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Abstract
An overview is given on recent developments in insects as food and food by
reviewing the literature which has appeared during the last few years on edible
insects. An outlook to the future is provided. About a decade ago, the attention shifted
from harvesting insects in the tropics to farming insects all over the world for food
and feed applications. Most production is targeted towards pet food, but it will turn
to aquafeed in the next two decades. More than 80% of all publications dealing with
edible insects appeared during the last five years. Crickets and mealworms are used
for human food while the black soldier fly is the main species used as animal feed.
The criteria to choose insect species are automation, cheap substrates, disease
avoidance, and market potential. Genetics are increasingly explored to improve
production. The environmental impact of producing insects compares well to other
alternative proteins, in particular their capacity to degrade organic waste streams.
Edible insects are not only a good source of nutrients but also seem to provide health
benefits not only for humans and animals, but also for plants (left over substrate). The
challenge of convincing Western consumers is reviewed and whether sustainability is
an issue. Processing techniques are being developed. The sector of insects as food
and feed is developing fast thanks to an increasingly conducive legislative
framework. It will progress further, provided that the insect industry, academia,
governmental organizations, and public society closely cooperate.
Key words: edible insects, environment, food safety, health, nutrition

Introduction
There are early publications that give an overview of insects
eaten all over the world, most well-known are those of
Bodenheimer (1951) and Bergier (1941). The examples given
in these two publications are mainly those of the tropical
world, very likely because insects are easier available in
warmer climates than in temperate zones (Van Huis 2018): 1)
although most insect species are seasonally available,
throughout the year they can be harvested; 2) insects in tropical
countries are larger; 3) insects are often clumped facilitating
harvesting; 4) a larger part of the population in Africa and
Asia live in rural areas (World Bank 2021), being closer to
nature. There were early publications that draw the attention
to the possibility of eating insects in the Western world
(Holt 1885; Meyer-Rochow 1975). However, it was the
Food and Agriculture Organization (FAO) publication
(Van Huis et al. 2013) which triggered worldwide interest.

Probably because meat consumption was increasingly being
questioned, first by the FAO publication “Livestock Long
Shadow” (Steinfeld et al. 2006), but afterwards by many
other publications (Springmann et al. 2018; Willett
et al. 2019). The publications before 2010 were all about
the harvesting of edible insects from nature. However, the
focus in the Western world is now on the industrial farming
of insects both for food and feed. Edible insect populations
can also be manipulated to increase the predictability and
availability of insects, such as cutting palms to provide
oviposition site for palm weevils (Van Itterbeeck & Van
Huis 2012).
Most harvesting of edible insects in tropical countries was
for human consumption. To a limited extent, it was also used
as feed for animals. For example, one of the indigenous
methods was to put an inverted calabash with straw, manure
and fruit remains on a termite trail, and after a few weeks the
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content with the termites was emptied for the chicks (Dao
et al. 2022). However, now the focus is on replacing fishmeal
or soy as feed ingredient with insects. The availability of
fishmeal is declining and there are problems of substituting
it with plant proteins (poor digestibility, imbalanced profiles
of essential nutrients and the presence of anti-nutrients)
(Jannathulla et al. 2019). The sustainability of soy production
as a sustainable value chain is questioned, considering
deforestation and habitat loss. Only 6% of soy is used for
human consumption; the rest is crushed to produce animal
feed, oils, biofuel and other industrial products (Heron
et al. 2018). Most of the insect industry now focuses on insect
as feed.

Market developments
A RABO Bank report estimated that the demand for insect
protein will increase from 120,000 metric tons to half a million
metric tons by 2030 (De Jong & Nikolik 2021). According to
this report the price for a metric ton of insect protein will go
from EUR 3,500–5,500 in the scale up phase (2020) to
1,500–2,500 in the maturity phase (2030). The portion of
the total market for pets will decrease from 54% in 2020 to
30% in 2030, while that of aquafeed will increase from 17 to
40% (Fig. 1), i.e. 200,000 metric tons in 2030, which is still
only 1% of the total aquafeed market. A similar trend can be
found in the report of IPIFF (2021), which is more optimistic
than the RABO report. They estimate the total production
capacity of the European insect sector 1 million metric tons
of insect meal by 2030 (i.e., including food-producing animals
and other applications), if the appropriate conditions are met
(e.g. regulatory developments). The investments in the insect
industry now amounts to one billion euro and is expected to
increase to 3 billion by 2030 (IPIFF 2021).

The academic interest increased greatly. Using the words
“edible insects” and “black soldier fly” more than 80% of all
relevant articles were published during the last five years
(Fig. 2). There have been more than 460 patent applications
for the black soldier fly, almost all after 2010 and close to
80% from 2017 to 2022 (https://www.lens.org/). The patents
deal with a wide variety of topics but most with rearing
procedures such as oviposition, hatching, feed composition,
conversion, attractants and environmental control, but they
also deal with processing, cosmetics, frass, and chitin.

