) 
supports this substrate-dependency, observing 
ash levels between 6.70% and 15.40% when lar-
vae were fed different grain-based diets. Fur-
thermore, Liland et al. (2017) demonstrated that 
increasing the amount of brown algae (known 
for their high mineral content) in the BSFL diet 
directly led to a rise in ash content, from 5.10% 
to 15.80%. In contrast, when BSFL are raised 
on more common organic wastes, such as stan-
dard food scraps or vegetable mixes, the resulting 
ash content tends to be considerably lower. For 
instance, Salomone et al. (2017) reported an ash 
content of 4.56%, and Surendra et al. (2016) found 
6.00% in such scenarios. Therefore, the key take-
away for farmers and nutritionists is that BSFL 
can be a valuable source of essential minerals like 
Ca and P, but the actual amount present depends 
critically on the insect’s feed (substrate) (Ewald et 
al., 2020; Chia et al., 2020; Gadzama et al., 2024; 
Gadzama, 2025). Choosing mineral-rich sub-
strates enables the production of BSFL meal with 
potentially high levels of these crucial macromin-
erals, providing a means to help address dietary 
deficiencies or imbalances in livestock and poul-
try feed (Gadzama et al., 2025; Gadzama, 2025). 
Moreover, understanding this variability is cru-
cial for reliably formulating animal diets that uti-
lise BSFL meal as a mineral source.

Fibre 
Fibre content, while less frequently reported, 

showed a range of 7.41–9.96% (Zulkifli et al., 
2022) and 10.10% (Surendra et al., 2016), sug-
gesting it constitutes a significant portion of the 
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dry matter (Table 3). More importantly, chitin, a 
specific fibre-like polysaccharide forming the in-
sect exoskeleton, is a key consideration (Gadza-
ma, 2025). Sándor et al. (2022) reported a rela-
tively high chitin content of 9.62% in their BSFL 
meal. However, Cappellozza et al. (2019) found a 
lower level (4.02%) in larvae fed a vegetable mix 
(Table 3). Traksele et al. (2021) also measured 
chitin, reporting a range of 3.87% to 7.21%. Im-
portantly, they noted that the chitin content tend-
ed to be higher in larvae with lower fat content. 
This structural component requires consideration 
in feed formulations, as it can impact nutrient 
digestibility in certain animals (Zulkifli et al., 
2022; Gadzama, 2025).

Effects of drying methods on the nutritional 
composition of BSFL

The choice of drying method has a significant 
impact on the protein, fat, and mineral contents 
of BSFL (Table 4). Gadzama et al. (2024) investi-
gated the effect of four drying methods  - freeze-
drying, low-temperature air-drying, high-tem-
perature oven-drying, and microwave-drying - 
on the mineral composition of BSFL. The authors 
found that drying methods had a significant in-

fluence on the macromineral content, particularly 
calcium and phosphorus. Freeze-dried larvae ex-
hibited the highest Ca/P ratio (3.24 g/kg dry mat-
ter), which the researchers suggest may be due 
to reduced thermal degradation of the Ca-rich 
chitinous exoskeleton. On the other hand, high-
temperature-dried larvae showed the lowest ratio 
(2.66 g/kg dry matter), which could potentially 
impact their nutritional quality (Gadzama et al., 
2024). Potassium and sodium levels also varied, 
with low-temperature and microwave-dried lar-
vae showing higher potassium concentrations 
(14.00 g/kg) than freeze-dried and high-tem-
perature-dried larvae (10.00 g/kg). Importantly, 
Gadzama et al. (2024) reported that microminer-
als, such as copper, iron, manganese, and zinc, 
remained relatively stable across all methods. 
Furthermore, the choice of drying method has a 
significant impact on key macronutrients, such as 
protein and fat. 

Gadzama et al. (2023a, b) found that freeze-
drying resulted in the highest protein content 
(48.5%) and better fat retention (28.4%) com-
pared to high-temperature oven-drying (48.4% 
protein, 29.8% fat), low-temperature air-dry-
ing (48.2% protein, 26.6% fat), and microwave-

Table 4. Effects of drying methods on the nutritional composition of BSFL (%)
Drying Method Protein Fat Ash Chitin Reference
Hot-Air Drying (65°C, 24h) 30.0–36.8 49.2–52.8 3.5–3.6 1.9–2.5

Oh et al. (2024)

Microwave Drying (700W, 5min×3) 30.0–32.0 49.2–52.8 3.5–3.6 1.9–2.5
Freeze Drying (−40°C, 72h) 34.0–36.8 49.2–52.8 3.5–3.6 1.9–2.5
Infrared Drying (95°C, 12min) 30.0–32.0 49.2–52.8 3.5–3.6 3.0–3.3
Microwave Drying (80°C, 32 min) 53.1–58.8 6.9–11.5 12.9–22.0 4.3–7.2

Son et al. (2023)

Hot-Air Drying (60°C, 17 h) 53.1–58.8 6.9–11.5 12.9–22.0 4.3–7.2
Water Blanching + Hot-Air Drying 53.1–58.8 6.9–11.5 12.9–22.0 4.3–7.2
2% Citric Acid Blanching + Hot-Air 
Drying 53.1–58.8 6.9–11.5 12.9–22.0 4.3–7.2

High-Temp Oven-Drying (170°C, 25 
min) 48.4 29.8 - -

Gadzama et al. 
(2023a,b)

Freeze-Drying (−40°C, 72 hrs) 48.5 28.4 - -
Low-Temp Air-Drying (55°C, 18 hrs) 48.2 26.6 - -
Microwave-Drying (20 mins) 47.7 26.5 - -
- = not reported in the original study
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drying (47.7% protein, 26.5% fat). This finding 
aligns with those of Oh et al. (2024), who report-
ed that freeze-drying yielded the highest protein 
levels (34.0–36.8%) compared to hot-air drying 
(30.0–36.8%) and infrared drying (30.0–32.0%). 
Moreover, Oh et al. (2024) observed that infra-
red drying resulted in the highest chitin content 
(3.0–3.3%), which is potentially relevant to min-
eral binding and digestibility (Table 4). Son et al. 
(2023) reported high protein levels (53.1–58.8%) 
across several methods (microwave, hot-air, and 
blanched + hot-air). However, they did not find 
significant differences between them for protein, 
fat, ash, or chitin within their specific study pa-
rameters. Therefore, while all drying methods 
yielded larvae with substantial overall mineral 
and macronutrient concentrations, supporting 
their suitability as alternatives to fishmeal and 
soybean meal, the technique selection is crucial 
for optimising specific nutrients. Freeze-drying 
consistently emerges as superior for preserving 
protein content and beneficial Ca ratios, likely 
due to minimal thermal exposure (Table 4). How-
ever, methods involving higher heat or specific 
techniques, such as infrared drying, may affect 
other components, like chitin, or reduce fat con-
tent. Consequently, farmers and feed producers 
should balance desired nutritional profiles (e.g., 
maximizing protein or specific minerals, such as 
Ca) with practical considerations, including en-
ergy cost and processing time, when selecting a 
drying method for BSFL.

Amino acid profile of Black Soldier Fly 
larvae

The amino acid composition of black soldier 
fly larvae confirms their potential as a high-qual-
ity protein source, but also highlights significant 
variation influenced by production factors (Table 
5). Zulkifli et al. (2022) found that spray-dried 
BSFL contain 3.6% each of leucine and lysine 
(dry matter basis). DiGiacomo and Leury (2019) 
reported that 16-day-old dried larvae had sub-
stantially higher levels of leucine (7.9%) and ly-
sine (7.4%) (mg/g, equivalent to % dry matter). 
This aligns with Liu et al. (2017), who noted high-
er essential amino acids in younger larvae. Fur-

thermore, BSFL reared on a plant-based medium 
were found to contain 6.4% leucine and 6.2% ly-
sine (on a crude protein basis), which is similar 
to the findings of DiGiacomo and Leury (2019), 
suggesting that substrate type also plays a cru-
cial role. Tschirner and Simon (2015) reported 
identical values (leucine, 6.6%; lysine, 5.9%) for 
crude protein, reinforcing the typical range for 
these key essential amino acids. Despite these 
variations (e.g., lysine ranged from 3.6% to 7.4% 
across studies), the overall amino acid profile 
consistently meets the WHO (2007) standards, 
supporting the study by Bessa et al. (2020), who 
propose BSFL as a viable alternative to tradition-
al meats, such as beef and chicken.

BSFL lysine content converted to mg/g protein 
(54-65 mg/g) is lower than beef or chicken (83-
106 mg/g and 86-96 mg/g, respectively) (USDA, 
2019; Bessa et al., 2020), but it still comfortably 
exceeds the adult daily requirement of 45 mg/g 
protein (WHO, 2007). This is particularly rele-
vant for developing countries where lysine-rich 
animal proteins might be scarce or expensive. 
Regarding non-essential amino acids, BSFL ex-
hibit high levels of glutamic acid and aspartic acid 
(Table 5). DiGiacomo and Leury (2019) reported 
concentrations of 13.3% and 10.5%, respectively, 
while Zulkifli et al. (2022) found lower but still 
significant amounts of 6.1% and 5.1%. This vari-
ability is likely influenced by factors such as pro-
cessing methods (e.g., spray-drying) and dietary 
substrates. 

Processing methods are critical in determining 
amino acid content. Leni et al. (2019) found that 
freezing activates enzymes that cause the loss of 
cysteine and lysine. This enzymatic activity may 
explain the low cysteine value (0.2%) reported 
by Zulkifli et al. (2022) for spray-dried larvae, 
compared to the higher value (1.2%) found by Di-
Giacomo and Leury (2019) in unprocessed dry 
larvae. Additionally, Sándor et al. (2022) high-
lighted gaps in data, such as missing values for 
several non-essential amino acids, underscoring 
the need for standardised reporting to facilitate 
better comparisons. In summary, studies by Di-
Giacomo and Leury (2019), Liland et al. (2017), 
and Tschirner and Simon (2015) demonstrate that 
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BSFL has an inherently rich amino acid profile, 
particularly in leucine and lysine, making it suit-
able for human and animal nutrition. However, 
the work of Zulkifli et al. (2022) and the varia-
tions evident in the table clearly show that farm-
ers and producers must carefully consider larval 
diet, harvest age, and processing methods to opti-
mise and consistently achieve the desired amino 
acid content for their specific application.

Insect protein digestibility
The global demand for sustainable protein 

sources has intensified interest in edible insects, 
which offer high feed conversion efficiency and 

a low environmental footprint. A critical factor 
determining their nutritional viability is protein 
digestibility, that is, the proportion of protein ef-
fectively absorbed and utilised by humans or live-
stock. Insect proteins generally exhibit high di-
gestibility, often exceeding 80% across species. 
Caparros Megido et al. (2018) reported 85.0% in 
vitro crude protein digestibility in mealworms 
(Tenebrio molitor), while Bosch et al. (2014, 
2016) documented values of 91.7% in house 
crickets (Acheta domesticus), 93.3% in houseflies 
(Musca domestica), and 87.7% in BSFL (Herme-
tia illucens). These findings position insects com-
petitively against conventional proteins, such as 

Table 5. Amino acid composition of Black Soldier Fly larvae reported by different studies (results expressed 
in % dry matter basis) unless specified otherwise

Amino Acid A B C D E
Essential Amino Acids
Histidine 2.8 3.7 1.5 2.8 3.3
Isoleucine 2.4 5.0 3.0 3.9 4.2
Leucine 3.6 7.9 5.0 6.4 6.6
Lysine 3.6 7.4 3.9 6.2 5.9
Methionine 1.1 1.9 1.3 1.7 1.6
Phenylalanine 2.1 4.8 3.2 4.0 3.6
Threonine 1.9 4.4 2.8 3.9 3.9
Tryptophan – 1.4 0.6 – –
Valine 3.1 6.6 4.0 5.8 5.7
Non-Essential Amino Acids
Alanine 3.1 7.3 – 6.2 7.8
Arginine 2.6 5.2 3.3 4.6 4.8
Aspartic acid 5.1 10.5 – 9.4 8.2
Cysteine 0.2 1.2 – – 0.9
Glutamic acid 6.1 13.3 – 10.3 11.8
Glycine 0.3 5.8 – 4.6 5.6
Proline 2.9 6.1 – 5.3 2.2
Serine 2.1 4.4 – 4.0 4.3
Tyrosine 3.1 5.7 – 5.7 5.1
A: Zulkifli et al. (2022) (%DM, spray-dried BSFL)
B: DiGiacomo and Leury (2019) (mg/g, dry larvae at 16 days)
C: Sándor et al. (2022) 
D: Liland et al. (2017) (% crude protein, larvae on plant-based medium)
E: Tschirner and Simon (2015) (% crude protein, control larvae)
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soy or fishmeal (Gadzama et al., 2025). Howev-
er, digestibility is highly variable and influenced 
by insect species, rearing substrates, processing 
methods (e.g., drying temperature), and the di-
gestive physiology of the consuming organism 
(Campbell et al., 2020; Gadzama, 2024; Gadza-
ma, 2025).

