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Abstract

Black soldier fly (BSF),Hermetia illucens, is one of the most explored insect species mass-produced for feed, but also
for food and technical purposes. Considering the rapid developments in both research and industrial production of
this insect species in the last decade, this review intends to reflect on the most current scientific insights and define
the future trends and needs for themost relevant associated research fields. The review reflects on the aspects of BSF
production and reproduction, utilization of BSF biomass as components of animals’ feeds and human food. It also
provides reflection on genetics, microbiology and sustainability. The analysis identifies the need in future research
associated with compositions of fungal and viral communities of insects and their environments and mapping the
dynamics of BSF gut physiology and microbiota in varying conditions. High interest will be devoted to establishing
genomic resources, to characterize genotypic diversity, and to harness its potential through selective breeding to
improve BSF performance quantitatively and/or qualitatively. Further research will follow on the use of BSF for
food and feed development, potentially for specific application cases, associated with animal gut microbiome
improvement and antimicrobial properties of BSF biomass. The further in-depth exploration of the potential of
BSF for waste biotransformation and the assessment of its circularity potential are also expected to be major focus
points of research in the next decade.
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1 Introduction

Black soldier fly (BSF) – Hermetia illucens is one of the
most popular insect species used in mass production of
insects for feed and petfood purposes. In recent years,
there has been substantial growth in the field of sustain-
able insect production, focusing on improving efficiency
and quality, reducing costs and environmental impacts.
The number of research articles dealing with H. illu-
cens production chains grew exponentially over the last
decade. The studies concentrate on insect growth, their
nutritional properties, and their dependencies on feed
compositions, feeding trials for different animals with
BSF larvae inclusion, genetic diversity, gut physiology
and microbiota, insect processing techniques, applica-
tion as food and feed, sustainability issues and circular-
ity potential. The reviewed studies are an example of the
areas in which the work is progressing, however there
are other areas of work as well which have not been
covered in this review. Among a few areas not included
in the review, which require further research and criti-
cal synthesis of information via review following should
be noted: frass management, insect welfare and biology
including pathogens, variety of potential established
and emergingmethods for the analyses, standardization
of experimental trials, diversity of BSF research in geo-
graphic perspective (the list is not complete).

During the last decade there has been considerable
literature published on thementioned issues. Obviously,
they have different complexity and quality. It is becom-
ing very challenging for experts and non-experts to ana-
lyze and draw conclusions from the constantly growing
body of published studies (Auger et al., 2023). There
is a need in systematic, comprehensive analysis done
by experts in the narrow specific fields (e.g. genetics or
application of insects in feed or food) to determine the
most prominent results generated during the decade of
research and the gaps which should potentially be cov-
ered in the next decade of research. Therefore, the aim
of the review is to provide expert highlight of scientific
results in specific fields (authors are recognized experts
in relevant fields) of H. illucens production, applica-
tion, genetics, and sustainability. At the same time, this
review also aims to define the remaining research gaps
or future opportunities that might dictate the research
in the upcoming decade in the defined areas of research.
It should be noted that the results presented in this
review are population specific and (biological) traits
cannot always be generalized for all BSF strains.

2 Growth and cultivation of BSF

Fly housing and egg production
Egg production is essential when producing BSF lar-
vae. These eggs can be collected from a wild population
(Ewusie et al., 2019), acquired from other BSF producers
or produced as offspring from an inhouse colony. The
BSF can be housed indoors or in a greenhouse (Shep-
pard et al., 2002).