Choosing species
The insects currently reared as food are: 1) beetles of the
family Tenebrionidae (the yellow mealworm Tenebrio
molitor, the lesser mealworm Alphitobius diaperinus, and the
superworm Zophobas morio; 2) some orthopterans like
crickets (Van Huis 2020a) (the house cricket Acheta
domesticus; the tropical house cricket Gryllodes sigillatus,
and the two- spotted cricket Gryllus bimaculatus or locusts
such as the migratory locust Locusta migratoria; 3) some
lepidopteran species like the greater wax moth Galleria
mellonella and silkworms such as Bombyx mori. For feed,
insects reared are mainly the mealworms and flies (Diptera)
such as the black soldier fly H. illucens and the house fly
Musca domestica, for a choice between the two see Van Huis
et al. (2020). Some of these species have first been considered
a pest: black soldier fly as being able to produce myiasis in
humans (Tomberlin & Van Huis 2020) and the lesser
mealworm as a disease vector in poultry (Rumbos et al. 2019).
Are there other species to consider for large scale production
among the 2,100 known edible species? The current choice
was mainly made by insect rearing companies as they had
experience with these species in rearing them earlier for pets,
birds, and reptiles. However, there are other species proposed,

Figure 1 The volume of the insect market in 2020, 2025 and 2030 and the percentages of the feed for different animal species (De Jong &
Nikolik 2021).
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Figure 2 The number of publications published during the last five years and as percentage of the total number of publications since 1945. Web of
Science using “edible insects” and using “black soldier fly” or “Hermetia illucens”.

for biodegradation some blow flies and flesh flies (Čičková
et al. 2015; Pastor et al. 2015), and for crickets a new
discovered species (Tanga et al. 2018). Sometimes insect
species are suggested to be used as they are already reared
for other purposes, e.g. oil and protein powder is produced
from the Mediterranean fruit fly, Ceratitis capitata (Diptera:
Tephritidae) for human consumption by an Israelian company
(Cordis 2021). The reason was likely that this species was
already mass reared for the sterile male technique in this
country (Rossler et al. 2000). Another example is the
consumption of pupae of the domestic silk moth B. mori, a
side product of the sericulture process (Shain 2017; pp.
11&12).
The criteria used to choose an insect species either for food
or feed is based on possibilities to automate, use cheap
substrates, avoid diseases, and market potential. We will
discuss all four.

Automation
Rearing holometabolous insects (Coleoptera and Diptera) are
easier than those of hemimetabolous insects (orthopterans),
mainly because the rearing of the first one can be done in
stacked trays (Kok 2021). However, large, automated facilities
for cricket farming do exist (see for example https://www.
youtube.com/watch?v=O8-uCob-_XE).

insects can be reared on very low value cheap waste streams.
Substrates composed of cellulose and lignin, are cheap, but
low in protein. Microorganisms may facilitate the digestion
either in the gut (Douglas 2009) or in the substrate, such as
fungal fermentation of straw (Qi et al. 2019). Some termite
species seem even to be able to use microbial symbionts to
synthesize protein de novo from atmospheric nitrogen (Nardi
et al. 2002). Recently there has been quite some attention to
mealworms being able to degrade plastics. Gut microbes
may facilitate the conversion of plastics such as polystyrene
by mealworm species, such as T. molitor, Tenebrio obscurus,
and Z. morio, but also by H. illucens (Kuan et al. 2022; Lou
et al. 2021; Yang et al. 2021). The capacity to degrade
polystyrene also depend on the yellow mealworm strain used
(Yang et al. 2018). Black soldier fly larvae seem also to be
able to bioconvert sludge from the pulp and paper industry
(Norgren 2022).
However, with all the attention during the last decade to a
circular economy, processing agricultural waste, by-products
and co-products into fertilizers, energy [biodiesel (Azadbakht
et al. 2021)], materials and molecules is investigated (Gontard
et al. 2018). However, whether food waste, food processing
by-products and grass resources can be further processed into
food or feed for common production animals is also receiving
attention (Pinotti et al. 2021; Van Hal et al. 2019). Leftovers of
agricultural produce and food will then become increasingly
expensive by more competition to achieve it.

Cheap substrates
Insects have been proposed as a non-conventional feed
ingredients for common production animals because they
can upgrade food waste (Pinotti et al. 2019). However, the
price is an issue as two conversion cycles are needed (animals
fed to humans and insects fed to animals) instead of one
(humans eating insects). However, it may be profitable when

Disease avoidance
There are many edible cricket species in the world (Magara
et al. 2021a; Magara et al. 2021b), and their susceptibility to
diseases may differ. In commercial rearings a number of
viruses can infect crickets but this can be remediated by
choosing a different species, for example Acheta domesticus
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densovirus (AdDV) infects A. domesticus, but not G.
bimaculatus (Eilenberg et al. 2017). Although the black
soldier fly is reared worldwide, until now no pathogens have
been detected (Joosten et al. 2020).
Marketing
Marketing is probably more related to the market push instead
of a market pull, in particular for insects as food. For pigs and
poultry, one should consider that insects are natural feed, and
therefore, more easily accepted. As pets are normally not
eaten, insects in pet food were never subjected to legislative
restrictions. Besides it is increasingly realized that pet food
on a meat basis has a high environmental impact in terms of
land use and CO2 equivalents. (Leenstra et al. 2018). The last
few years have seen a tremendous increase in
insect-containing pet food (50% of all sales in insect feed –
Fig. 1), in which sustainability and health issues such as hypo
allergenicity are selling points (Bosch et al. 2019).