Chitin: A double-edged sword
A significant limitation to utilizing insect pro-

tein is its high chitin content. Chitin is a fibrous 
polysaccharide constituting 5–20% of insect exo-
skeletons (Gadzama et al., 2025; Gadzama, 2025). 
Chitin’s β-(1,4)-linked  N-acetylglucosamine 
structure resists decomposition in the small intes-
tine of monogastric animals, potentially encap-
sulating nutrients and acting as an anti-nutrient 
(Traksele et al., 2021; Sándor et al., 2022). Egg-
ink et al. (2022) observed that increasing dietary 
chitin from BSFL reduced digestibility in Nile ti-
lapia and rainbow trout. This highlights its dose-
dependent anti-nutritive effects (Gadzama et al., 
2025). Nevertheless, chitin digestibility hinges 
on the enzymatic capabilities of the consumer. 
Rodríguez-Rodríguez et al. (2022) emphasised 
that species producing chitinase enzymes, such 
as acidic chitinase in mammals or chitinolytic 
bacteria in the gut, can efficiently degrade chitin 
into absorbable nutrients and prebiotic oligosac-
charides. Tabata et al. (2018) confirmed the ex-
pression of acidic chitinase in mice, chickens, 
and pigs, which enhances chitin digestion in their 
gastrointestinal tracts.

Recent studies reveal stark interspecies dif-
ferences in chitin utilisation (Gadzama et al., 
2025; Gadzama, 2025). Sándor et al. (2022) re-
ported 96.1% chitin digestibility for BSFL in Af-
rican catfish, which is significantly higher than 
that of mealworm (44.9%) or blue bottle fly meals 
(77.8%). Consequently, BSFL could replace up to 
30% of catfish diets without compromising nutri-
ent absorption. Similarly, Liu et al. (2023) dem-
onstrated that substituting 25% of soybean meal 
with BSFL in piglet diets enhanced nutrient di-
gestibility and growth. The authors attribute this 
to chitin degradation and its prebiotic effects. 
Rearing substrates further modulate digestibil-

ity: Galassi et al. (2021) found that BSFL raised 
on maize distillers yielded an in vitro protein di-
gestibility of 87.8%, compared to 82.7% for those 
fed hen feed. This finding highlights opportuni-
ties for optimising insect farming practices to en-
hance protein digestibility and overall nutritional 
value.

Protein Quality
Protein quality assessment has traditionally re-

lied on in vitro assays or animal models; howev-
er, the digestible indispensable amino acid score 
(DIAAS) has emerged as a superior metric for 
assessing protein quality. DIAAS evaluates true 
ileal digestibility of essential amino acids (IAAs), 
accounting for both digestibility and amino acid 
balance (Gerber et al., 2013). Growing pigs are 
often used as physiologically relevant models for 
human digestion due to gastrointestinal similari-
ties. However, conventional crude protein calcu-
lations (total nitrogen × 6.25) overestimate insect 
protein content by including non-protein nitrogen 
from chitin, potentially underrating DIAAS val-
ues (Hammer et al., 2023). Komatsu et al. (2023) 
noted that milk proteins outperform insect- and 
plant-based proteins in DIAAS, partly due to 
amino acid limitations and variable digestibility. 
Despite methodological challenges, BSFL consis-
tently demonstrates strong protein quality. Trak-
sele et al. (2021) recorded in vivo DIAAS values 
of 73% in rats fed oven-dried BSFL, while Huang 
et al. (2019) reported >75% in vitro DIAAS for 
microwave- and conventionally dried BSFL pro-
teins, qualifying them as “good” quality. These 
findings accentuate BSFL’s potential as a bio-
available protein for human and animal nutrition.

Dietary modulation of fatty acid 
composition in Black Soldier Fly larvae

The search for sustainable and nutritious alter-
natives to conventional feed ingredients, such as 
fishmeal and soybean meal, has intensified within 
the agricultural and aquaculture sectors. Under-
standing the nutritional profile of BSFL, particu-
larly its lipid fraction and fatty acid (FA) compo-
sition, is crucial for evaluating its suitability as 
a feed ingredient for different livestock and fish 
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species (Gadzama et al., 2025; Gadzama, 2025). 
The lipid content of BSFL is inherently variable, 
ranging widely from 8% to 57% on a dry matter 
basis (Table 6; Ravi et al., 2020). This lipid serves 
as the primary energy reserve for the developing 
insect, with concentrations typically peaking in 
the larval stage before pupation. Furthermore, 
Liu et al. (2017) reported that the FA profile it-
self shifts as larvae mature, generally showing 
an increase in saturated fatty acids (SFA) and a 
decrease in unsaturated fatty acids (UFA). While 
the adult fly’s FA profile remains less studied, 
the larval stage consistently demonstrates a lipid 
fraction dominated by SFA (58-72%), followed 
by mono and polyunsaturated fatty acids (MUFA 
and PUFA, 19-40% combined) (Makkar et al., 
2014; Gadzama, 2025). 

Ramos-Bueno et al. (2016) emphasised that 
BSFL contain a particularly high proportion of 
SFA compared to many other insect species (Ta-
ble 6). The specific FA profile, however, is not 
fixed but is demonstrably influenced by the lar-
vae’s diet, presenting a significant opportunity 
for nutritional tailoring. Studies have shown sub-
stantial variation in the FA composition of BSFL 

(Table 6) (St-Hilaire et al., 2007; Liland et al., 
2017; Starcevic et al., 2019; Ewald et al., 2020; 
Zulkifli et al., 2022), which is primarily driven by 
the substrate on which they were reared (Gadza-
ma et al., 2023a, b). This variation highlights the 
impact of diet on shaping the nutritional value of 
BSFL as animal feed (Gadzama et al., 2025).

Saturated fatty acids
Lauric acid (C12:0) is the predominant fatty 

acid in black soldier fly larvae, yet its concentra-
tion exhibits dramatic variation across studies, 
ranging from 11.9% (Starcevic et al., 2019) to 
51.8% (Ewald et al., 2020; Gadzama, 2025). This 
extreme variation appears to be strongly linked 
to the larval diet. For instance, exceptionally high 
lauric acid levels reported by Ewald et al. (2020) 
(51.8%) and Liland et al. (2017) (40.6%) coincided 
with substrates rich in processed carbohydrates 
(e.g., bread) or pure plant-based mediums. Con-
versely, larvae fed crude olive cake (Starcevic et 
al., 2019) or fish offal/manure (St-Hilaire et al., 
2007) showed substantially lower levels (11.9–
17.1%). Significant variability is also observed in 
other saturated fatty acids (SFAs): myristic acid 

Table 6. Fatty acid composition of Black Soldier Fly larvae reported by different studies (results expressed in 
% dry basis)

Fatty Acid Composition (%) Zulkifli et al. 
(2022)

Ewald et al. 
(2020)

Starcevic et al. 
(2019)

Liland et al. 
(2017)

St-Hilaire et al. 
(2007)

Saturated Fatty Acids
C 12:0 (Lauric) 17.9 51.8 11.9 40.6 42.6
C 14:0 (Myristic) 5.2 9.5 2.1 8.5 6.9
C 16:0 (Palmitic) 20.7 12.7 12.7 14.8 11.1
C 18:0 (Stearic) 3.0 1.5 1.4 2.5 1.3
Monounsaturated Fatty Acids
C16:1n-7 (Palmitoleic) 1.8 2.8 1.3 2.0 –
C 18:1n-9 (Oleic) 9.3 12.0 54.1 8.8 12.3
Polyunsaturated Fatty Acids
18:2n-6 (Linoleic) 16.2 7.7 12.3 17.9 3.6
18:3n-3 (Linolenic) 2.0 1.6 0.4 1.4 0.7

Diet/Treatment Spray-drying Bread Crude olive cake 
(COC, 100%)

Pure plant-based 
medium 

Fish offal 
(50%) + Cow 
manure (50%)
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(C14:0) ranged from 2.1% (Starcevic et al., 2019) 
to 9.5% (Ewald et al., 2020), while palmitic acid 
(C16:0) varied from 11.1% (St-Hilaire et al., 2007) 
to 20.7% (Zulkifli et al., 2022). Stearic acid (C18:0) 
concentrations were generally lower and less vari-
able (Table 6). Despite this variability, lauric acid 
consistently dominates the BSFL fatty acid pro-
file and is recognised as a key natural antimicro-
bial compound (Figure 2; Shu et al., 2024). Rep-
resentative analyses, such as that by Zabulionė et 
al. (2023), demonstrate its prominence, reporting 
a composition of 40.93% lauric acid, followed 
by palmitic (19.11%), oleic (17.34%), linolenic 
(8.79%), myristic (6.49%), and palmitoleic acids 
(3.89%) (Figure 2; Shu et al., 2024). This high lau-
ric acid content underpins the significant antimi-
crobial properties of BSFL fats, contributing to 
their potential as natural preservatives and health-
promoting feed ingredients (Table 6).

Monounsaturated fatty acids
Oleic acid (C18:1n-9) is the predominant 

MUFA (Gadzama, 2025). Starcevic et al. (2019) 
reported an exceptionally high level of 54.1% in 
larvae reared on crude olive cake, a known rich 
source of oleic acid (Table 6). This finding starkly 

contrasts with the other studies, where oleic acid 
ranged between 8.8% (Liland et al., 2017) and 
12.3% (St-Hilaire et al., 2007), demonstrating a 
direct carry-over effect from the lipid profile of 
the feedstock. Palmitoleic acid (C16:1n-7) levels 
were relatively low and consistent (Table 6).

Polyunsaturated fatty acids
Linoleic acid (C18:2n-6), which is an essential 

n-6 fatty acid, is the primary PUFA in BSFL (Ta-
ble 6). Its concentration varied considerably, from 
a low of 3.6% (St-Hilaire et al., 2007) to highs of 
17.9% (Liland et al., 2017) and 16.2% (Zulkifli et 
al., 2022). This variation appears linked to diet; 
Liland et al. (2017) used a pure plant-based me-
dium, likely containing plant oils rich in linoleic 
acid. On the other hand, the low value found by 
St-Hilaire et al. (2007) aligns with a diet of fish 
offal and manure, sources typically lower in this 
specific PUFA. Linolenic acid (C18:3n-3), an es-
sential n-3 fatty acid, was present at low levels 
(0.4%-2.0 %) across all studies, reflecting a gen-
eral limitation in BSFL’s ability to accumulate 
significant amounts of long-chain n-3 PUFAs like 
EPA and DHA unless specifically engineered or 
fed enriched diets.

 

Legend 

BSFL fed on Corn-based substrate  

BSFL fed on Bread waste 

Figure 2. Percentage of lauric acid in BSFL. Source Shu et al. (2024), adapted from Gadzama and Panuel 
(2024)
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The influence of diet on the FA composition 
of BSFL, as shown in Table 6 below, is of para-
mount importance for both scientists developing 
insect-based feeds and farmers seeking optimal 
nutrition for their animals (Gadzama et al., 2025). 
This modifiability is a key advantage of BSFL 
production. For instance, different livestock spe-
cies have varying dietary lipid requirements 
(Gadzama, 2025). Poultry, for example, may ben-
efit from feed with higher levels of saturated fats, 
such as lauric acid, which possesses antimicro-
bial properties and can contribute to improved 
gut health (Gadzama et al., 2025). Ewald et al. 
(2020) demonstrated that rearing BSFL on bread 
waste can achieve very high lauric acid levels 
(>50%) (Table 6). However, pigs and some fish 
species require higher levels of essential PUFAs 
like linoleic acid (Gadzama, 2025). Liland et al. 
(2017) and Zulkifli et al. (2022) showed that se-
lecting appropriate plant-based substrates can 
significantly boost linoleic acid content in BSFL 
(approaching 18%). This ability to tailor the FA 
profile by strategically choosing or formulating 

the rearing substrate allows producers to create 
bespoke BSFL meals suited to specific end-users 
(Gadzama, 2024).

Mineral variability in Black Soldier Fly 
larvae

BSFL are consistently recognised as a valu-
able source of essential mineral elements (Table 
7). Smets et al. (2020) and Gadzama et al. (2024) 
reported that calcium (Ca) is the most preva-
lent macro-mineral in BSFL, regardless of life 
cycle stage. This observation is corroborated by 
Campbell et al. (2020), who found calcium lev-
els of 18.50 g kg⁻¹ (DM basis) in larvae reared 
on brewer’s by-product, while Smets et al. (2020) 
recorded a significantly higher value of 35.60 g 
kg⁻¹. Liland et al. (2017), however, found much 
lower calcium (2.40 g kg⁻¹) in larvae grown on 
a pure plant-based medium. The unique biology 
of BSFL can partly explain this substantial varia-
tion; Newton et al. (1977) found that the larvae 
secrete calcium carbonate (CaCO₃) in their exo-
skeleton, which contributes significantly to their 

Table 7. Mineral composition of BSFL (dry matter basis, g kg⁻¹)

Mineral Campbell et al. 
(2020)A

Smets et al. 
(2020)B,C

Shumo et al. 
(2019)D

Liland et al. 
(2017)E

Spranghers 
et al. (2017)F

Macro minerals
Calcium (Ca) 18.50 35.60 3.50 2.40 28.72
Magnesium (Mg) 2.90 3.30 2.20 1.80 2.46
Potassium (K) 6.90 9.10 1.30 10.00 5.94
Phosphorus (P) 4.40 7.00 4.80 4.60 4.04
Sodium (Na) n.d. 1.60 0.80 4.80 0.60
Micro minerals
Copper (Cu) n.d. 0.09 0.90 0.006 0.01
Iron (Fe) n.d. 0.14 0.40 n.d. 0.11
Manganese (Mn) 0.12 n.d. 0.30 0.05 0.24
Zinc (Zn) 0.11 0.33 1.00 0.04 0.07
n.d.: Not determined
A: Reared on brewer’s by-product
B: Mineral profile after sequential extraction
C: Original units for micronutrients: mg/100 g DM (converted to g kg⁻¹ for consistency)
D: Reared on spent grain
E: BA0 (larvae grown on pure plant-based medium)
F: Reared on vegetable waste
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calcium and ash content. However, calcium levels 
drop dramatically in the adult fly stage (to around 
0.03%) as this mineral is primarily associated 
with the larval/pupal exoskeleton.