The first data on the development time of each life
stage of the black soldier was already published two
decades ago (Sheppard et al., 2002; Tomberlin et al.,
2009). However, in the last decade new research has
built upon this knowledge, leading to new insights.
Malawey et al. (2021) observed that once the flies have
eclosed from the pupa, peak fertility takes a few days,
with male sperm count peaking after 48 h. The time
for a fly to start laying eggs after eclosion is 5 days at
35 °C according to Chia et al. (2018a), while Bertinetti
et al. (2019) observed oviposition 4 days after eclosion
at 28 °C. Shumo et al. (2019a) tested oviposition at dif-
ferent temperatures and found 30 °C to be the opti-
mum. Bertinetti et al. (2019) also concluded that feeding
the flies improved fly longevity and total egg mass pro-
duced, reaching thrice the number of eggs when the
flies had access to artificial milk, with on average 1,200
eggs per female. The benefit of providing nutrients to
flies for improved egg production seems to be confirmed
by Macavei et al. (2020) and Klüber et al. (2023), the
former observed that sugar and water supplementation
was better than supplying nothing or only water. The
latter found that a glucose or protein rich micro-algae
solution did not improve egg production over tap water,
but a 5% honey solution did by 80% compared to tap
water. Chia et al. (2018a) did not observe an unequiv-
ocal link between supplying a 10% sucrose solution
and increased egg production despite improved adult
longevity.

Another parameter affecting egg production is fly
density, which has been investigated byHoc et al. (2019).
They found that 6,500 individuals per m3 of fly cage
produced the highest total amount of eggs. Liu et al.
(2022) tested up to a density of 3,700 individuals/m3
and observed highest total egg yield with the high-
est fly density. A female biased population (56% more
females) also producesmore eggs overall, but the output
per female drops compared to a male biased popula-
tion (Hoc et al., 2019). The life history of a fly plays a
role in its fertility and its number of offspring. Gobbi et
al. (2013) observed differences in ovarian size in female
flies of similar size, grown on different diets. Georgescu
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et al. (2020) observed larger egg clusters (containing
more eggs) in weight classes with heavier flies. Addition-
ally, differences were observed by Jones and Tomberlin
(2021) in mating behavior and oviposition rate depend-
ing on either male or female size. Finally, Barragan-
Fonseca et al. (2019) showed that food macronutrient
contents during the larval phase significantly affect egg
yield of the BSF.

Furthermore, light quality, intensity and duration
also have significant influences on the mating success
and BSF fertilized egg production (Awal et al., 2022). The
BSF depends on direct sunlight for mating and therefore
adult colonies used to be kept in greenhouses (Sheppard
et al., 2002). Sunlight still seems to outperform artificial
light as demonstrated by Nakamura et al. (2016), where
flies that received an additional 2 hours of daily sunlight
had a higher fertilized egg rate than their counterparts
that were exclusively exposed to artificial light. Espe-
cially in temperate regions artificial light sources are of
interest due to seasonal and meteorological variation in
light intensity and duration. Since Light emitting diode
(LED) illumination has become popular, light sources
can be designed to have a specific spectrum compo-
sition (Hitz et al., 2019). But optimization to match
the fly’s demand is still needed. In 2016 Oonincx et al.
(2016) determined that BSF ommatidia contain ultra-
violet (UV)-, blue- and green-sensitive photoreceptor
cells. They suggested the following LED ratio UV: blue:
green = 1:1:3. This composition was tested by Macavei et
al. (2020), they found that light with this specific com-
position performed better than fluorescent tube lamps
or white LED’s. Heussler et al. (2018) tested three differ-
ent artificial lights (LED’s, fluorescent lamps, and halo-
gen lamps) and found no difference between the lights
despite the absence of UV in the LED light. There also
may be an effect of the genetic background of the flies
as demonstrated by Liu et al. (2020). They tested 2 dif-
ferent BSF strains under four different artificial lights
with clear differences in egg production between both
strains.

Apart from light quality, light intensity is another key
parameter. There are different ways on how to express
light intensity, such as μmol/m2/s, W/m2 or lux. How-
ever, there is not one constant to convert one unit to
another, as this conversion depends on the spectrum of
the light source. As such, comparing results from dif-
ferent studies that use different light sources and units
is difficult. Thus, Schneider (2020) observed a higher
cumulative probability of mating (70%) at 431 W/m2
compared to an irradiance of 0.92W/m2 (23%).