Choosing strains
It is only recently in industrial facilities that there has been a
focus on strains. Can strains be selected with enhanced
performance and production traits for mass-production on
specific waste streams? If so, it could significantly increase
the productivity of insect farms. The Chinese oak silkworm,
Antheraea pernyi, is a traditional edible insect in China (Li
et al. 2020). The Qinghuang_1 strain was the first modern
improved strain of Chinese oak silkworm improved in 1954
through a systematic selection method from a local population
in Liaoning Province, China. Due to its high yield, stability,
strong resistance and wide adaptability, it served as the
dominant strain for 40 years, and provided a foundation for
the industrial production and breeding of Chinese oak
silkworm (Li et al., 2021). In silkworm (B. mori) strains had
a significant effect on the content of carotenoids of the pupae
(Chieco et al. 2019). For the black soldier fly the development
and waste conversion efficiency was different among strains
(Zhou et al. 2013). For the yellow mealworm a
fast-developing strain accumulated larger lipid reserves than
did a slower-developing strain (Urs & Hopkins 1973). Strains
of the yellow mealworm, may also differ in survival, larval
biomass production, development time and feed utilization
(Adamaki-Sotiraki et al. 2021; Rumbos et al. 2021). Biomass
of the yellow mealworm was increased by selecting eight
years for larger pupae; besides larger pupal size, growth rate,
fecundity, and efficiency of conversion of ingested food also
increased, but larval survival decreased (Morales-Ramos
et al. 2019).
However, it is not only about the strains of an insect species,
but also those of the gut microbiota. A lactic acid bacterial
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strain, Pediococcus pentosaceus, isolated from the gut of the
yellow mealworm, was able to inhibit the growth of selected
insect pathogens in vitro, while in vivo assessments showed
a probiotic effect of the strain on larval growth rate and
survival (Lecocq et al. 2021). Also in insect species, new
pathogenic strains may develop. For example, viruses may
develop strains leading to mortalities among insect producers.
For example, a novel strain of the cricket iridovirus (CrIV)
from A. domesticus led to unusual mortalities as well as greatly
reduced fecundity and life span (Bertola & Mutinelli 2021).

Environment
Recent publications have drawn our attention to the need for
the transformation of our diets because food systems are the
major driver of environmental degradation (Clark et al. 2018;
FAO 2022; Kim et al. 2020; Vega Mejía et al. 2018; Willett
et al. 2019). Over the coming decade, global meat production
is expected to increase by 13% (44 Mt), reaching 374 Mt by
2030, compared to the base period average of 2018–2020
(OECD/FAO, 2021; p. 48). Looking at greenhouse gas
emissions in 2019, livestock by enteric fermentation and
manure accounts for 44% and 20%, respectively, of all
agricultural emissions (Fig. 3), close to one third
(FAOSTAT 2021). According to OECD/FAO (2021; p. 165)
greenhouse gas emissions from meat production were about
54% of total emissions (in CO2 eq. basis) from agriculture
during the 2018–20 period.
The current market of alternative proteins based on both
value and volume share is less than 5% (Michael &
Sogbesan 2017). A comparative evaluation of those proteins,
cultured meat, algae, insects, plant-based meat alternatives,
and pulses, was made by Van der Weele et al. (2019). They
estimated that the degree of technological and
social-institutional change required for meat alternatives is
highest for cultured meat, algae, and insect food and feed
and higher than for plant-based meat alternatives. When
comparing the environmental impact of lab-grown meat and
mycoprotein-based analogues scored highest and
insect-based and soy meal-based substitutes lowest (Smetana
et al. 2015). But Onwezen et al. (2020) reviewing 91 articles
found that consumer acceptance is a challenge, because
insect-based protein scored lowest, followed by cultured meat,
while plant-based alternative proteins scored highest.
When conducting a life cycle analysis, the environmental
impact of the production of mealworms was compared with
that of chicken, pork, and beef (Miglietta et al. 2015; Oonincx
& De Boer 2012). The global warming potential, land and
water use per kg of edible protein from protein is low
compared to chicken, pork, or beef (Fig. 4). However, the
energy used for mealworm production per kg of edible protein
is higher than for chicken, similar to pork and lower than for
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Figure 3 Kilotons of CO2 equivalents emitted by agricultural activities (FAOSTAT 2021).

Figure 4 Global warming potential, land use (Oonincx & De Boer 2012) and water use (Miglietta et al. 2015) due to the production of one kg of edible
protein.

beef. This because the cold-blooded mealworms, need heating
when ambient temperatures are low. A life cycle analysis for
the black soldier fly showed that the production of fresh
insects is almost twice more sustainable than that of fresh

chicken meat (Smetana et al. 2019). The same study found
that pilot scale produced insect meal had an environmental
impact which is competitive with whey, egg protein, fishmeal,
and microalgae, but still higher than that of plant-based meals.
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They concluded that to compete in global warming impact
with fishmeal and crops, a switch to renewable energy is key.
Decomposition of organic waste is one the ecological
services insects can provide, and this attribution is one of
assets of the insect food and feed industry. One ecological
service provided by insects in nature is dung burial. Losey
and Vaughan (2006) calculated the value at 380 million US$
in the USA alone. This was calculated by estimating the losses
averted by dung beetles which prevent forage fouling,
nitrogen volatilization, and reducing the incidence of cattle
parasites and pest flies which complete their development in
dung. In mass rearing of insects for feed, insects are often used
to break down agriculture and food waste. The amount of food
wasted is estimated to be 931 million tons in 2019 (households
61%, food service 26%, retail (13%), which is 17% of total
global food production (UNEP 2021). One of the most
efficient bio converters is the black soldier fly and for an
overview of the large variety of organic waste substrates they
can handle, see Surendra et al. (2020). The housefly can also
bio convert food waste (Cheng et al. 2021), municipal waste
and manure, while mealworms and crickets can also convert
certain waste streams (Van Huis & Tomberlin 2017; Van Peer
et al. 2021). At the same time they can produce valuable
commodities, such as insect biomass (proteins, lipids),
pharmaceuticals, biofuels, lubricants, surfactants, cosmetics,
and fertilizer (Fowles & Nansen 2020).