Beyond calcium, the concentrations of other 
macro-minerals such as potassium (K), phos-
phorus (P), magnesium (Mg), and sodium (Na) 
also exhibit considerable variation across studies 
(Gadzama, 2025). Potassium levels, for instance, 
ranged from 1.30 g kg⁻¹ (Shumo et al., 2019) to 
10.00 g kg⁻¹ (Liland et al., 2017). Sodium showed 
a widespread range from 0.60 g kg⁻¹ (Spranghers 
et al., 2017) to 4.80 g kg⁻¹ (Liland et al., 2017). 
Smets et al. (2020) observed that while these 
macro-minerals vary across developmental stag-
es, trace concentrations of micro-minerals, such 
as manganese (Mn), iron (Fe), zinc (Zn), and cop-
per (Cu), tend to be more stable across life stages 
(Gadzama et al., 2024). Nevertheless, significant 
variation in micro-mineral concentrations be-
tween studies is influenced by rearing conditions 
(Gadzama et al., 2025). Zinc levels, for example, 
varied tenfold, from 0.04 g kg⁻¹ (Liland et al., 
2017) to 1.00 g kg⁻¹ (Shumo et al., 2019). Copper 
concentrations ranged even more dramatically 
(Table 7). 

The observed variability in mineral compo-
sition is primarily attributed to the substrate on 
which the BSFL are reared (Chia et al., 2020; 
Gadzama et al., 2025). This is because insects do 
not synthesise minerals internally; instead, they 
acquire them through bioaccumulation from their 
diet (Gadzama et al., 2024; Gadzama, 2025). 
Consequently, the mineral profile of the larvae 
reflects the mineral content of their feed. For 
instance, larvae reared on brewer’s by-product 
(Campbell et al., 2020) exhibited different miner-
al levels compared to those reared on spent grain 
(Shumo et al., 2019), vegetable waste (Sprangh-
ers et al., 2017), or a pure plant-based medium 
(Liland et al., 2017). Smets et al. (2020) employed 
a sequential extraction method, which poten-
tially influenced their reported profile compared 
to studies using different analytical approaches. 
More importantly, this bioaccumulation capabil-
ity presents both opportunities and risks. On the 
positive side, BSFL reared on nutrient-rich agro-

industrial by-products (Chia et al., 2020) can 
achieve high concentrations of essential miner-
als, such as Ca, P, Fe, and Zn, making them a nu-
tritionally competitive alternative to conventional 
protein sources, like fishmeal or soybean meal, 
in livestock feed formulations. However, the very 
mechanism of bioaccumulation necessitates cau-
tion. 

Lu et al. (2022) highlighted that BSFL can also 
accumulate toxic and harmful elements, such as 
barium (Ba), mercury (Hg), and molybdenum 
(Mo), if these elements are present in their sub-
strate. This poses significant safety concerns for 
the use of BSFL in feed and food production. 
Therefore, it is strongly recommended that diets 
rich in heavy metals be strictly avoided for BSFL 
rearing. Failure to control substrate quality could 
lead to the production of larvae containing un-
safe levels of these contaminants, which could 
potentially cause heavy metal toxicity in animals 
consuming the feed and raise food safety issues 
further down the chain (Gadzama et al., 2025). 
Careful selection and screening of feedstocks are 
paramount to maximise beneficial mineral con-
tent while preventing the dangerous accumula-
tion of toxic elements (Lu et al., 2022). For farm-
ers, this means sourcing BSFL meal from pro-
ducers utilising controlled, safe substrates. For 
scientists and producers, it emphasises the need 
for standardised substrate formulations and rigor-
ous safety testing protocols.

Black Soldier Fly larvae as a source of 
antimicrobial compounds 

Black soldier fly larvae (BSFL; Hermetia il-
lucens) have emerged as a transformative re-
source in sustainable agriculture, offering a dual 
solution to pressing global challenges: providing 
nutrient-rich feed for livestock and aquaculture 
while valorising organic waste streams. As Singh 
and Kumari (2019), Veldkamp et al. (2022), and 
Gadzama and Panuel (2024) highlight, BSFL 
are a rich source of protein and lipids, suitable 
for poultry, pigs, and fish. Critically, their value 
extends beyond nutrition; BSFL produce antimi-
crobial peptides (AMPs) and bioactive molecules 
that enhance animal health and combat patho-
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gens, positioning them as a sustainable alterna-
tive to conventional antibiotics amid rising anti-
microbial resistance (AMR) (Figure 3; Veldkamp 
et al., 2022; Belhadj Slimen et al., 2023; Gadzama 
and Panuel, 2024). Furthermore, BSFL thrive on 
organic waste, including dairy and cattle manure, 
where they suppress zoonotic pathogens, there-
by integrating waste management with disease 
control (Lalander et al., 2015; Elhag et al., 2017, 
2022). This synergy highlights their potential to 
advance circular economies and reduce the envi-
ronmental footprint of agriculture.

Antimicrobial peptides in BSFL
BSFL possess an innate immune system that 

synthesises antimicrobial peptides (AMPs) when 
exposed to microorganisms in waste substrates 

(Gadzama and Panuel, 2024). These AMPs act as 
specialised defences against bacteria, fungi, and 
viruses (Feng et al., 2020; Zabulionė et al., 2023; 
Gadzama and Panuel, 2024). Structurally, AMPs 
are small (<50 amino acids) cationic peptides that 
target microbial membranes through electrostat-
ic interactions, thereby disrupting cell integrity 
and causing cell death (Huan et al., 2020). Unlike 
traditional antibiotics, whose overuse has fuelled 
AMR (Llor and Bjerrum, 2014), AMPs employ 
multifaceted mechanisms, making resistance de-
velopment rare (Patrulea et al., 2020; Luo and 
Song, 2021). 

BSFL-derived AMPs fall into four structural 
categories: linear α-helical, β-sheet, linear ex-
tended, and mixed α/β peptides (Figure 4; Yi et 
al., 2014; Gadzama and Panuel, 2024). Among 

 

 

Antimicrobial Peptides 

   Source Amino Acids Structure Activity 

- Insects AMPs 
-  Plants AMPs 
- Amphibians AMPs 
- Mammalian AMPs 
- Microorganisms AMPs 

- α-helical peptides 
- β-sheet peptides  
- Extended peptides  
- Mixed peptides 
 

- Arginine 
- Glycine 
- Histidine 
- Proline 
- Tryptophan 

- Antibacterial 
- Antifungal 
- Antiviral 
- Antiparasitic 
-Anti-inflammatory 
- Anticancer 

Figure 3. Antimicrobial peptides represent a critical component of the innate immune system across diverse 
organisms, offering potent defense against microbial pathogens 
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these, defensins (44% of BSFL AMPs) and ce-
cropins (18%) dominate, exhibiting broad-spec-
trum activity against Gram-positive and Gram-
negative bacteria (Figure 4; Moretta et al., 2020). 
Li et al. (2016) and Xu et al. (2020) identified 57 
AMP candidates in BSFL, including defensin-
like peptide 4 (DLP4), which is effective against 
Gram-positive pathogens (Gadzama and Panuel, 
2024). More so, Van Moll et al. (2022) demon-
strated that cecropins from BSFL (Hill-Cec1 and 
Hill-Cec10) inhibit biofilm formation in  Pseu-
domonas aeruginosa. These findings highlight 
BSFL as an underexplored reservoir of AMPs, 
with only a fraction of insect-derived peptides 
characterised to date (Yi et al., 2014).

Antimicrobial peptides: Defensins and their 
mechanisms of action

Owing to the evolutionary success of insects 
and exposure to diverse pathogens, they pro-
duce a rich array of AMPs. Common families in-
clude defensins, cecropins, proline-rich peptides, 
and attacins (Yi et al., 2014), each contributing 
uniquely to microbial neutralisation (Gadzama 
and Panuel, 2024). Among these, defensins are 

the most extensively studied and widely distrib-
uted (Figure 5). Black soldier fly larvae defensins 
dominate the AMP profile, constituting 44% of 
identified peptides, followed by cecropins (18%) 
and lysozymes (18%) (Figure 5; Moretta et al., 
2020). This predominance highlights their cen-
tral role in BSFL immunity, positioning them as 
key candidates for applied research in sustainable 
agriculture.

The mode of action of AMPs, particularly de-
fensins, involves targeted disruption of micro-
bial membranes (Figure 6). Most insect-derived 
AMPs, including those from BSFL, are cationic 
(positively charged), enabling electrostatic inter-
actions with negatively charged bacterial surfac-
es, such as lipopolysaccharides in Gram-negative 
bacteria and teichoic acids in Gram-positive bac-
teria (Wu et al., 2018; Moretta et al., 2021). Upon 
binding, these peptides integrate into microbial 
membranes, forming pores that cause the leak-
age of cellular contents and lead to rapid cell 
death (Luo and Song, 2021). This mechanism 
reduces the likelihood of pathogen resistance, 
as bacteria struggle to alter fundamental mem-
brane properties to evade disruption (Patrulea et 

 

a) Linear α-helical 
peptides 

b) β-sheet peptides  
peptides 

c) Linear extended peptides 
peptides 

d) Peptides with a combination of α and β-elements 
Li Figure 4. Four structural categories of antimicrobial peptides in BSFL. Adapted from Gadzama and Panuel 

(2024)
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al., 2020). Furthermore, BSFL defensins exhib-
it broad-spectrum activity, primarily targeting 
Gram-positive bacteria but also showing efficacy 
against Gram-negative strains and fungi (Wu et 
al., 2018; Haidari et al., 2023). Their ribosomal 
synthesis from natural amino acids ensures bio-
degradability and minimal risk of residual tox-
icity in livestock applications (Andersson et al., 
2016). BSFL-derived defensins and other AMPs 
offer a promising solution, leveraging natural 
mechanisms to combat pathogens without con-
tributing to AMR (Xia et al., 2021). Moreover, 
integrating BSFL into animal feed delivers dual 
benefits: nutrient-rich protein and fat, as well as 
intrinsic AMPs that enhance gut health and dis-
ease resistance (Figure 6). 

Lipids and lauric acid: Dual-role bioactives
BSFL lipids (15–49% of dry weight) are an-

other key component of their bioactivity. Lauric 

acid (C12:0) constitutes up to 52% of the fatty ac-
ids found in BSFL (Shu et al., 2024; Gadzama 
and Panuel, 2024), which corresponds to the con-
centrations in coconut oil (Zabulionė et al., 2023; 
Shu et al., 2024). This medium-chain fatty acid 
exhibits potent antimicrobial properties, acting 
against foodborne pathogens like Salmonella, E. 
coli, and  Listeria  (Churchward et al., 2018). Its 
mechanism likely involves membrane solubiliza-
tion due to its amphiphilic nature, causing micro-
bial cell lysis (Çenesiz & Çiftci, 2020). Moreover, 
lauric acid functions as a prebiotic, enhancing 
gut health in livestock. Mohana Devi and Kim 
(2014) reported that dietary lauric acid improves 
growth performance and nutrient digestibility 
in weanling pigs, rivaling antibiotic treatments. 
Consequently, BSFL lipids serve dual purposes: 
as energy-rich feed components and natural pre-
servatives that extend the shelf-life of perishable 
foods (Zabulionė et al., 2023).

 

Figure 5. Pie chart illustrating defensin as the predominant peptide identified in BSFL. Adapted from 
Moretta et al. (2020)
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Health-promoting effects of Black Soldier 
Fly larvae as an alternative to antibiotics

In an era of rising antimicrobial resistance 
and growing restrictions on antibiotic use in live-
stock, identifying natural feed additives that en-
hance animal health is critical for sustainable ag-
riculture. Mohana Devi and Kim (2014) reported 
that dietary lauric acid, which is a dominant fatty 
acid in BSFL, improves growth performance and 
nutrient digestibility in weanling pigs, rivalling 
conventional antibiotic treatments. Consequent-
ly, BSFL lipids serve dual purposes: as energy-
dense feed components and natural preserva-
tives that extend the shelf-life of perishable foods 
(Zabulionė et al., 2023).

Poultry studies consistently highlight BSFL’s 
role in gut health modulation. Turkeys fed 100% 
BSFL fat exhibited reduced proliferation of En-
terobacteriaceae  spp. and lower levels of the 
inflammatory cytokine IL-6, indicating anti-

inflammatory effects (Sypniewski et al., 2020). 
Furthermore, Kierończyk et al. (2023) observed 
that even 50% dietary BSFL fat improved cecal 
microbiota profiles in turkeys, reducing  Bacte-
roides-Prevotella  clusters. Similarly, chicks fed 
BSF prepupae showed significantly lower  Sal-
monella  and total bacterial counts (Attia et al., 
2023), while laying hens fed BSFL had increased 
beneficial Firmicutes and reduced Bacteroidetes 
(Yan et al., 2023). In pigs, Spranghers et al. (2018) 
demonstrated that BSFL significantly reduced D-
streptococci in vitro and in vivo, while Kar et al. 
(2021) noted positive shifts in the intestinal mi-
crobiome after just three weeks of BSFL supple-
mentation.

Beyond terrestrial species, BSFL enhances 
health in aquaculture and other livestock. Fish 
fed 25–50% BSFL meal developed higher intesti-
nal microbiota diversity, a key indicator of gut re-
silience. In contrast, 100% BSFL diets enhanced 

 Figure 6. The mode of action of antimicrobial peptides Adapted from Gadzama and Panuel (2024)
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disease resistance enzymes (catalase, superoxide 
dismutase) during a Staphylococcus aureus chal-
lenge (Fatima et al., 2023). In rabbits, replacing 
soybean oil with 1.5% BSFL fat selectively sup-
pressed  Yersinia enterocolitica  without promot-
ing  Salmonella  growth (Dabbou et al., 2020). 
BSFL is also safe for young goats, with no ad-
verse physiological effects observed when used in 
milk replacers (Sepriadi et al., 2022).