Hoc et al. (2019) found that egg yield increased
logarithmically with increasing light duration per day,
although 6 hours of light and 18 hours of dark did not
differ significantly when compared one-on-one with 16
hours of light. This lets them conclude that 6 hours of
light is the minimal recommended duration. In addi-
tion, Liu et al. (2022) found that increasing photope-
riod from 8:16 to 16:8 (light:dark) increased neonate
production, but that the number of neonates per watt
decreased under artificial illumination.

Typically, oviposition and egg collection occur in
a centralized ovitrap (oviposition or egg laying trap).
Female flies are attracted to lay their eggs in an ovit-
rap, which is a device designed with numerous crevices
to facilitate egg deposition (Sheppard et al., 2002). The
flies prefer an ovitrapmade of wood or cardboard (Julita
et al., 2021). Bogdan et al. (2022) recommends crevices
of 2 mm or smaller over wider crevices. It is even pos-
sible that the color of the ovitrap influences the attrac-
tivity for flies, as seen by Romano et al. (2020), where
flies were more prominent on white or green colored
objects compared to those colored blue or pink. More-
over, smell is an effective way to lure female flies to the
ovitrap, to achieve this the ovitrap is commonly placed
over a wet decomposing organic substrate. According
to Bogdan et al. (2022) a 50% dry matter content is
optimal. Although various studies have tried different
organic substrates as a lure (Lamin et al., 2022; Nyakeri
et al., 2017; Sripontan et al., 2017), no specific chemical
compounds have been identified so far that trigger this
process. However, there are indications that flies prefer
to lay their eggs, which could be (partially) attributed
to the presence of bacteria found in different life stages
of the BSF (Zheng et al., 2013). Moreover, Scieuzo et al.
(2021) identified several odorant binding protein genes
in adult BSF and candidate volatile organic compounds
indicative of organic decomposition.

Optimal conditions for egg hatching were tested by
Chia et al. (2018a), who observed the highest egg sur-
vival of 80% at 30 °C and 70% relative humidity with
an eclosion time of 3.5 days with a wild caught Kenyan
strain. A high relative humidity is preferred over a low
one for egg eclosion as seen by Holmes et al. (2012).

Producing the next generation of flies
Larval growth follows a sigmoid curve with accelerat-
ing growth in the earlier instars and decelerating growth
in the latest instar. Accordingly, the specific metabolic
rate was reported to be high in instars 3, 4 and 5 and
reduced in instars 6 and 7 (Gligorescu et al., 2019). The
last non-feeding instar (prepupa) can be self-harvested
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(Sheppard et al., 1994). Hoc et al. (2019) and Georgescu
et al. (2020) observed that during self-harvest, initially
predominantly male prepupae will escape. Later on, the
ratio of male-female will shift in favor of a higher abun-
dance of female prepupae.

The presence of a pupation substrate has a significant
impact on facilitating prepupae to pupate, regardless
of the type of substrate. In the absence of a pupation
substrate, prepupae are slightly delayed from pupating
(Dzepe et al., 2020; Holmes et al., 2013). Prepupae take
the shortest time to pupate and have the highest rate of
successful adult emergence in complete darkness (Fer-
dousi and Sultana, 2021).