Nutrition and health
There are many publications dealing with nutritional values of
insects. Rumpold and Schlüter (2013) reviewed 236 nutrient
compositions of edible insects. They concluded that many
edible insects provide satisfactorily with energy and protein,
meet amino acid requirements for humans, are high in
monounsaturated add polyunsaturated fatty acids, and rich in
several micronutrients such as copper, iron, magnesium,
manganese, phosphorous, selenium, and zinc as well as
riboflavin, pantothenic acid, biotin, and in some cases folic
acid. However, the variation in data was large, confirmed by
a review of Weru et al. (2021), who concluded that this was
not only attributable to diet (feeding regime), sex,
geographical source, and growth stage, but also to the analysis
performed (method and low sample number). In general, they
also concluded that edible insects are a good source of
nutrients and a good food source to fight undernutrition, not
so much on proteins, but on fatty acids. Concerning the protein
quality, Malla et al. (2022) determined the digestible
indispensable amino acid score of five insect species, and
concluded that house cricket and banded cricket (G.
siggilatus) are good quality protein sources for young children
and the lesser mealworm for older children.
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Humidity and light conditions can influence the nutritional
values. For example, the omega-3 fatty acid content of a
number of edible insect species can be increased by giving
them a diet enriched with these fatty acids (Oonincx &
Finke 2021). The vitamin D levels in house cricket and yellow
mealworm can be increased by using low ultra-violet
irradiation (Oonincx et al. 2018). Vitamin A levels in insects
are low, but carotenoids can be provided through the diet.
For more information about the manipulation of nutritional
value of insects, see Oonincx and Finke (2021).
It has been suggested that insect chitin (the exoskeleton of
insects) and derivatives could affect human health by
selectively promoting the growth of beneficial bacterial
species in the intestines (Stull 2021). Although chitin seems
to function as prebiotic in foods with a low protein content,
chitin derivatives show better results in the modulation of
gut microbiota, enhancing the growth of beneficial bacteria
and inhibiting the growth of some potentially pathogenic
bacteria (Lopez-Santamarina et al. 2020). The same
publication mentions that chitin derivatives also show positive
effects in terms of anti-inflammatory capacity, stimulation of
the immune response, prevention of diabetes, and prevention
and management of obesity.
Other health benefits relate to bioactive compounds present
in insects relating to health-promoting antioxidants,
angiotensin-converting enzyme (ACE) inhibitors to treat high
blood pressure, and effects on hyperlipidemia and fat
reduction in humans (Van Huis et al. 2021). Health effects in
animals relate to the effect of bioactive compounds such as
chitin, antimicrobial peptides (AMP) or specific fatty acids
with
immunostimulating,
antimicrobial
and/or
anti-inflammatory properties able to sustain animal health,
and increase their resistance to diseases (Gasco et al. 2021).
The black soldier fly larvae can thrive in habitats abundant
with various microorganisms. To defend itself the insect uses
antimicrobial peptides (AMPs) with antibacterial, antifungal,
and antiviral activities (Hadj Saadoun et al. 2022). These
AMPs have a promising capacity in therapeutic and
prophylactic applications, e.g. to treat skin and wound
infections and some show anticancer effects (Wu et al. 2018).
Some of those peptides have been isolated from the black
soldier fly (Di Somma et al. 2022; Zhang et al. 2021). This
is quite important considering that microorganisms are unable
to develop drug resistance against the majority of AMPs
[disrupting the microbial membrane (Wu et al. 2018)] and
therefore an interesting alternative to antibiotics in animal
diets, which cause drug resistance among bacteria in livestock
(Xia et al. 2021).
Chitin is a bioactive material with applications in
biomedicine, materials science and engineering, chemistry
and biochemistry, biotechnology, pharmaceutics, cosmetics,
food and feed additives, and agriculture (Kertmen &
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Ehrlich 2022). An example in agriculture is chitin which
promotes not only human and animal health, but also plant
health. Chitin and chitosan recovered from the pupal shells
of the black soldier fly and used as soil amendment show an
ability to control bacterial wilt of tomato caused by Ralstonia
solanacearum (Kemboi et al. 2022). Barrágan-Fonseca
et al. (2022) found that residual streams from insect farming,
such as frass and exuviae (containing chitin and other
compounds), stimulate beneficial soil microbes that induce
systemic plant resistance.