Chitin and chitosan: Modulating gut health 
across species

Chitin, a structural polysaccharide found 
abundantly in insects such as black soldier fly lar-
vae (BSFL), and its deacetylated derivative, chi-
tosan, exhibit significant prebiotic potential, in-
fluencing gut health across diverse species. These 
compounds resist digestion by host enzymes but 
serve as fermentable substrates for beneficial 
gut bacteria. Yang et al. (2012) and Smets et al. 
(2020) reported that chitin and chitosan stimulate 
the growth of beneficial bacteria such as Bifido-
bacteria and  Lactobacilli, while simultaneously 
suppressing pathogenic populations, thereby pro-
moting a healthier gut microbial balance. How-
ever, outcomes are species-dependent; Shang et 
al. (2017) found that chitin increased Escherich-
ia populations in rats, whereas Yang et al. (2012) 
observed a reduction in pigs, highlighting the 
importance of host-specific responses. Further-
more, chitosan exhibits bioactive properties that 
extend beyond its prebiotic properties. Maezaki 
et al. (1993) and Zhou et al. (2006) demonstrat-
ed its ability to lower serum cholesterol in hu-
mans by inhibiting dietary lipid absorption and 
bile acid synthesis. Moreover, chitosan exhibits 
notable wound-healing, antioxidant, and antitu-
mor effects (Lee et al., 2002), suggesting broader 
physiological impacts.  Despite these promising 
benefits, comprehensive long-term human safety 
data remain limited, necessitating further rigor-
ous investigation to ascertain their therapeutic 
potential and safety profile fully.

The modulation of gut health by chitin and 
chitosan, particularly sourced from BSFL, holds 
considerable promise for improving animal nu-
trition, notably in poultry production facing re-

strictions on antibiotic growth promoters (AGPs). 
Within the chicken gastrointestinal tract, these 
compounds function as prebiotics, selectively 
nourishing beneficial bacteria capable of produc-
ing chitinase enzymes to break them down. This 
fermentation process, as indicated by research 
into the effects of BSFL (e.g., Khan et al., 2024; 
Mazlan et al., 2024), generates short-chain fatty 
acids (SCFAs), including butyrate, acetate, and 
propionate. Importantly, butyrate serves as a pri-
mary energy source for intestinal cells, strength-
ens the gut barrier, and exhibits anti-inflamma-
tory properties, collectively enhancing gut in-
tegrity and function. Additionally, BSFL com-
ponents act synergistically; the lauric acid-rich 
fat fraction possesses direct antimicrobial and 
anti-inflammatory properties, further shaping 
the gut microbiota by suppressing pathogens and 
reducing inflammation, thereby freeing energy 
for growth (Mazlan et al., 2024). Consequently, 
dietary inclusion of BSFL, delivering both chi-
tin/chitosan and bioactive lipids, has been shown 
to improve gut morphology (increased villus 
height), enhance nutrient digestibility (e.g., phos-
phorus - Matin et al., 2021), shift microbial com-
munities favourably (increasing Lactobacillus, 
Ruminococcus, Bacteroidales; decreasing E. 
coli, Clostridium spp., Prevotellaceae - Khan et 
al., 2024; Mazlan et al., 2024), and bolster overall 
health and productivity, even under stress condi-
tions like heat. Nevertheless, optimal inclusion 
levels are crucial, as excessive amounts (e.g., 18% 
BSFL meal) may diminish the benefits (Khan 
et al., 2024), and broader challenges regarding 
cost-effective production at scale and regulatory 
frameworks need to be addressed to realize their 
full potential as sustainable alternatives to AGPs.

Antioxidant peptides and future 
applications

BSFL protein hydrolysates yield antioxidant 
peptides that scavenge free radicals, mitigating 
oxidative stress (de Castro et al., 2018). These 
peptides, enriched in hydrophobic amino acids 
(e.g., leucine, valine), exhibit heightened activ-
ity when enzymatically hydrolysed. Batish et 
al. (2020) observed that alcalase-treated BSFL 
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protein exhibited a superior antioxidant capacity 
(~3 μmol/mg), attributed to the presence of low-
molecular-weight peptides. Similarly, Firman-
syah and Abduh (2019) reported 77% antioxidant 
activity in bromelain-hydrolysed BSFL protein. 
Such peptides hold promise for functional foods 
and cosmetics, thereby expanding the economic 
viability of BSFL.

Nutritional and health implications of Black 
Soldier Fly larvae in feline diets

The global pet food industry faces significant 
challenges in sourcing sustainable, high-quality 
protein while meeting rising demand and mini-
mising environmental impact. This quest has 
intensified the exploration of novel ingredients, 
with insects emerging as a promising alternative. 
Among these, the black soldier fly larvae (Her-
metia illucens L., Diptera: Stratiomyidae; BSFL) 
have garnered substantial interest due to their 
favourable nutritional profile and low environ-
mental footprint (Gadzama et al., 2023). While 
research on BSFL for feline nutrition is still de-
veloping, recent studies provide compelling evi-
dence regarding its nutritional adequacy and po-
tential health benefits (Bosch et al., 2024; Do et 
al., 2022; Pezzali and Shoveller, 2021). This re-
view synthesises current knowledge on the health 
implications of incorporating BSFL into cat di-
ets, placing findings within the broader context 
of sustainable pet nutrition.

Nutritional adequacy and palatability
BSFL are recognized as a rich source of es-

sential nutrients, including exceptionally high-
quality protein containing vital amino acids and 
beneficial fatty acids (Reilly et al., 2022). Studies 
demonstrate that diets incorporating BSFL meals 
support feline growth and nutrient digestibil-
ity comparable to conventional protein sources. 
Bosch et al. (2024) reported that adult cats fed 
an extruded diet containing BSFL meal for 28 
days maintained body condition scores similar to 
those of a control group, indicating adequate nu-
tritional support. Furthermore, a key advantage 
consistently observed is enhanced palatability. 
Do et al. (2022) found that cats consumed signifi-

cantly more feed when offered diets containing 
retorted BSFL meal, whole BSFL, or BSFL oil 
over 70 days compared to a control diet. Simi-
larly, Bosch et al. (2024) documented increased 
voluntary feed intake in cats consuming a BSFL 
meal-based diet. This heightened palatability is 
particularly advantageous for managing cats with 
poor appetites or requiring weight gain support, 
without necessarily leading to unhealthy adipos-
ity, potentially due to the balanced nutrient com-
position of BSFL (Do et al., 2022; Bosch et al., 
2024). The presence of chitin, a structural poly-
saccharide in the exoskeleton of BSFL, may also 
contribute to immune-modulating benefits, al-
though this requires further investigation in fe-
lines (Bosch et al., 2024).

Digestive health and faecal characteristics
Understanding the impact of novel ingredients 

on digestive function and faecal quality is para-
mount for feline health. Research indicates that 
the inclusion of BSFL influences digestibility and 
faecal parameters, although the outcomes depend 
on the form and processing of the larvae. Do et 
al. (2022) observed lower apparent digestibil-
ity of organic matter, crude protein, and energy 
in cats fed retorted BSFL meal or whole BSFL 
compared to a control or BSFL oil diet. Bosch 
et al. (2024) corroborated these findings, report-
ing a decrease in faecal digestibility of dry mat-
ter, organic matter, nitrogen, and gross energy in 
cats fed extruded BSFL meal over 28 days; in-
terestingly, fat digestibility remained unaffected. 
Despite these shifts in digestibility, studies con-
sistently report the maintenance of good faecal 
quality. Hu et al. (2020) found that substituting 
chicken meal with insect meals, including BSFL, 
did not adversely affect nutrient digestibility or 
faecal quality in cats. Bosch et al. (2024) specifi-
cally noted that the BSFL meal maintained fresh 
faecal consistency scores over 28 days. 

Furthermore, an increase in faecal output cou-
pled with a decrease in faecal dry matter percent-
age was commonly observed (Do et al., 2022; 
Bosch et al., 2024), which may facilitate easier 
defecation and reflect altered gut motility. A sig-
nificant benefit identified by Bosch et al. (2024) 
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was a reduction in faecal ammonia levels, poten-
tially improving the litter box environment and 
reducing exposure to this irritant. Moreover, the 
same study reported increased faecal concentra-
tions of short-chain fatty acids (SCFAs) – metab-
olites known for their beneficial roles in colono-
cyte energy supply, anti-inflammatory actions, 
and overall gut health – and biogenic amines, 
indicating active microbial protein metabolism 
within the gut.

Gut microbiota modulation
The feline gut microbiome plays a crucial 

role in overall health, and dietary interventions 
can significantly alter its composition. Bosch et 
al. (2024) provided compelling evidence that a 
BSFL meal-based diet profoundly shapes the fe-
line faecal bacterial community. Their study re-
vealed a substantial reduction in the number of 
bacterial species, as well as a decrease in diver-
sity (Shannon index) and evenness (Pielou index), 
compared to a control diet. While reduced diver-
sity is often associated with dysbiosis, the specific 
changes observed suggest a potential prebiotic ef-
fect that favours beneficial bacteria. Notably, they 
documented significant increases in genera such 
as Bifidobacterium (widely recognised as valu-
able), Megasphaera, Catenibacterium, and Me-
gamonas, alongside decreases in Prevotella, Pep-
toclostridium, Lachnoclostridium, Negativibacil-
lus, and the family Lachnospiraceae. This shift 
towards potentially beneficial taxa points towards 
a gut health-promoting effect of the BSFL meal. 
On the contrary, the fungal community (mycobi-
ome) appeared resilient, showing no significant 
changes in response to the BSFL diet (Bosch et 
al., 2024). The long-term health implications of 
these microbial shifts warrant further investiga-
tion.

Metabolic and haematological parameters
Evaluating the systemic effects of BSFL in-

clusion is essential for a comprehensive safety 
assessment. Pezzali and Shoveller (2021) inves-
tigated a diet containing a 4.6% BSFL meal fed 
to adult cats for 21 days. They reported increased 
blood levels of alanine aminotransferase (a liv-

er enzyme), chloride, potassium, and sodium, 
alongside increases in mean corpuscular haemo-
globin (MCH) and mean corpuscular haemoglo-
bin concentration (MCHC). Conversely, decreas-
es were observed in albumin, amylase, calcium, 
cholesterol, MCHC (in some comparisons), and 
various red and white blood cell counts. Nota-
bly, the authors noted that most values, despite 
these changes, remained within established ref-
erence ranges for healthy cats. The clinical sig-
nificance of these subtle alterations, particularly 
concerning potential impacts on liver function, 
electrolyte balance, and oxygen transport capac-
ity, requires longer-term studies to determine if 
they represent physiological adaptation or early 
indicators of concern.

CONCLUSION

Optimising the processing of black soldier fly 
larvae is critical for realising their potential as a 
sustainable protein source in Africa. Developing 
safe, efficient, scalable, and economically viable 
methods, including harvesting, microbial reduc-
tion (via washing, killing, and decontamination), 
and preservation, is essential to produce stable, 
nutritious, and regulatory-compliant insect meal. 
The choice of processing techniques, particularly 
drying, has a significant impact on nutrient reten-
tion (including protein, fat, and minerals), prod-
uct safety, and economic feasibility. This necessi-
tates context-specific optimization that balances 
factors such as energy use, cost, and nutritional 
quality. BSFL’s nutritional profile, which includes 
highly variable protein, fat, mineral, and chitin 
content, as well as functional properties such as 
antimicrobial peptides and lauric acid, is primar-
ily determined by the rearing substrate. This al-
lows for tailored production but demands strict 
substrate quality control to prevent the accumu-
lation of toxic elements. Effective processing en-
sures the final product supports animal health, 
enhances digestibility, meets nutritional require-
ments, and contributes significantly to sustain-
able waste management, food security, and circu-
lar economies across the continent.



Животновъдни науки, 2025, 62 (5) Bulgarian Journal of Animal Husbandry, 2025, 62 (5)

56

Funding
This research received no external funding. 

Data Availability Statement
No new data were created or analysed in this 

study. 

Acknowledgements
The authors express their sincere appreciation 

to their respective institutions for their support.

Conflicts of Interest
The authors declare no conflicts of interest.

REFERENCES 

Alexandratos, N. & Bruinsma, J. (2012). World agri-
culture towards 2030/2050: The 2012 revision (ESA 
Working Paper No. 12-03). FAO.

Ames, J. M. (1990). Control of the Maillard reaction 
in food systems. Trends in Food Science & Tech-
nology, 1, 150 - 154. https://doi.org/10.1016/0924-
2244(90)90017-6.

Armstrong, J. W., Tang, J. & Wang, S. (2009). Thermal 
death kinetics of Mediterranean, Malaysian, melon, 
and oriental fruit fly (Diptera: Tephritidae) eggs and 
third instars. Journal of Economic Entomology, 102(2), 
522 - 532. https://doi.org/10.1603/029.102.0220.

Attia, Y. A., Bovera, F., Asiry, K. A., Alqurashi, S. & 
Alrefaei, M. S. (2023). Fish and Black Soldier Fly 
Meals as Partial Replacements for Soybean Meal Can 
Affect Sustainability of Productive Performance, Blood 
Constituents, Gut Microbiota, and Nutrient Excretion 
of Broiler Chickens. Animals, 13(17), 2759. https://doi.
org/10.3390/ani13172759

AU-IBAR (2016). Livestock policy landscape in 
Africa: A review. http://repository.au-ibar.org/han-
dle/123456789/1225.