Importance of nutritional composition of the feed
Being a generalist species, BSF larvae can feed on a wide
range of diets, from food by-products and organic waste
(Bava et al., 2019; Chia et al., 2018b; Diener et al., 2009,
2011; Eggink et al., 2022; Ewusie et al., 2018; Gao et al.,
2019b; Jucker et al., 2017; Lalander et al., 2019; Meneguz
et al., 2018; Msangi et al., 2022; Nguyen et al., 2015;
Oonincx et al., 2015b; Scala et al., 2020) to fish offal (St-
Hilaire et al., 2007), manure (Miranda et al., 2019) and
aquaculture sludge (Schmitt et al., 2019), i.e. substrates
with high variability in their dietary macronutrient con-
tents and ratios. The biowaste and side streams that
have been evaluated so far for BSF larvae rearing have
been recently reviewed by several researchers (Gold et
al., 2018; Surendra et al., 2020). Following the restric-
tions that apply to other farmed animals, the current
European Union (EU) legislation mainly allows, with
few exceptions such as milk, eggs, and blood products
from non-ruminants, the use of feed-grade substrates of
vegetal origins for BSF larvae rearing (European Coun-
cil (EC), 2001), whereas similar restrictions apply also
to the United States and Canada (Surendra et al., 2020).
This is not the case thought in other parts of the world,
e.g. Asia, where BSF larvae can be grown on a wide
spectrum of organic side-streams and wastes (Suren-
dra et al., 2020). Based on the published results, it has
been clearly demonstrated that the nutritional compo-
sition of the feed greatly impacts the performance of
BSF larvae. Indicatively, although BSF larvae can toler-
ate and develop on nutrient-poor substrates (Ribeiro
et al., 2022), it was early enough shown that a high
dietary protein and fat content is positively correlated
with growth rate and larval performance (Nguyen et
al., 2013; Oonincx et al., 2015a; Tschirner and Simon,
2015). Hosseindoust et al. (2023) focused their research
on the usage of tofu by-products (obtained from a tofu
factory, formed as soybean curd residue), food waste

(collected from households, kitchens, and dining estab-
lishments at an environmental waste-collecting facil-
ity), and vegetables (cabbage, lettuce, carrot, onion, and
garlic collected at an agricultural market) in terms of
promoting BSF larvae growth and conversion efficiency.
Their findings indicate that tofu by-products can be
suitably employed for fostering larval growth and nutri-
ent accumulation (Hosseindoust et al., 2023). Several
studies have investigated the nutritional requirements
of BSF larvae (Barragán-Fonseca et al., 2018; Barragan-
Fonseca et al., 2018; Beniers and Graham, 2019; Cam-
mack and Tomberlin, 2017; Eggink et al., 2023). The
dietary content of the two main groups of macronu-
trients, i.e. the protein (P) and carbohydrate (C) content
of the diet, as well as the crude protein to carbohydrate
(P:C) ratio can significantly impact larval growth and
performance (Barragán-Fonseca et al., 2018; Barragan-
Fonseca et al., 2018, 2019, 2021; Beniers and Graham,
2019; Cammack and Tomberlin, 2017; Eggink et al.,
2023). For instance, Eggink et al. (2023) reported that
feeding of BSF larvae on substrates with P:C between
1:2 and 1:3 resulted in the highest larval performance,
in terms of survival, total biomass produced and feed
conversion ratio, whereas larvae reared on protein- or
carbohydrate-biased substrates in most of the cases low
survival rates. Similarly, Barragán-Fonseca et al. (2018)
reported good performance for larvae fed various veg-
etable waste-based diets with a P:C ratio of 1:2. Cam-
mack and Tomberlin (2017) observed low growth rates
and long development times in carbohydrate-biased
diets; however, in their study larvae performed best
when fed C:P balanced diets. Apart from the C:P ratio,
the performance of BSF larvae is also affected by the
sum of crude P and C content, with diets with P + C con-
centrations of 25 or 50% giving good results (Barragan-
Fonseca et al., 2019, 2021; Beniers and Graham, 2019).
Regarding carbohydrates, their content between 10 and
60% has been shown suitable for supporting high larval
performance (Barragan-Fonseca et al., 2021). However,
it is noteworthy to highlight the ability of BSF larvae to
also grow on substrates free of digestible carbohydrates
(e.g. manure, slaughterhouse waste, etc.) (Lalander et
al., 2019; Miranda et al., 2019). Dietary protein strongly
affects larval growth, protein contents between 10 and
15% supporting high larval growth. An excess of the
protein content of the feed though can negatively affect
larval survival and performance, probably due to the
high energy consumption needed for the metabolism
of the surplus protein (Barragan-Fonseca et al., 2021;
Tschirner and Simon, 2015), indicating that a nutrition-
ally balanced diet may be more crucial to ensure high
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larval performance than a high protein dietary content.
High dietary fat content may also negatively affect BSF
larvae performance, as it can result in development time
increase or larval growth reduction, and this has been
attributed to the difficulty of BSF larvae in processing
fat (Nguyen et al., 2013; Spranghers et al., 2017). Fur-
ther research is warranted though to properly define
the nutritional requirements of BSF larvae and inves-
tigate not only the impact of the dietary macro- and
micronutrient content, but also of the nutritional qual-
ity of the main macro- and micronutrients, e.g. amino
acid and fatty acid profile, etc., as is the case for most
industrially farmed animals. Apart from the effect of
the nutritional value of the feed, its moisture content
can also greatly impact larval growth, where larvae grow
faster and bigger when fed diets at optimal moisture of
around 70% (Cammack and Tomberlin, 2017; Cheng et
al., 2017). Finaly, although still an overlooked topic with
only few studies available, apart from the moisture con-
tent, the physical properties of the diet, e.g. particle size,
water holding capacity, dry or wet bulk density, may also
affect BSF larvae growth (Yakti et al., 2023).