Insects used for feed
Many articles deal with using insects as feed for pets, pigs,
poultry, and as aquafeed. Of all feed produced in the world
(1.1 billion tons), poultry takes 44.8%, pigs 25.9%, ruminants
22.2%, aquaculture 4.5% and pets 2.6% (Alltech 2021). In
general, it seems that nutritional composition of insects, such
as the high protein, lauric acid omega 6, and omega 3, and
bioactive compounds, such as chitin, seems to have potential
in animal feeding (Shah et al. 2022). Below an overview is
given on development of insects as feed for pets, pigs,
chicken, and fish. Although not yet approved to use the black
soldier fly larvae as feed for beef cattle, it was proposed by
Drewery et al. (2022).
Pets
While only 3% of all feed produced is for pets, 50% of the
insect industry is engaged in producing for this sector
(Fig. 1). During the last two years large companies advertise
now with pet food containing insects among other stressing
its hypoallergenic effect (not likely to cause an allergic
reaction). Concerning indispensable amino acids, the limiting
ones are: 1) with black soldier fly methionine and threonine
for dogs and the first one for cats; 2) with yellow mealworm
methionine for dogs and cats; 3) with housefly leucine for dogs
and cats (Bosch & Swanson 2021). The same study found that
fecal N digestibility values for insect as food were similar to
those of conventional protein sources. In vitro essays showed
that fractions containing black soldier fly larvae protein
significantly inhibited the growth of Clostridium perfringens,
which is for 28% of the cases responsible for diarrhea in dogs
(Dong et al. 2021). However, Bosch and Swanson (2021)
caution that health-promoting effects of insect products need
to be studied more as well as the long-term impact of insects
as food on the nutritional status of dogs and cats.
Pigs
It is estimated that soybean meal accounts for 85% of the
protein supplements fed to pigs (Florou-Paneri et al. 2014).

Black soldier fly larvae can partly replace soybean meal,
and in addition may have interesting functional properties
(Kar et al. 2021). Beneficial effects of black soldier fly
larvae intake on weaned pigs are diarrhea reduction, better
immune response, and improved small intestinal
morphology (Choi et al. 2020). Black soldier fly prepupae
are rich in lauric acid, known for its antimicrobial effects
on Gram positive bacteria (Spranghers et al. 2018). The
amino acid digestibility and growth performance in pigs
fed black soldier fly and housefly larval meal is comparable
to that of soybean meal and fishmeal (Hong & Kim 2022;
Veldkamp & Vernooij 2021). In commercial conditions
damaging behavior such as tail biting often occurs in post
weaning pigs. Providing small amounts of live BSFL daily
to piglets after weaning can improve piglet welfare while
maintaining piglet performance (Ipema et al. 2021).
However, the current price of insect meal is still higher than
that of soybean, reason to explore the potential added value
of black soldier fly compared to conventional protein
sources.

Chickens
Dörper et al. (2021) reviewed a number of studies and
concluded that partial replacement of fishmeal or soybean
meal by larvae of black soldier fly or housefly in feed is
beneficial for poultry. However, they stress that more
studies are needed on welfare enhancement. Chodová and
Tůmová (2020) reviewed a number of studies, and found
that insect meals can have a positive influence on growth
of chickens without negative impact on carcass and meat
quality characteristics. Nayohan et al. (2022) reviewed 12
studies concluding that feeding of broilers with black
soldier fly negatively affect their performance. This is
probably the reason that optimal inclusion levels need to
be established for products from different insect species
and per poultry species (Dörper et al. 2021). A focus has
also been on the marketing of eggs from hens fed with
black soldier fly larvae. Diet and hens’ age affected egg
components and albumen technological properties,
suggesting a differential strategy for marketing (Secci
et al. 2020). In Kenya 70% of the respondents were willing
to consume eggs from chickens fed with black soldier fly
(Khaemba et al. 2021). In Southern Africa, it was reviewed
whether earthworms, maggots, termites, snails, grasshoppers
and silkworm would be appropriate to be used for village
chickens, looking at nutritional value, availability,
propagating, harvesting and processing (Ncobela &
Chimonyo 2015). These insects in communal production
systems can reduce or replace expensive conventional
protein sources and make use of detritus materials and turn
them into organic meat and eggs.
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Aquafeed
Fishmeal and fish oil are the main source of protein and
essential fats in aquatic feed production. For the production
of these, 18 million tons was used in 2018 which is 10% of
the total production of world fisheries and aquaculture
(FAO 2020). In 1997 the production of these commodities
was much higher (30 million tons) and this downward trend
is the result of lower supply due to climate change and price
variation coupled with continuously increasing demand from
the aquafeed industry (consuming now more 70% of all
fishmeal) (Jannathulla et al. 2019). Therefore, developing
alternatives to fishmeal is required. A major protein source
in aquafeeds is soybean meal but its increasing price, poor
content of methionine and lysine, and the presence of
anti-nutritional factors, especially trypsin inhibitor, is a
drawback (Chakraborty et al. 2019; Chen et al. 2019). Nairuti
et al. (2021) reviewed several studies for possible replacement
levels of fishmeal with black soldier fly meal and this ranged
from 10% for meager juveniles (Argyrosomus regius) to
25% for Siberian sturgeon (Acipenser baerii) and pacific
white shrimp (Litopenaeus vannamei), 50% for European
sea bass (Dicentrarchus labrax) to 100% for Nile tilapia
(Oreochromis niloticus). Tran et al. (2022) reviewed 107
studies dealing with 23 freshwater and 17 marine fish species,
and 17 insect species as a replacement for fishmeal. Two insect
meal forms were superior, namely larval defatted Tenebrio
molitor and pupal full- fat Bombyx mori, over others in terms
of production performance indices. Their meta-analysis
revealed that some insect meals could support the growth
performance of aquaculture species at plausible inclusion
levels, such as prepupal defatted Hermetia illucens (13%), or
G. bimaculatus adults (50%). While in general high levels of
black soldier fly seem to depress fish growth, yellow
mealworm seemed to be well tolerated by fish (Hua 2021).
The major factors limiting inclusion of insects in aquafeed
are: reduction in protein digestibility, imbalanced amino acid
profile and increasing levels of saturated fatty acid (Liland
et al. 2021). Although Quang Tran et al. (2021) consider
insect meal as an excellent potential to supply protein for
aquafeeds, they recommend addressing nutritional
composition and environmental aspects and developing
suitable insect-specific substrates as aquafeed. Future research
should focus on nutritive values of different insect species and
the necessity to identify optimal levels for different types of
insect meals.