Badre, N. H., Martin, M. E. & Cooper, R. L. (2005). 
The physiological and behavioral effects of carbon 
dioxide on Drosophila melanogaster larvae. Compara-
tive Biochemistry and Physiology Part A: Molecular & 
Integrative Physiology, 140(3), 363 - 376. 

Barden, L. & Decker, E. A. (2016). Lipid oxidation in 
low-moisture food: A review. Critical Reviews in Food 
Science and Nutrition, 56(15), 2467 - 2482. https://doi.
org/10.1080/10408398.2013.848833.

Barragan-Fonseca, K. B., Dicke, M. & van Loon, J. 
J. A. (2017). Nutritional value of the black soldier fly 
(Hermetia illucens L.) and its suitability as animal feed 
– A review. Journal of Insects as Food and Feed, 3, 
105- 120. https://doi.org/10.3920/JIFF2016.0055.

Batish, I., Brits, D., Valencia, P., Miyai, C., Rafeeq, 
S., Xu, Y., Galanopoulos, M., Sismour, E. & Ovis-
sipour, R. (2020). Effects of enzymatic hydrolysis 
on the functional properties, antioxidant activity and 
protein structure of black soldier fly (Hermetia illu-
cens) protein. Insects, 11, 876. https://doi.org/10.3390/
insects11120876.

Bava, L., Jucker, C., Gislon, G., Lupi, D., Savoldelli, 
S., Zucali, M. & Colombini, S. (2019). Rearing of 
Hermetia illucens on different organic by-products: In-
fluence on growth, waste reduction, and environmental 
impact. Animals, 9(6), 289. https://doi.org/10.3390/
ani9060289.

Belhadj Slimen, I., Yerou, H., Ben Larbi, M., M’Hamdi, 
N. & Najar, T. (2023). Insects as an alternative protein 
source for poultry nutrition: a review. Frontiers in Vet-
erinary Science,  10, 1200031. https://doi.org/10.3389/
fvets.2023.1200031.

Bessa, L. W., Pieterse, E., Marais, J. & Hoffman, L. C. 
(2020). Why for feed and not for human consumption? 
The black soldier fly larvae. Comprehensive Reviews 
in Food Science and Food Safety, 19(5), 2747 - 2763. 
https://doi.org/10.1111/1541-4337.12609.

Bosch, G., Vervoort, J. J. M. & Hendriks, W. H. (2016). 
In vitro digestibility and fermentability of selected 
insects for dog foods. Animal Feed Science and Tech-
nology, 221, 174 - 184. https://doi.org/10.1016/j.anifeed-
sci.2016.08.018.

Bosch, G., Zhang, S., Oonincx, D. G. A. B. & Hendriks, 
W. H. (2014). Protein quality of insects as potential in-
gredients for dog and cat foods. Journal of Nutritional 
Science, 3, e29. https://doi.org/10.1017/jns.2014.23.

Bosch, G., Loureiro, B. A., Schokker, D., Kar, S. K., 
Paul, A. & Sluczanowski, N. (2024). Black soldier fly 
larvae meal in an extruded food: effects on nutritional 
quality and health parameters in healthy adult cats. 
Journal of Insects as Food and Feed, 1(aop), 1 - 12. 
https://doi.org/10.1163/23524588-00001093.

Brust, M. L., Hoback, W. W. & Wright, R. J. (2007). 
Immersion tolerance in rangeland grasshoppers 
(Orthoptera: Acrididae). Journal of Orthoptera Re-
search, 16(2), 135 - 138. https://doi.org/10.1665/1082-
6467(2007)16[135:ITIRGO]2.0.CO;2.

Caligiani, A., Marseglia, A., Sorci, A., Bonzanini, F., 
Lolli, V., Maistrello, L. & Sforza, S. (2019). Influence 
of the killing method of the black soldier fly on its lipid 
composition. Food Research International, 116, 276 - 
282. https://doi.org/10.1016/j.foodres.2018.08.033.

Campbell, M., Ortuno, J., Stratakos, A. C., Linton, 
M., Corcionivoschi, N., Elliott, T., Koidis, A. & 
Theodoridou, K. (2020). Impact of thermal and high-
pressure treatments on the microbiological quality 
and in vitro digestibility of black soldier fly (Herme-
tia illucens) larvae. Animals, 10(4), 682. https://doi.
org/10.3390/ani10040682.



Животновъдни науки, 2025, 62 (5) Bulgarian Journal of Animal Husbandry, 2025, 62 (5)

57

Caparros Megido, R., Poelaert, C., Ernens, M., 
Liotta, M., Blecker, C., Danthine, S., Tyteca, E., 
Haubruge, É., Alabi, T., Bindelle, J. & Francis, 
F. (2018). Effect of household cooking techniques on 
the microbiological load and the nutritional quality of 
mealworms (Tenebrio molitor L. 1758). Food Research 
International, 106, 503 - 508. https://doi.org/10.1016/j.
foodres.2018.01.002.

Cappellozza, S., Leonardi, M. G., Savoldelli, S., Car-
minati, D., Rizzolo, A., Cortellino, G., Terova, G., 
Moretto, E., Badaile, A., Concheri, G., Saviane, A., 
Bruno, D., Bonelli, M., Caccia, S., Casartelli, M. 
& Tettamanti, G. (2019). A first attempt to produce 
proteins from insects by means of a circular economy. 
Animals, 9(5), 278. https://doi.org/10.3390/ani9050278.

Çenesiz, A. A. & Çiftci, I. (2020). Modulatory effects 
of medium chain fatty acids in poultry nutrition and 
health. World’s Poultry Science Journal, 76, 234 - 248. 
https://doi.org/10.1080/00439339.2020.1739595.

Charlton, A. J., Dickinson, M., Wakefield, M. E., 
Fitches, E., Kenis, M., Han, R., Zhu, F., Kone, N., 
Grant, M., Devic, E., Bruggeman, G., Prior, R. & 
Smith, R. (2015). Exploring the chemical safety of fly 
larvae as a source of protein for animal feed. Journal 
of Insects as Food and Feed, 1(1), 7 - 16. https://doi.
org/10.3920/JIFF2014.0008.

Cheng, J. Y. K., Chiu, S. L. H. & Lo, I. M. C. (2017). 
Effects of moisture content of food waste on residue 
separation, larval growth and larval survival in black 
soldier fly bioconversion. Waste Management, 67, 315 - 
323. https://doi.org/10.1016/j.wasman.2017.05.003.

Cheng, W., Lei, J., Ahn, J. E., Wang, Y., Lei, C. & Zhu-
Salzman, K. (2013). CO₂ enhances effects of hypoxia 
on mortality, development, and gene expression in 
cowpea bruchid, Callosobruchus maculatus. Journal 
of Insect Physiology, 59(11), 1160 - 1168. https://doi.
org/10.1016/j.jinsphys.2013.09.004.

Chia, S. Y., Tanga, C. M., Osuga, I. M., Cheseto, X., 
Ekesi, S., Dicke, M. & van Loon, J. J. A. (2020). 
Nutritional composition of black soldier fly larvae 
feeding on agro-industrial by-products. Entomologia 
Experimentalis et Applicata, 168, 472 - 481. https://doi.
org/10.1111/eea.12940.

Churchward, C. P., Alany, R. G. & Snyder, L. A. S. 
(2018). Alternative antimicrobials: The properties of 
fatty acids and monoglycerides. Critical Reviews in 
Microbiology, 44, 561 - 570. https://doi.org/10.1080/104
0841X.2018.1467875.

Clark, M. A. (1982). Effect of CO₂ on neurons of the house 
cricket, Acheta domestica. Journal of Neurobiology, 
14(3), 237 - 250. https://doi.org/10.1002/neu.480140305.

Dabbou, S., Ferrocino, I., Gasco, L., Schiavone, A., 
Trocino, A., Xiccato, G., Barroeta, A. C., Maione, 
S., Soglia, D., Biasato, I., Cocolin, L., Gai, F. & 
Nucera, D. M. (2020). Antimicrobial Effects of Black 

Soldier Fly and Yellow Mealworm Fats and Their Im-
pact on Gut Microbiota of Growing Rabbits. Animals, 
10(8), 1292. https://doi.org/10.3390/ani10081292.

Day, M. F. & Powning, R. F. (1949). A study of the 
processes of digestion in certain insects. Australian 
Journal of Biological Sciences, 2, 175 - 215. https://doi.
org/10.1071/BI9490175.

de Castro, R. J. S., Ohara, A., Aguilar, J. G. d. S. & 
Domingues, M. A. F. (2018). Nutritional, functional 
and biological properties of insect proteins: Processes 
for obtaining, consumption and future challenges. 
Trends in Food Science & Technology, 76, 82 - 89. 
https://doi.org/10.1016/j.tifs.2018.04.006.

Dercon, S. & Gollin, D. (2014). Agriculture in African 
development: Theories and strategies. Annual Review 
of Resource Economics, 6(1), 471 - 492. https://doi.
org/10.1146/annurev-resource-100913-012706.

Dickson, J. S. & Anderson, M. E. (1992). Microbial 
decontamination of food animal carcasses by washing 
and sanitizing systems: A review. Journal of Food Pro-
tection, 55(2), 133 - 140. https://doi.org/10.4315/0362-
028X-55.2.133.

DiGiacomo, K. & Leury, B. J. (2019). Review: Insect 
meal: A future source of protein feed for pigs? 
Animal, 13, 3022 - 3030. https://doi.org/10.1017/
S1751731119001873.

Diener, S., Studt Solano, N. M., Roa Gutiérrez, F., Zur-
brügg, C. & Tockner, K. (2011). Biological treatment 
of municipal organic waste using black soldier fly lar-
vae. Waste and Biomass Valorization, 2(4), 357 - 363. 
https://doi.org/10.1007/s12649-011-9079-1.

Do, S., Koutsos, E. A., McComb, A., Phungviwatnikul, 
T., de Godoy, M. R. C. & Swanson, K. S. (2022). Pal-
atability and apparent total tract macronutrient digest-
ibility of retorted black soldier fly larvae-containing 
diets and their effects on the faecal characteristics 
of cats consuming them. Journal of Animal Science, 
100(4), skac068. https://doi.org/10.1093/jas/skac068.

Eggink, K. M., Pedersen, P. B., Lund, I. & Dalsgaard, J. 
(2022). Chitin digestibility and intestinal exochitinase 
activity in Nile tilapia and rainbow trout fed different 
black soldier fly larvae meal size fractions. Aquacul-
ture Research, 53, 5536 - 5546. https://doi.org/10.1111/
are.16035.

Elhag, O., Zhou, D., Song, Q., Soomro, A. A., Cai, M., 
Zheng, L., Yu, Z. & Zhang, J. (2017). Screening, ex-
pression, purification and functional characterization 
of novel antimicrobial peptide genes from Hermetia 
illucens (L.). PLoS ONE, 12, e0169582. https://doi.
org/10.1371/journal.pone.0169582.

Elhag, O., Zhang, Y., Xiao, X., Cai, M., Zheng, L., 
Jordan, H. R., Tomberlin, J. K., Huang, F., Yu, Z. 
& Zhang, J. (2022). Inhibition of zoonotic pathogens 
naturally found in pig manure by black soldier fly lar-
vae and their intestine bacteria. Insects, 13(1), 66.



Животновъдни науки, 2025, 62 (5) Bulgarian Journal of Animal Husbandry, 2025, 62 (5)

58

Erens, J., Es van, S., Haverkort, F., Kapsomenou, E. 
& Luijben, A. (2012). A bug’s life: Large-scale insect 
rearing in relation to animal welfare (p. 57). Wagenin-
gen University.

Espinoza-Fuentes, F. P. & Terra, W. R. (1987). 
Physiological adaptations for digesting bacteria: 
Water fluxes and distribution of digestive enzymes 
in Musca domestica larval midgut. Insect Biochem-
istry, 17(6), 809 - 817. https://doi.org/10.1016/0020-
1790(87)90096-2.

Ewald, N., Vidakovic, A., Langeland, M., Kiessling, 
A., Sampels, S. & Lalander, C. (2020). Fatty acid 
composition of black soldier fly larvae (Hermetia il-
lucens) – Possibilities and limitations for modification 
through diet. Waste Management, 102, 40 - 47. https://
doi.org/10.1016/j.wasman.2019.10.014.

Food and Agriculture Organization (FAO). (2012). Bal-
anced feeding for improving livestock productivity: 
Increase in milk production and nutrient use efficiency 
and decrease in methane emission (FAO Animal Pro-
duction and Health Paper No. 173). http://www.fao.org/
docrep/016/i3014e/i3014e00.pdf.

Farina, M. F. (2017). How method of killing crickets im-
pacts the sensory qualities and physiochemical proper-
ties when prepared in a broth. International Journal of 
Gastronomy and Food Science, 8, 19 - 23. https://doi.
org/10.1016/j.ijgfs.2017.03.003.

Fatima, S., Afzal, A., Rashid, H., Iqbal, S., Zafar, R., 
Khalid, K., Rauf, A., Majeed, M., Malik, A. & 
Carter, C. G. (2023). Dietary replacement of soybean 
meal with black soldier fly larvae meal in juvenile 
Labeo rohita and Catla catla: Effects on growth, nutri-
tional quality, oxidative stress biomarkers and disease 
resistance. PloS One, 18(11), e0294452. https://doi.
org/10.1371/journal.pone.0294452.