Dietary effects on BSF larval body composition
Apart from larval performance, the nutritional value of
the feed may also alter insect body composition (Oon-
incx and Finke, 2021). For BSF, high variability has been
reported in the composition of larvae fed on different
organic substrates, with larval protein content ranging
from 27.5 to 62.7% dry matter (DM) and fat content
between 6.6 and 51.5% DM (Barragan-Fonseca et al.,
2017; Lu et al., 2022). In general, BSF larvae have a
high crude protein content regardless of the protein
concentration of the diet, i.e. the rearing of BSF lar-
vae on low quality and nutrient-poor diets in most case
results in protein-rich larvae (Spranghers et al., 2017;
Tschirner and Simon, 2015). It should be kept in mind
though that chitin (3.9 to 7.2% DM) (Lu et al., 2022)
accounts for part of the nitrogen content of BSF larvae
and this should be taken into account when calculat-
ing the BSF larvae protein content. Indicatively, larvae
fed on kitchen waste and spent grains with protein con-
tent of 20 and 12.2% had a protein content of 33 and
41.3%DM, respectively (Shumo et al., 2019b). According
to Fuso et al. (2021), significantly lower protein con-
tents were detected in BSF larvae grown on fruit by-
products (exotic fruit, pineapple, kiwi, apple, melon),
while higher contents were observed when autumnal
leftovers (pomace, legume, corn) were employed, BSF
larvae protein content being mainly correlated to fiber
and protein content in the diet Among amino acids,