Consumer attitudes
Insects have never been a part of the food culture in the
Western world, except may be a few exceptions as
cockchafers in Europe (Van Huis 2020b). This occurred when
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they were present in large numbers as pests. The dislike of
insects seems also to be caused by becoming less familiar with
these animals, caused, among others, by urbanization [from 47
to 56% during the last two decades (World Bank 2021)]
(Fukano & Soga 2021). The lower availability of insects in
temperate zones compared to the tropics is another factor
whether they will be considered as a food source (Van
Huis 2018).
The biggest challenge of the industry focusing on insects as
food will be how to introduce insects in the Western world, a
food item which until recently was not considered food at
all. Although the trying out of an insect product (occasional
snack) is a first step, the focus should be on insect products
becoming a regular part of the diet. Why is it so difficult to
convince the Western consumer to try insect products? For
example, the Food Standard Agency in the UK commissioned
a survey and only 26% of the respondent were willing to try
insect-based food: men more than women; young more than
old (Jarchlo & King 2021). There are two explanatory reasons:
food neophobia (avoiding unfamiliar food) and disgust
(a feeling of revulsion or strong disapproval aroused by
something unpleasant or offensive). The emotional feeling of
disgust seems to be the largest predictor of accepting insects
as food (La Barbera et al. 2020; Ruby et al. 2015). So, the
largest challenge is how to lower disgust reactions. According
to these publications, this can be done by making insect
products delicious and embedding them in positive
gastronomic experiences. Targeting people low in disgust
sensitivity and high in sensation seeking is another strategy
(Ruby et al. 2015).
Would the fact that insect products are more sustainable
than meat products be an argument to convince consumers?
It has to be considered that meat substitutes may not be
automatically considered healthier and more environmentally
friendly because they are meat-free, such as in Switzerland
(Siegrist & Hartmann 2019). What about the increasing
number of vegetarians? The percentage of the young
population describing themselves as vegetarian is 10% in
Germany, 7% in Canada and 11% in the United Kingdom
(Heinrich Böll Stiftung 2021). That environmental issues are
considered by consumers may be reflected in the fact that in
the decade 2008–2017, the global area under certified organic
agriculture has increased substantially, from 15 million ha in
2000 to 51 million ha in 2015, although organic agriculture
accounted in 2015 for only 1% of the total agricultural land
worldwide (Meemken & Qaim 2018). In the 27 countries of
the EU, 4.2% and 3.4% of all agricultural land is under organic
and some organic farming, respectively (Heinrich Böll
Stiftung 2021). The organic agricultural land in Europe
increased by more than two thirds from 2008 to 2017 (Willer
et al. 2019). However, even Italian consumers inclined to a
sustainable diet were reluctant to consume insects
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(Simeone & Scarpato 2022). It seems that the sustainability
argument depends on the type of vegetarians: non-vegan
vegetarians considered sustainability much more important
than vegan vegetarians, who considered insect consumption
anyway immoral and irresponsible (Elorinne et al. 2019).
According to Weinrich (2019) the most important factor to
eat meat substitutes on a regular basis are appearance and
taste, while health, environmental and animal welfare aspects
only persuade consumers to try it. Wassmann et al. (2021)
synthesized the effects of 37 studies investigating the
willingness to consume insects as a sustainable meat
alternative. They distinguished: 1) affect-based factors (‘food
neophobia’, ‘disgust’ and ‘the expected unpleasant taste of
insects’); 2) information-based factors (‘the perceived
sustainability of insects as food’ and ‘the perceived
nutritiousness of insects as food’). The first correlated strongly
with willingness to eat insects and the second less. Curiosity
(‘food sensation and innovation seeking’) was also relevant,
however very likely this will not be a motivation to continue
using insects as food. They believed that psychological factors
have been studied enough and suggested to follow a more
market-oriented focus. Fischer (2021) also calls for a focus
on the properties of insect products and not on their origin,
and to make the shift from production to consumer-demanddriven efforts, and moving from insect food to desirable,
instead of acceptable.

Processing into insect products
Insects used as food are in tropical countries collected from the
wild and eaten as a whole. In Western countries they are
farmed, and the whole larvae can be dried and sold. The whole
insects can also be dehydrated or roasted and then ground into
powder, an insect flour. A thermal treatment is recommended
to minimize microbiological risks. For the house cricket
different heating treatments were used to reduce the microbial
load and steaming showed the highest inactivation (Fröhling
et al. 2020). Several traditional processing techniques
(boiling, drying, and toasting) were evaluated and most of
them improved microbial safety but altered the nutritional
value; for example, toasting increased the protein content
and lowered the fat content compared to boiling (Nyangena
et al. 2020). Decontamination, drying and grinding are easy
and convenient methods, appropriate for start-ups. From the
powders foods are created such as crackers, pasta, energy bars,
snacks, as well as burgers and meatballs (Reverberi 2021).
The insects are often mealworms, crickets, and locusts. Tello
et al. (2021) even developed an alternative to bovine milk
from T. molitor larvae with a lower environmental impact
and similar nutritional profile. Cricket energy bars are quite
popular, although only 5–20% of the product contains