Feng, M., Fei, S., Xia, J., Labropoulou, V., Swevers, 
L. & Sun, J. (2020). Antimicrobial peptides as po-
tential antiviral factors in insect antiviral immune 
response. Frontiers in Immunology, 11, 2030.

Fernandez-Cassi, X., Supeanu, A., Vaga, M., Jansson, 
A., Boqvist, S. & Vagsholm, I. (2019). The house 
cricket (Acheta domesticus) as a novel food: A risk 
profile. Journal of Insects as Food and Feed. https://
doi.org/10.3920/jiff2018.0021.

Firmansyah, M. & Abduh, M. Y. (2019). Production 
of protein hydrolysate containing antioxidant activity 
from Hermetia illucens. Heliyon, 5, e02005. https://doi.
org/10.1016/j.heliyon.2019.e02005.

Fregin, T. & Bickmeyer, U. (2016). Electrophysiological 
investigation of different methods of anesthesia in lob-
ster and crayfish. PLOS ONE, 11(9), e0162894. https://
doi.org/10.1371/journal.pone.0162894.

Fu, L. L., Chen, X. & Wang, Y. (2014). Quality evalu-
ation of farmed whiteleg shrimp (Litopenaeus van-
namei) treated with different slaughter processing by 

infrared spectroscopy. Food Chemistry, 151, 306 - 310. 
https://doi.org/10.1016/j.foodchem.2013.11.054.

Gerber, P. J., Steinfeld, H., Henderson, B., Mottet, N., 
Opio, C., Dijkman, J. & Tempio, G. (2013). Tackling 
climate change through livestock: A global assessment 
of emissions and mitigation opportunities. FAO. https://
www.cabdirect.org/cabdirect/abstract/20133417883.

Galassi, G., Jucker, C., Parma, P., Lupi, D., Crovetto, 
G. M., Savoldelli, S. & Colombini, S. (2021). Im-
pact of agro-industrial byproducts on bioconversion, 
chemical composition, in vitro digestibility, and micro-
biota of the black soldier fly (Diptera: Stratiomyidae) 
larvae. Journal of Insect Science, 21(1), 8. https://doi.
org/10.1093/jisesa/ieaa148.

Gadzama, I. U., Malcolm, J. & Malcolm, C. (2023a). 
Impact of drying methods on nutritional composition 
and energy efficiency of black soldier fly (Hermetia illu-
cens) larvae as animal feed ingredient. In Proceedings 
of Recent Advances in Animal Nutrition (RAAN), Gold 
Coast, Queensland, Australia (July 26 – 28), 29 – 30. 
https://www.researchgate.net/publication/374544950.

Gadzama, I. U., Malcolm, J. & Malcolm, C. (2023b). 
Drying methods of black soldier fly larvae as animal 
feed - Turning waste into value. Presentation at the 
Recent Advances in Animal Nutrition - Australia 
(RAAN-A), Gold Coast, Australia. http://dx.doi.
org/10.13140/RG.2.2.14610.22721.

Gadzama, I. U., Malcolm, J. & Malcolm, C. (2024). Min-
eral composition in black soldier fly larvae: A promising 
alternative to fishmeal and soybean meal in livestock 
feed. In Proceedings of the 35th Biennial Conference 
of the Australian Association of Animal Sciences and 
the 20th Asian-Australasian Association of Animal 
Production Societies, 35, 334 - 335. Melbourne: Austra-
lian Association of Animal Sciences. Available from: 
https://www.researchgate.net/publication/383122248.

Gadzama, I. U., Mugweru, I. M., Makombe, W. S., Mad-
ungwe, C., Hina, Q., Omofunmilola, E. O., Panuel, 
P., Olanrewaju, T. J. & Ray, S. (2025). Improving 
poultry production with black soldier fly larvae. Acta 
Scientific Agriculture, 9(1), 60 - 77. Available online: 
https://www.researchgate.net/publication/387579596.

Gadzama, I. U. (2024). Influence of rearing substrate 
on black soldier fly larvae nutritional value for ani-
mal feed. Wikifarmer. Available online: https://www.
researchgate.net/publication/383121796

Gadzama, I. U. (2025). Black soldier fly larvae as 
animal feed. Bulgarian Journal of Animal Husbandry, 
62(1), 48 - 64. https://www.researchgate.net/publica-
tion/389350887.

Gadzama, I. U. & Panuel, P. (2024). Black Soldier Fly 
Larvae: A Sustainable Solution to Antimicrobial Re-
sistance in Livestock Farming. Wikifarmer. (Accessed 
on 29 May 2025) from https://www.researchgate.net/
publication/383877561



Животновъдни науки, 2025, 62 (5) Bulgarian Journal of Animal Husbandry, 2025, 62 (5)

59

Godfray, H. C. J., Aveyard, P., Garnett, T., Hall, J. W., 
Key, T. J., Lorimer, J. & Jebb, S. A. (2018). Meat 
consumption, health, and the environment. Science, 
361(6399), eaam5324. https://doi.org/10.1126/science.
aam5324.

Gura, S. (2008). Industrial livestock production and its 
impact on smallholders in developing countries (Con-
sultancy Report to the League for Pastoral Peoples and 
Endogenous Livestock Development). http://www.pas-
toralpeoples.org/docs/gura_ind_livestock_prod.pdf.

Haidari, H., Melguizo-Rodríguez, L., Cowin, A. J. & 
Kopecki, Z. (2023). Therapeutic potential of antimicro-
bial peptides for treatment of wound infection. Ameri-
can journal of physiology. Cell physiology, 324(1), C29 
- C38. https://doi.org/10.1152/ajpcell.00080.2022.

Hammer, L., Moretti, D., Abbühl-Eng, L., Kandiah, P., 
Hilaj, N., Portmann, R. & Egger, L. (2023). Meal-
worm larvae (Tenebrio molitor) and crickets (Acheta 
domesticus) show high total protein in vitro digestibil-
ity and can provide good-to-excellent protein quality as 
determined by in vitro DIAAS. Frontiers in Nutrition, 
10, 1150581. https://doi.org/10.3389/fnut.2023.1150581.

Hashem, M. Y., Ahmed, S. S., El-Mohandes, M. A., 
Hussain, A. R. E. & Ghazy, S. M. (2014). Compara-
tive effectiveness of different modified atmospheres 
enriched with carbon dioxide and nitrogen on larval 
instars of almond moth Ephestia cautella (Walker) 
(Lepidoptera: Pyralidae). Journal of Stored Products 
Research, 59, 314 - 319. https://doi.org/10.1016/j.
jspr.2014.06.003.

Herrero, M., Havlík, P., Valin, H., Notenbaert, A., 
Rufino, M. C., Thornton, P. K. & Obersteiner, M. 
(2013). Biomass use, production, feed efficiencies, 
and greenhouse gas emissions from global livestock 
systems. Proceedings of the National Academy of Sci-
ences, 110(52), 20888 - 20893. https://doi.org/10.1073/
pnas.1308149110.

Huang, C., Feng, W., Xiong, J., Wang, T., Wang, W., 
Wang, C. & Yang, F. (2019). Impact of drying method 
on the nutritional value of the edible insect protein 
from black soldier fly (Hermetia illucens L.) larvae: 
Amino acid composition, nutritional value evaluation, 
in vitro digestibility, and thermal properties. European 
Food Research and Technology, 245, 11 - 21. https://
doi.org/10.1007/s00217-018-3136-y.

Huan, Y., Kong, Q., Mou, H. & Yi, H. (2020). Antimi-
crobial peptides: classification, design, application 
and research progress in multiple fields. Frontiers in 
microbiology, 11, 582779.

Hu, Y., He, F., Mangian, H., Lambrakis, L., Saad, F. M. 
& de Godoy, M. R. C. (2020). PSVI-26 Insect meals 
as novel protein sources in wet pet foods for adult cats. 
Journal of Animal Science, 98(Supplement_4), 315. 
https://doi.org/10.1093/jas/skaa278.561.

Husain, M., Sukirno, S., Mehmood, K., Tufail, M., 
Rasool, K. G., Alwaneen, W. S. & Aldawood, A. S. 
(2017). Effectiveness of carbon dioxide against different 
developmental stages of Cadra cautella and Tribolium 
castaneum. Environmental Science and Pollution Re-
search, 24(14), 12787 - 12795. https://doi.org/10.1007/
s11356-017-8914-y.

Janssen, R. H., Lakemond, C. M., Fogliano, V., Ren-
zone, G., Scaloni, A. & Vincken, J. P. (2017). Involve-
ment of phenoloxidase in browning during grinding of 
Tenebrio molitor larvae. PLoS One, 12(12), e0189685.

Kar, S. K., Schokker, D., Harms, A. C., Kruijt, L., 
Smits, M. A. & Jansman, A. J. M. (2021). Local 
intestinal microbiota response and systemic effects 
of feeding black soldier fly larvae to replace soybean 
meal in growing pigs. Scientific Reports, 11(1), 15088. 
https://doi.org/10.1038/s41598-021-94604-8.

Khan, S. H. (2018). Recent advances in role of insects as 
alternative protein source in poultry nutrition. Journal 
of Applied Animal Research, 46(1), 1144 - 1157.

Khan, S., Shi, X., Cai, R., Shuai, Z., Mao, W., Khan, 
I.M., Swelum, A. A. & Guo, J. (2024). Effect of black 
soldier fly (Hermetia illucens) larvae meal and oil on 
the performance, biochemical profile, intestinal health 
and gut microbial dynamics in laying hens.  Poultry 
Science,  103(12), 104460. https://doi.org/10.1016/j.
psj.2024.104460.

Kierończyk, B., Rawski, M., Mikołajczak, Z., Szym-
kowiak, P., Stuper-Szablewska, K. & Józefiak, D. 
(2023). Black soldier fly larva fat in broiler chicken 
diets affects breast meat quality. Animals, 13(7), 1137. 
https://doi.org/10.3390/ani13071137.

Komatsu, Y., Tsuda, M., Wada, Y., Shibasaki, T., 
Nakamura, H. & Miyaji, K. (2023). Nutritional 
evaluation of milk-, plant-, and insect-based protein 
materials by protein digestibility using the INFOGEST 
digestion method. Journal of Agricultural and Food 
Chemistry, 71, 2503 - 2513. https://doi.org/10.1021/acs.
jafc.2c07273.

Kouřimská, L. & Adámková, A. (2016). Nutritional 
and sensory quality of edible insects. NFS Journal, 4, 
22–26. https://doi.org/10.1016/j.nfs.2016.07.001.

Kroncke, N., Grebenteuch, S., Keil, C., Demtroder, 
S., Kroh, L., Thunemann, A. F., Benning, R. & 
Haase, H. (2019). Effect of different drying methods 
on nutrient quality of the yellow mealworm (Tenebrio 
molitor L.). Insects, 10(4), 84. https://doi.org/10.3390/
insects10040084.

Lalander, C. H., Fidjeland, J., Diener, S., Eriksson, 
S. & Vinneras, B. (2015). High waste-to-biomass 
conversion and efficient Salmonella spp. reduction 
using black soldier fly for waste recycling. Agronomy 
for Sustainable Development, 35, 261 - 271. https://doi.
org/10.1007/s13593-015-0301-9.



Животновъдни науки, 2025, 62 (5) Bulgarian Journal of Animal Husbandry, 2025, 62 (5)

60

Lee, H. W., Park, Y.-S., Jung, J.-S. & Shin, W.-S. (2002). 
Chitosan oligosaccharides, dp 2–8, have prebiotic 
effect on the Bifidobacterium bifidium and Lactobacil-
lus sp. Anaerobe, 8, 319 - 324. https://doi.org/10.1016/
S1075-9964(03)00030-1.

Leni, G., Caligiani, A. & Sforza, S. (2019). Killing 
method affects the browning and the quality of the pro-
tein fraction of Black Soldier Fly (Hermetia illucens) 
prepupae: A metabolomics and proteomic insight. 
Food Research International, 115, 116 - 125. https://doi.
org/10.1016/j.foodres.2018.08.021.

Li, S. L., Ji, H., Zhang, B. X., Tian, J. J., Zhou, J. S. 
& Yu, H. B. (2016). Influence of black soldier fly 
(Hermetia illucens) larvae oil on growth performance, 
body composition, tissue fatty acid composition and 
lipid deposition in juvenile jian carp (Cyprinus car-
pio var. Jian). Aquaculture, 465, 43 - 52. https://doi.
org/10.1016/j.aquaculture.2016.07.021.

Liland, N. S., Biancarosa, I., Araujo, P., Biemans, D., 
Bruckner, C. G., Waagbø, R., Torstensen, B. E. & 
Lock, E.-J. (2017). Modulation of nutrient composi-
tion of black soldier fly (Hermetia illucens) larvae by 
feeding seaweed-enriched media. PLOS ONE, 12(8), 
e0183188. https://doi.org/10.1371/journal.pone.0183188.

Llor, C. & Bjerrum, L. (2014). Antimicrobial resistance: 
risk associated with antibiotic overuse and initiatives 
to reduce the problem. Therapeutic Advances in Drug 
Safety, 5(6), 229 - 241.

Liu, X., Chen, X., Wang, H., Yang, Q., ur Rehman, 
K., Li, W., Cai, M., Li, Q., Mazza, L., Zhang, J., 
Yu, Z. & Zheng, L. (2017). Dynamic changes of nu-
trient composition throughout the entire life cycle of 
black soldier fly. PLoS ONE, 12, e0182601. https://doi.
org/10.1371/journal.pone.0182601.

Liu, S., Wang, J., Li, L., Duan, Y., Zhang, X., Wang, 
T., Zang, J., Piao, X., Ma, Y., & Li, D. (2023). 
Endogenous chitinase might lead to differences in 
growth performance and intestinal health of piglets 
fed different levels of black soldier fly larva meal. Ani-
mal Nutrition, 14, 411 - 424. https://doi.org/10.1016/j.
aninu.2023.05.008.