crickets. However, the disadvantage of this easy method
(grinding into powder) is the lipid content, giving transport
and storage problems. The crude composition also limits their
applications in food products and consumer acceptability is
probably low.
It is recommended, therefore, to isolate Insect proteins as a
basis to develop food products destined for human
consumption. Processing steps are to isolate proteins, fat and
chitin. Brogan et al. (2021) dissolved protein of the house
cricket, the migratory locust and domesticated silkworm
pupae (nearly 70%) in alkaline pH. While dissolved, fat and
chitin can be removed by centrifugation. Insect protein can
then be precipitated at a pH of 4–5. Fat can be removed using
an industrial approach using different pathways: dry and wet
processing, see Sindermann et al. (2021). The next step is to
remove the chitin from the solid fraction previously separated
by dry or wet processing. There are two ways of doing this: by
mechanical separation or using enzymatic hydrolysis. The last
method is much more environmentally benign (Rumpold
et al. 2017).
Fermentation is a process in which microorganisms create a
desirable change in organic compounds. In the insect industry
it can be applied when preparing the substrate for feeding the
insect or fermentation of the insects themselves (Van
Campenhout 2021). Fermenting the substrate prior to feeding
is for example for the black soldier fly to prevent spoilage
(microorganism are impeded at a low pH), improve
digestibility (Lindberg et al. 2022; Niero et al. 2022; Wong
et al. 2021), and to increase the protein and lipid content for
subsequent production of insect protein (Gao et al. 2019)
and biodiesel (Wong et al. 2020). Fermentation of insects is
often done together with cereals, and about fermentation of
the insects themselves few studies are available, but it seems
that it may improve taste, aroma, shelf life, and digestibility
(Van Campenhout 2021).
Research is also conducted at increasing the functional
properties of insect products, for example phenols, flavonoids,
essential oils and antioxidants, are bioactive compounds in
plants preventing oxidative stress. When residues of medical
aromatic plants (lavender, Greek oregano, rosemary, olive)
were supplemented to rice bran and corn cob as substrates to
feed yellow mealworm, its growth and antioxidant activity
increased (Andreadis et al. 2022).
Besides the applications for food and feed, insects can also
be used for other industrial applications. There are many
publications on the production of biodiesel or transportation
fuel from lipids from the black soldier fly reared on organic
waste (Jung et al. 2022; Park et al. 2022). Franco et al. (2022)
describe the process to arrive at skincare products from
purified fat from black soldier fly larvae which improve skin
conditions such as smoothing, revitalizing, moisturizing, and
tightening. Besides antimicrobial peptides can be extracted
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from black soldier fly larvae and added to the product for skin
health. From the fat of black soldier fly surfactants can be
produced (Verheyen et al. 2020). From the protein of the black
soldier fly can be used to make bioplastics (Barbi et al. 2019).

Food safety and legislation
One of the risks of insect consumption is the development of
food allergy and those most at risk are subjects allergic to
crustaceans and individuals constantly exposed to edible
insects (Ribeiro et al. 2021). Cross reactivity is mainly
mediated through the allergen tropomyosin. Only enzymatic
hydrolysis combined with thermal treatments were able to
eliminate Immunoglobulin-E (IgE)-mediated food allergy of
edible insects (Pali-Schöll et al. 2019). In a review of chemical
contaminants Meyer et al. (2021) mentioned that the transfer
or bioaccumulation seems to depend on the chemical, insect
species, life stage, source of contaminant (spiked vs natural),
the substrate and rearing conditions. They also concluded that
the heavy metals lead, arsenic, mercury, and cadmium can
accumulate, whereas mycotoxins and polycyclic aromatic
hydrocarbons (PAHs) seem not to accumulate, while
mycotoxins and veterinary drugs, such as lincomycin (Luo
et al. 2022), can be degraded by insects. Vandeweyer
et al. (2021) reviewed biological contaminants of insects for
food and concluded that the most important are the bacteria
Staphylococcus aureus, pathogenic Clostridium spp. and
pathogenic species of the Bacillus cereus group, while not
much is known about fungi, viruses, protozoa, and prions.
They indicate that processing can sufficiently reduce target
pathogens but warn about a possible trade-off between food
safety and replacing energy consuming techniques (e.g. freeze
drying), with innovative thermal technologies (high
hydrostatic pressure, pulsed electric fields, low energy
electron beam, intense light pulses, cold plasma, etc.).
In the European Union insect-derived proteins were
allowed as pet food (e.g. dogs, cats, birds or reptiles) and fur
animals (e.g. mink). The permission to use insects as aquafeed
was given in 2017. In 2021, the EU Member States voted
authorized insect processed animal proteins (PAPs) in poultry
and pig feed. Allowed to be used as feed are the proteins from
the following eight species: black soldier fly, common
housefly, yellow mealworm, lesser mealworm, house cricket,
banded cricket, field cricket, and domesticated silkworm.
Also, in 2021 and 2022, three insect products as food were
allowed: 1) dried, frozen and powder forms of yellow
mealworm; 2) dried and frozen migratory locust (L.
migratoria); 3) dried, ground, and frozen house cricket
(Acheta domesticus). What is not permitted in the EU is the
feeding of farmed animals with slaughterhouse or rendering
derived products, manure, or catering waste. Unsold products
from supermarkets or food industries are not allowed if these
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contain meat or fish. However, these developments indicate
that slowly the regulations on using insects as food and feed
are being eased; for more information, see IPIFF (2022). What
about the use of manure as feed? Ammonia and nitrate loss
from animal excretion leads in several countries of Europe to
detrimental effects on the environment (Sigurnjak et al. 2020).
This can be mediated by using manure to produce energy or
by recovering the nutrients (IPIFF 2022). Another way is to
use insects, and in particular black soldier fly larvae which
reduce manure biomass, produces feed for animals, oil for
biodiesel and frass for soil amendment (Cammack et al. 2021).
If not allowed as food and feed, could biodegradation be the
main purpose or its transformation in non-edible products
(Van Huis 2019)?
Another purpose could be bioremediation, removing toxic
substances by living organisms from a substrate. Certain
heavy metals such as cadmium, accumulate in the pupae of
black soldier fly, and zinc in the adults, making it possible to
remove the heavy metals from the substrate (Bulak et al. 2018;
Gao et al. 2017; Sverguzova et al. 2021). Also, mercury
accumulates in black soldier fly larvae and in this way treated
compost was able to meet the EU threshold values of mercury
(Attiogbe et al. 2019). Black soldier fly larvae can also
bio-recover nutrients from expired aquafeeds and
re-introduce it in aquafeed formulations (Rodrigues
et al. 2022).