Lu, S., Taethaisong, N., Meethip, W., Surakhunthod, 
J., Sinpru, B., Sroichak, T., Archa, P., Thongpea, 
S., Paengkoum, S., Purba, R. A. P. & Paengkoum, 
P. (2022). Nutritional composition of black soldier fly 
larvae (Hermetia illucens L.) and its potential uses as 
alternative protein sources in animal diets: A review. In-
sects, 13, 831. https://doi.org/10.3390/insects13090831.

Luo, Y. & Song, Y. (2021). Mechanism of antimicrobial 
peptides: antimicrobial, anti-inflammatory and antib-
iofilm activities. International Journal of Molecular 
Sciences, 22(21), 11401.

Maezaki, Y., Tsuji, K., Nakagawa, Y., Kawai, Y., Aki-
moto, M., Tsugita, T., Takekawa, W., Terada, A., 
Hara, H. & Mitsuoka, T. (1993). Hypocholesterolemic 

effect of chitosan in adult males. Bioscience, Biotech-
nology, and Biochemistry, 57, 1439 - 1444. https://doi.
org/10.1271/bbb.57.1439.

Makkar, H. P. S., Tran, G., Heuzé, V. & Ankers, P. 
(2014). State-of-the-art on use of insects as animal 
feed. Animal Feed Science and Technology, 197, 1 - 33. 
https://doi.org/10.1016/j.anifeedsci.2014.07.008.

Manheem, K., Benjakul, S., Kijroongrojana, K. & 
Visessanguan, W. (2012). The effect of heating condi-
tions on polyphenol oxidase, proteases and melanosis 
in pre-cooked Pacific white shrimp during refrigerated 
storage. Food Chemistry, 131(4), 1370 - 1375. https://
doi.org/10.1016/j.foodchem.2011.10.016.

Marono, S., Piccolo, G., Loponte, R., Di Meo, C., Attia, 
Y. A. & Nizza, A. (2015). In vitro crude protein digest-
ibility of Tenebrio molitor and Hermetia illucens insect 
meals and its correlation with chemical composition 
traits. Italian Journal of Animal Science, 14(4), 3889. 
https://doi.org/10.4081/ijas.2015.3889.

Matin, N., Utterback, P. L. & Parsons, C. M. (2021). 
Phosphorus digestibility and relative phosphorus bio-
availability in two dried black soldier fly larvae meals 
and a defatted black soldier fly larvae meal in broiler 
chickens. Poultry Science, 100(8), 101221. https://doi.
org/10.1016/j.psj.2021.101221.

Mazlan, N. A. F., Miswan, N. A., Ahmad, S., Hassim, H. 
A., Jamien, E. S., Wei Ee, H., Kumari Ramiah, S. & 
Idrus, Z. (2024). Black soldier fly (Hermetia illucens) 
larvae meal for heat-stressed broiler chicken: its effects 
on gut health, stress biomarkers, and growth perfor-
mance. Italian Journal of Animal Science, 23(1), 1391 - 
1402. https://doi.org/10.1080/1828051X.2024.2401444.

McCue, M. D. (2010). Starvation physiology: Reviewing 
the different strategies animals use to survive a common 
challenge. Comparative Biochemistry and Physiology 
Part A: Molecular & Integrative Physiology, 156(1), 
1 - 18. https://doi.org/10.1016/j.cbpa.2010.01.002.

Mekuria, W., Mekonnen, K., Thorne, P., Bezabih, M., 
Tamene, L. & Abera, W. (2018). Competition for 
land resources: Driving forces and consequences in 
crop-livestock production systems of the Ethiopian 
highlands. Ecological Processes, 7(1), 30. https://doi.
org/10.1186/s13717-018-0136-4.

Mengesha, M. (2011). Climate change and the preference 
of rearing poultry for the demands of protein foods. 
Asian Journal of Poultry Science, 5(4), 135 - 143.

Mohana Devi, S. & Kim, I. H. (2014). Effect of medium 
chain fatty acids (MCFA) and probiotic (Enterococ-
cus faecium) supplementation on the growth perfor-
mance, digestibility and blood profiles in weanling 
pigs. Veterinární Medicína, 59, 527 - 535. https://doi.
org/10.17221/7817-VETMED.

Moretta, A., Salvia, R., Scieuzo, C., Di Somma, A., 
Vogel, H., Pucci, P., Sgambato, A., Wolff, M. & Fa-
labella, P. (2020). A bioinformatic study of antimicro-



Животновъдни науки, 2025, 62 (5) Bulgarian Journal of Animal Husbandry, 2025, 62 (5)

61

bial peptides identified in the Black Soldier Fly (BSF) 
Hermetia illucens (Diptera: Stratiomyidae). Scientific 
Reports, 10, 16875. https://doi.org/10.1038/s41598-020-
74017-9.

Moretta, A., Scieuzo, C., Petrone, A. M., Salvia, R., 
Manniello, M. D., Franco, A., Lucchetti, D., Vassal-
lo, A., Vogel, H., Sgambato, A. & Falabella, P. (2021). 
Antimicrobial peptides: A new hope in biomedical and 
pharmaceutical fields. Frontiers in cellular and infec-
tion microbiology, 11, 668632.

Moula, N., Scippo, M. L., Douny, C., Degand, G., 
Dawans, E. & Cabaraux, J. F. (2018). Performances 
of local poultry breed fed black soldier fly larvae reared 
on horse manure. Animal Nutrition, 4(1), 73 - 78. https://
doi.org/10.1016/j.aninu.2017.10.002.

Mumcuoglu, K. Y., Miller, J., Mumcuoglu, M., Friger, 
M. & Tarshis, M. (2001). Destruction of bacteria in 
the digestive tract of the maggot of Lucilia sericata 
(Diptera: Calliphoridae). Journal of Medical Entomol-
ogy, 38(2), 161 - 166. https://doi.org/10.1603/0022-
2585-38.2.161.

Mutungi, C., Irungu, F. G., Nduko, J., Mutua, F., Af-
fognon, H., Nakimbugwe, D., Ekesi, S. & Fiaboe, K. 
K. M. (2017). Postharvest processes of edible insects 
in Africa: A review of processing methods, and the 
implications for nutrition, safety and new products 
development. Critical Reviews in Food Science and 
Nutrition, 1 - 23. https://doi.org/10.1080/10408398.201
7.1365330.

Newton, G. L., Booram, C. V., Barker, R. W. & Hale, 
O. M. (1977). Dried Hermetia illucens larvae meal as a 
supplement for swine. Journal of Animal Science, 44(3), 
395 - 400. https://doi.org/10.2527/jas1977.443395x.

Newton, G. L., Sheppard, D. C. & Burtle, G. J. (2008). 
Research Briefs: Black Soldier Fly Prepupae - A 
Compelling Alternative to Fish Meal and Fish Oil. 
Aquaculture, 24, 103 - 109.

Niamnuy, C., Devahastin, S. & Soponronnarit, S. 
(2008). Changes in protein compositions and their ef-
fects on physical changes of shrimp during boiling in 
salt solution. Food Chemistry, 108(1), 165 - 175. https://
doi.org/10.1016/j.foodchem.2007.10.069.

Oh, J., Kim, H., Park, K. & Kim, B. G. (2024). Dry-
ing Methods for Black Soldier Fly (Hermetia illucens) 
Larvae as a Feed Ingredient for Pigs Affect In Vitro 
Nutrient Disappearance. Agriculture, 14(10), 1792. 
https://doi.org/10.3390/agriculture14101792.

Patrulea, V., Borchard, G. & Jordan, O. (2020). An 
Update on Antimicrobial Peptides (AMPs) and Their 
Delivery Strategies for Wound Infections. Pharma-
ceutics, 12(9), 840. https://doi.org/10.3390/pharmaceu-
tics12090840.

Pezzali, J. G. & Shoveller, A. K. (2021). The effects of a 
semi-synthetic diet with inclusion of black soldier fly 
larvae meal on health parameters of healthy adult cats. 

Journal of Animal Science, 99(10), skab290. https://doi.
org/10.1093/jas/skab290.

Piyasena, P., Mohareb, E. & McKellar, R. C. (2003). 
Inactivation of microbes using ultrasound: A review. 
International Journal of Food Microbiology, 87(3), 207 
- 216. https://doi.org/10.1016/S0168-1605(03)00075-8.

Pressman, E., Schaefer, J. M. & Kebreab, E. (2018). Mit-
igation of enteric methane emissions from dairy cattle 
in East Africa through urea treatment of crop residue 
feeds. In AGU Fall Meeting Abstracts, GC51K-0929.

Pretorius, Q. (2011). The evaluation of larvae of Musca 
domestica (common house fly) as protein source for 
broiler production (Master’s thesis, Stellenbosch Uni-
versity). Department of Animal Science, Stellenbosch 
University, Stellenbosch,SouthAfrica.https://scholar.
sun.ac.za/bitstream/handle/10019.1/6667/pretorius_
evaluation_2011.pdf?sequence=1.

Rahman, M. S. & Velez-Ruiz, J. F. (2007). Food pres-
ervation by freezing. In: Handbook of Food Preserva-
tion. CRC Press., 653 - 684.

Ramos-Bueno, R. P., González-Fernández, M. J., 
Sánchez-Muros-Lozano, M. J., García-Barroso, 
F. & Guil-Guerrero, J. L. (2016). Fatty acid profiles 
and cholesterol content of seven insect species as-
sessed by several extraction systems. European Food 
Research and Technology, 242, 1471 - 1477. https://doi.
org/10.1007/s00217-016-2647-7.

Ravi, H. K., Degrou, A., Costil, J., Trespeuch, C., 
Chemat, F. & Vian, M. A. (2020). Larvae mediated 
valorization of industrial, agriculture and food wastes: 
Biorefinery concept through bioconversion, processes, 
procedures, and products. Processes, 8, 857. https://doi.
org/10.3390/pr8070857.

Reilly, L. M., Hu, Y., Von Schaumburg, P. C., De 
Oliveira, M. R., He, F., Rodriguez-Zas, S. L., ... 
& De Godoy, M. R. (2022). Chemical composition 
of selected insect meals and their effect on apparent 
total tract digestibility, faecal metabolites, and mi-
crobiota of adult cats fed insect-based retorted diets. 
Journal of Animal Science, 100(2), skac024. https://doi.
org/10.1093/jas/skac024.

Rodríguez-Rodríguez, M., Barroso, F. G., Fabrikov, 
D. & Sánchez-Muros, M. J. (2022). In vitro crude 
protein digestibility of insects: A review. Insects, 13(8), 
682. https://doi.org/10.3390/insects13080682.

Salomone, R., Saija, G., Mondello, G., Giannetto, A., 
Fasulo, S. & Savastano, D. (2017). Environmental im-
pact of food waste bioconversion by insects: Applica-
tion of life cycle assessment to process using Hermetia 
illucens. Journal of Cleaner Production, 140, 890 - 905. 
https://doi.org/10.1016/j.jclepro.2016.06.154.

Sándor, Z. J., Banjac, V., Vidosavljević, S., Káldy, J., 
Egessa, R., Lengyel-Kónya, É., Tömösközi-Farkas, 
R., Zalán, Z., Adányi, N., Libisch, B. & Biró, J. (2022). 
Apparent digestibility coefficients of black soldier fly 



Животновъдни науки, 2025, 62 (5) Bulgarian Journal of Animal Husbandry, 2025, 62 (5)

62

(Hermetia illucens), yellow mealworm (Tenebrio moli-
tor), and blue bottle fly (Calliphora vicina) insects for 
juvenile African catfish hybrids (Clarias gariepinus 
× Heterobranchus longifilis). Aquaculture Nutrition, 
4717014. https://doi.org/10.1155/2022/4717014.

Sayed, W. A., Ibrahim, N. S., Hatab, M. H., Zhu, F. & 
Rumpold, B. A. (2019). Comparative study of the use 
of insect meal from Spodoptera littoralis and Bactroc-
era zonata for feeding Japanese quail chicks. Animals, 
9(4), 136. https://doi.org/10.3390/ani9040136.

Secci, G., Bovera, F., Nizza, S., Baronti, N., Gasco, L., 
Conte, G. & Parisi, G. (2018). Quality of eggs from 
Lohmann Brown Classic laying hens fed black soldier 
fly meal as substitute for soya bean. Animal, 12(10), 
2191 - 2197. https://doi.org/10.1017/S1751731117003603.

Sepriadi, S., Hanafi, N. D. & Sadeli, A. (2022). The 
effect of milk replacer containing black soldier fly on 
pre-weaned Ettawa crossbreed goats on performance 
and physiological response. In  IOP Conference 
Series: Earth and Environmental Science, 977(1), 
5. IOP Publishing. https://iopscience.iop.org/ar-
ticle/10.1088/1755-1315/977/1/012132.

Shang, W., Si, X., Zhou, Z., Li, Y., Strappe, P. & 
Blanchard, C. (2017). Characterization of faecal fat 
composition and gut-derived faecal microbiota in 
high-fat diet-fed rats following intervention with chito-
oligosaccharide and resistant starch complexes. Food 
& Function, 8, 4374 - 4383. https://doi.org/10.1039/
C7FO01244F.

Sheppard, D. C., Newton, G. L., Thompson, S. A. & 
Savage, S. (1994). A value added manure manage-
ment system using the black soldier fly. Bioresource 
Technology, 50, 275 - 279. https://doi.org/10.1016/0960-
8524(94)90102-3.