Prospects
When considering starting a business in insects as food and
feed one must consider first the objective (biodegradation,
biotransformation, or bioremediation). Then one has to decide
whether the application is for: 1) human food; 2) animal feed
(for pets such as cats, dogs, ornamental fish and reptiles or
for production animal such as poultry or pigs); 3) pharma
(e.g. to strengthen the immune system or for preventing
diarrhea; 4) fertilizer or plant protection agent (left over
substrates containing chitin); 5) other uses such as
biosurfactants, cosmetics, biodiesel or biofuel; 6) or a
combination of the above. One should also consider
technological processing for decontamination and
preservation, which can be simple drying/comminution or
extracting proteins, fats and chitin. This is all governed by
the (inter)national legislative framework and price regimes
(price of substrates or whether there are subsidies for materials
with a negative value such as catering waste and manure).
The developments of the edible insect sector during the last
ten years have been tremendous. Academics provided
information for insect production, processing, food safety
and marketing, both used by the industry and by government
organization dealing with legislation. In development projects
often industry and the academic world cooperate such as in the
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EU project SUStainable INsect CHAIN (SUSINCHAIN)
(Veldkamp et al. 2020) or in the USA where a Center for
Environmental Sustainability through Insect Farming (CEIF)
has been created (Tomberlin et al. 2022). Several countries
have produced roadmaps for the edible insect industry:
Australia (Ponce-Reyes & Lessard 2021), The Netherlands
(Venik 2020), and the United Kingdom (WWF 2021).
Many private enterprises received millions of dollars in
investments. In Europe alone this is more than a billion euro
(https://ipiff.org/). This is necessary as the technologies in this
mini-livestock industry are very different from those used in
the livestock industry. These companies concentrate on black
soldier fly, mealworms or crickets. In the beginning these
companies engaged in all steps of the value chain (input
acquisition, farming, processing, distribution, retail and
consumer marketing). However, it is expected that they will
eventually concentrate on the farming while other steps further
down the value chain will be taken over by other companies.
These large companies protect their innovations by patents
(see https://www.lens.org/). Or they collaborate with other
specialized agencies on for example genetics and insect
rearing technology.
This leaves the question whether there will be room for
smaller producers to produce edible insects next to the big
ones. It has happened that parts of the production process were
outsourced to smaller farms but under strict contract
arrangements, reasoning that the small producers are more
subcontractors with little control over the production process
as everything in the rearing process is governed by the big
companies (insect strain, feeding substrate, rearing conditions)
and in the end they deliver the end produce to the big
companies. Small farms also face the difficulty that the market
often demands large quantities which small farms may not
deliver. The solution could be that they organize themselves
in cooperatives or that they produce for certain niche markets.
There have been initiatives in which research entities have
setup facilities to assist smaller insect farms such as the “Insect
Pilot Plant” in Belgium (https://www.insectpilotplant.be/). In
the Netherlands there have been a similar initiative “The Insect
Experience Centre” which focuses on rearing house fly larvae
for chickens (https://www.poultryexpertisecentre.com/insectexperience-centre).
A list of the companies involved in the value chain of edible
insects can be found at the following website: https://www.
bugburger.se/foretag/the-eating-insects-startups-here-is-thelist-of-entopreneurs-around-the-world/. As shown in Figure 1,
it is expected that there will be a shift from pet food to aquafeed
in the next decades. Whether insects as chicken and pig feed
will develop (now that legislation is often no longer a problem)
will very much depend on the options to lower the price of the
end product which is determined by the possibilities to obtain
and convert cheap organic side streams.

The sector edible insect sector is very new, hardly 10 years
old, and to progress a successful collaboration of agricultural
research/education, industry and government will be required,
not only at the national but also at the international level. This
collaboration promotes innovation, attracts talent (human
capital) and devise solutions for the challenges of tomorrow.
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