Shu, M. K., Li, C. M., Furtado, W. E., Huang, Q., St-
Hilaire, S. & Kenéz, Á. (2024). Antibacterial proper-
ties of oil extracts of black soldier fly larvae reared on 
bread waste. Animal Production Science, 64(8).

Shumo, M., Osuga, I. M., Khamis, F. M., Tanga, C. 
M., Fiaboe, K. K. M., Subramanian, S., Ekesi, S., 
van Huis, A. & Borgemeister, C. (2019). The nutri-
tive value of black soldier fly larvae reared on common 
organic waste streams in Kenya. Scientific Reports, 9, 
10110. https://doi.org/10.1038/s41598-019-46603-z.

Singh, A. & Kumari, K. (2019). An inclusive approach for 
organic waste treatment and valorisation using Black 
Soldier Fly larvae: A review. Journal of Environmental 
Management, 251, 109569. 

Smets, R., Verbinnen, B., Van De Voorde, I., Aerts, G., 
Claes, J. & Van Der Borght, M. (2020). Sequential 
extraction and characterisation of lipids, proteins, and 
chitin from black soldier fly (Hermetia illucens) larvae, 
prepupae, and pupae. Waste and Biomass Valorization, 
11, 6455 - 6466. https://doi.org/10.1007/s12649-019-
00924-2.

Smetana, S., Schmitt, E. & Mathys, A. (2019). Sustain-
able use of Hermetia illucens insect biomass for feed 
and food: Attributional and consequential life cycle 
assessment. Resources, Conservation & Recycling, 
144, 285 - 296. https://doi.org/10.1016/j.rescon-
rec.2019.01.042.

Son, J., Park, S. H., Jung, H. J., You, S. J. & Kim, B. 
G. (2023). Effects of drying methods and blanching 
on nutrient utilization in black soldier fly larva meals 
based on in vitro assays for pigs. Animals, 13(5), 858. 
https://doi.org/10.3390/ani13050858.

Spranghers, T., Ottoboni, M., Klootwijk, C., Ovyn, 
A., Deboosere, S., De Meulenaer, B., Michiels, J., 
Eeckhout, M., De Clercq, P. & De Smet, S. (2017). 
Nutritional composition of black soldier fly (Hermetia 
illucens) prepupae reared on different organic waste 
substrates: Nutritional composition of black soldier fly. 
Journal of the Science of Food and Agriculture, 97, 
2594 - 2600. https://doi.org/10.1002/jsfa.8081.

Spranghers, T., Michiels, J., Vrancx, J., Ovyn, A., 
Eeckhout, M., De Clercq, P. & De Smet, S. (2018). 
Gut antimicrobial effects and nutritional value of black 
soldier fly (Hermetia illucens L.) prepupae for weaned 
piglets. Animal Feed Science and Technology, 235, 33 - 
42. https://doi.org/10.1016/j.anifeedsci.2017.08.012.

Stadtlander, T., Stamer, A., Buser, A., Wohlfahrt, J., 
Leiber, F. & Sandrock, C. (2017). Hermetia illucens 
meal as fish meal replacement for rainbow trout on 
farm. Journal of Insects as Food and Feed, 3(3), 165 - 
175. https://doi.org/10.3920/JIFF2016.0052.

St-Hilaire, S., Cranfill, K., McGuire, M. A., Mosley, 
E. E., Tomberlin, J. K., Newton, L., Sealey, W., 
Sheppard, C. & Irving, S. (2007). Fish offal recycling 
by the black soldier fly produces a foodstuff high in 
omega-3 fatty acids. Journal of the World Aquaculture 
Society, 38, 309 - 313. https://doi.org/10.1111/j.1749-
7345.2007.00101.x.

Starcevic, K., Lozica, L., Gavrilovic, A., Heruc, Z., & 
Masek, T. (2019). Fatty acid plasticity of black soldier 
fly (Hermetia illucens) larvae reared on alternative 
feeding media: Crude olive cake and processed animal 
protein. Journal of Animal and Feed Sciences, 28, 374 
- 382. https://doi.org/10.22358/jafs/114434/2019.

Surendra, K. C., Olivier, R., Tomberlin, J. K., Jha, 
R. & Khanal, S. K. (2016). Bioconversion of organic 
wastes into biodiesel and animal feed via insect farm-
ing. Renewable Energy, 98, 197 - 202. https://doi.
org/10.1016/j.renene.2016.03.022.

Sypniewski, J., Kierończyk, B., Benzertiha, A., 
Mikołajczak, Z., Pruszyńska-Oszmałek, E., 
Kołodziejski, P., Sassek, M., Rawski, M., Czekała, 
W. & Józefiak, D. (2020). Replacement of soybean oil 
by Hermetia illucens fat in turkey nutrition: effect on 
performance, digestibility, microbial community, im-
mune and physiological status and final product qual-



Животновъдни науки, 2025, 62 (5) Bulgarian Journal of Animal Husbandry, 2025, 62 (5)

63

ity. British Poultry Science, 61(3), 294 – 302. https://
doi.org/10.1080/00071668.2020.1716302.

Tabata, E., Kashimura, A., Kikuchi, A., Masuda, H., 
Miyahara, R., Hiruma, Y., Wakita, S., Ohno, M., 
Sakaguchi, M., Sugahara, Y., Matoska, V., Bauer, 
P. O. & Oyama, F. (2018). Chitin digestibility is de-
pendent on feeding behaviors, which determine acidic 
chitinase mRNA levels in mammalian and poultry 
stomachs. Scientific Reports, 8, 1461. https://doi.
org/10.1038/s41598-018-19940-8.

Tomberlin, J. K., Sheppard, D. C. & Joyce, J. A. (2002). 
Selected life-history traits of black soldier flies (Diptera: 
Stratiomyidae) reared on three artificial diets. Annals of 
the Entomological Society of America, 95(3), 379 - 386. 
https://doi.org/10.1603/0013-8746(2002)095[0379:SLH
TOB]2.0.CO;2.

Tonneijck-Srpová, L., Venturini, E., Humblet-Hua, K. 
N. P. & Bruins, M. E. (2019). Impact of processing 
on enzymatic browning and texturization of yellow 
mealworms. Journal of Insects as Food and Feed, 
Advance online publication. https://doi.org/10.3920/
JIFF2018.0025.

Traksele, L., Speiciene, V., Smicius, R., Alencikiene, 
G., Salaseviciene, A., Garmiene, G., Zigmantaite, 
V., Grigaleviciute, R. & Kucinskas, A. (2021). 
Investigation of in vitro and in vivo digestibility of 
black soldier fly (Hermetia illucens L.) larvae protein. 
Journal of Functional Foods, 79, 104402. https://doi.
org/10.1016/j.jff.2021.104402.

Tschirner, M. & Simon, A. (2015). Influence of different 
growing substrates and processing on the nutrient com-
position of black soldier fly larvae destined for animal 
feed. Journal of Insects as Food and Feed, 1, 249 - 259. 
https://doi.org/10.3920/JIFF2014.0008.

Tubiello, F., Salvatore, M., Cóndor Golec, R., Ferrara, 
A., Rossi, S. & Biancalani, R. (2014). Agriculture, 
forestry and other land use emissions by sources and 
removals by sinks. FAO. https://www.uncclearn.org/
wp-content/uploads/library/fao198.pdf.

Tzompa-Sosa, D. A., Yi, L. Y., van Valenberg, H. 
J. F., van Boekel, M. & Lakemond, C. M. M. 
(2014). Insect lipid profile: Aqueous versus organic 
solvent-based extraction methods. Food Research 
International, 62, 1087 - 1094. https://doi.org/10.1016/j.
foodres.2014.05.052.

USDA (2019). FoodData Central. U.S. Department of 
Agriculture. https://fdc.nal.usda.gov/fdc-app.html#/.

Van Huis, A., Van Itterbeeck, J., Klunder, H., Mertens, 
E., Halloran, A., Muir, G. & Vantomme, P. (2013). 
Edible insects: Future prospects for food and feed 
security. Food and Agriculture Organization of the 
United Nations.

Van Huis, A. & Tomberlin, J. K. (2017). Insects as food 
and feed: From production to consumption. Wagenin-
gen Academic Publishers.

Van Moll, L., De Smet, J., Paas, A., Tegtmeier, D., 
Vilcinskas, A., Cos, P. & Van Campenhout, L. 
(2022). In vitro evaluation of antimicrobial peptides 
from the black soldier fly (Hermetia illucens) against 
a selection of human pathogens. Microbiology 
Spectrum, 10, e01664 - 21. https://doi.org/10.1128/
spectrum.01664-21.

Veldkamp, T., Van Duinkerken, G. & Van Huis, A. 
(2012). Insects as a sustainable feed ingredient in pig. 
Food chemistry, 50, 192 - 195.

Veldkamp, T., Dong, L., Paul, A. & Govers, C. C. F. 
M. (2022). Bioactive properties of insect products 
for monogastric animals–a review. Journal of Insects 
as Food and Feed, 8(9), 1027 - 1040. https://doi.
org/10.3920/JIFF2021.0031.

World Health Organization (2007). Protein and amino 
acid requirements in human nutrition: Report of a joint 
WHO/FAO/UNU Expert Consultation (WHO Techni-
cal Report Series No. 935). WHO Press.

Wong-Corral, F. J., Castañé, C. & Riudavets, J. (2013). 
Lethal effects of CO₂-modified atmospheres for the 
control of three Bruchidae species. Journal of Stored 
Products Research, 55, 62 - 67. https://doi.org/10.1016/j.
jspr.2013.07.002.

Woodring, J. P., Clifford, C. W., Roe, R. M. & Beck-
man, B. R. (1978). Effects of CO₂ and anoxia on feed-
ing, growth, metabolism, water balance, and blood 
composition in larval female house crickets, Acheta 
domesticus. Journal of Insect Physiology, 24, 499 - 509. 
https://doi.org/10.1016/0022-1910(78)90169-7.

Woods, H. A. & Lane, S. J. (2016). Metabolic recovery 
from drowning by insect pupae. Journal of Experimen-
tal Biology, 219, 3126 - 3136. https://doi.org/10.1242/
jeb.139337.

Wu, Q., Patočka, J. & Kuča, K. (2018). Insect Antimi-
crobial Peptides, a Mini Review. Toxins, 10(11), 461. 
https://doi.org/10.3390/toxins10110461.

Wynants, E., Crauwels, S., Lievens, B., Luca, S., Claes, 
J., Borremans, A., Bruyninckx, L. & Van Campen-
hout, L. (2017). Effect of post-harvest starvation and 
rinsing on the microbial numbers and the bacterial 
community composition of mealworm larvae (Tene-
brio molitor). Innovative Food Science and Emerging 
Technologies, 42, 8 - 15. https://doi.org/10.1016/j.
ifset.2017.05.012.

Xia, J., Ge, C. & Yao, H. (2021). Antimicrobial peptides 
from black soldier fly (Hermetia illucens) as potential 
antimicrobial factors representing an alternative to an-
tibiotics in livestock farming. Animals, 11, 1937. https://
doi.org/10.3390/ani11071937.

Xu, Y., Mao, H., Yang, C., Du, H., Wang, H. & Tu, J. 
(2020). Effects of chitosan nanoparticle supplementa-
tion on growth performance, humoral immunity, gut 
microbiota, and immune responses after lipopolysac-
charide challenge in weaned pigs. Journal of Animal 



Животновъдни науки, 2025, 62 (5) Bulgarian Journal of Animal Husbandry, 2025, 62 (5)

64

Physiology and Animal Nutrition, 104, 597 - 605. 
https://doi.org/10.1111/jpn.13283.

Yan, Y., Zhang, J., Chen, X. & Wang, Z. (2023). Effects 
of Black Soldier Fly Larvae (Hermetia illucens Larvae) 
Meal on the Production Performance and Cecal Micro-
biota of Hens. Veterinary sciences, 10(5), 364. https://
doi.org/10.3390/vetsci10050364.

Yang, C. M., Ferket, P. R., Hong, Q. H., Zhou, J., Cao, 
G. T., Zhou, L. & Chen, A. G. (2012). Effect of chito-
oligosaccharide on growth performance, intestinal 
barrier function, intestinal morphology, and cecal 
microflora in weaned pigs. Journal of Animal Science, 
90, 2671 - 2676. https://doi.org/10.2527/jas.2011-4699.

Yi, H. Y., Chowdhury, M., Huang, Y. D. & Yu, X. Q. 
(2014). Insect antimicrobial peptides and their applica-
tions. Applied Microbiology and Biotechnology, 98, 
5807 - 5822.

Zabulionė, A., Šalaševičienė, A., Makštutienė, N. & 
Šarkinas, A. (2023). Exploring the antimicrobial 
potential and stability of black soldier fly (Hermetia 
illucens) larvae fat for enhanced food shelf-life. Gels, 
9(10), 793. https://doi.org/10.3390/gels9100793.

Zhou, K., Xia, W., Zhang, C. & Yu, L. (2006). In 
vitro binding of bile acids and triglycerides by 
selected chitosan preparations and their physico-
chemical properties. LWT – Food Science and Tech-
nology, 39, 1087 - 1092. https://doi.org/10.1016/j.
lwt.2005.07.009.

Zulkifli, N. F. N. M., Seok-Kian, A. Y., Seng, L. L., 
Mustafa, S., Kim, Y.-S. & Shapawi, R. (2022). 
Nutritional value of black soldier fly (Hermetia il-
lucens) larvae processed by different methods. PLOS 
ONE, 17, e0263924. https://doi.org/10.1371/journal.
pone.0263924

Received: May 31, 2025; Approved: July 02, 2025; Published: October, 2025