lysine, valine and leucine were most affected by the diet
(Fuso et al., 2021). Essential amino acids satisfy the Food
and Agricultural Organization (FAO) requirements for
human nutrition, with an essential amino acid index
(EAAI) (1.44-1.94) (Fuso et al., 2021; Huang et al., 2019;
Miron et al., 2023) comparable or higher than the EAAI
of other edible insects or protein sources, e.g. soybean
or casein (Yi et al., 2013). It should be kept in mind
though that chitin (3.9 to 7.2% DM) (Lu et al., 2022)
accounts for part of the nitrogen content of BSF larvae
and this should be taken into account when calculating
the BSF larvae protein content (Fuso et al., 2021). Larval
crude fat is strongly affected by the feed composition
and varies over a wide range (6.6-39.2% DM) depend-
ing on the dietary composition (Barragan-Fonseca et al.,
2017). Based on the results of several studies, BSF lar-
vae have the ability to accumulate high amounts of total
fat in their body irrespective of the low-fat diet con-
tent (Barbi et al., 2020; Ewald et al., 2020; Meneguz et
al., 2018; Spranghers et al., 2017). The regulation of BSF
larvae composition through the feed offers a valuable
tool for the manipulation of their composition and the
production of larvae with varying nutrient content for
specific feed applications (Oonincx and Finke, 2021).
For instance, Ferrari et al. (2022) fed BSF larvae with
seaweed and other selenium-rich substrates and pro-
duced pre-pupae fortified with selenium, an essential
trace element for farmed animals. Similarly, Oonincx
et al. (2020) fed BSF larvae with diets enriched with
flaxseed oil, a rich in omega-3 fatty acids (FA) ingredi-
ent, and reported increased omega-3 polyunsaturated
fatty acids (PUFA) concentrations, particularly that of
alpha-linolenic acid, and decreased omega-6/omega-3
ratios to levels close to the ones considered optimal
for human health. Along the same lines, a number of
studies has investigated the feed effect on the fatty acid
(FA) composition of BSF larvae, and particularly on
their enrichment with omega-3 FA through their feed-
ing on omega-3-rich sources (Barroso et al., 2017; El-
Dakar et al., 2020; Erbland et al., 2020; Ewald et al.,
2020; Georgescu et al., 2022; Lawal et al., 2021; Leong
and Kutty, 2020; Liland et al., 2017; Meneguz et al., 2018),
highlighting the potential for manipulation of the BSF
larval composition through the diet.

Bioaccumulation of contaminants
Apart from exerting a significant effect on insect com-
position, feedstock is also a crucial factor affecting the
chemical safety of farmed insects. The use of substrates
contaminated with heavy metals, mycotoxins, pesti-
cides, hormones, dioxins, etc., could potentially lead
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to the bioaccumulation of these contaminants to the
insect body (Meyer et al., 2021). In the case of BSF lar-
vae, although only limited studies are available on their
bioaccumulative potential, all evidence gathered so far
suggest that heavy metals, such as cadmium, lead, zink
or arsenic, can bioaccumulate in the larval body when
larvae are reared on feedstocks naturally or artificially
contaminated with those heavy metals (Biancarosa et
al., 2018; Diener et al., 2015; Proc et al., 2020; Purschke
et al., 2017; van der Fels-Klerx et al., 2016, 2020). For
instance, Van der Fels-Klerx et al. (2020) reported bioac-
cumulation factors up to 20 for cadmium when BSF
larvae were fed diets containing plastic or paperboard
carton packaging material. In contrast, mycotoxins and
pesticides do not seem to bioaccumulate in the larval
body of BSF (Bosch et al., 2017; Camenzuli et al., 2018;
Leni et al., 2019; Purschke et al., 2017; Gold et al., 2023). A
critical review of the bioaccumulation potential of var-
ious chemical compounds in BSF larvae was recently
provided by Lievens et al. (2021). As the bioaccumu-
lation of chemical contaminants in the tissue of BSF
larvae is directly related with the safety of BSF larvae
as nutrient source for animal feed, e.g. see Heuel et al.
(2023), further research is required to properly assess
the risks posed by the different bioaccumulation scenar-
ios.

3 Genetics

Contrasting a steep publication increase across various
BSF research fields in the last decade, dedicated stud-
ies on the genetics of BSF emerged only very recently.
Availability and exploitation of genetic and genomic
resources in this insect farmed for food and feed are thus
still limited (Eriksson and Picard, 2021), contrasting rou-
tine implementations in conventional livestock.

After the release of the BSF complete mitochondrial
genome (Qi et al., 2017), the global scale phylogeography
of BSF based on sequences of the cytochrome oxidase
subunit I (COI, ‘barcode gene’) by Ståhls et al. (2020)
represented a pioneering milestone. Concurrent stud-
ies providing complementary samples (Khamis et al.,
2020), partly focusing on selected biogeographic regions
such as Southeast Asia (Park et al., 2017), India (Ebe-
neezar et al., 2021) or South America (Pazmiño et al.,
2023) complemented fascinating evolutionary patterns,
that were conclusively compiled recently by Guilliet et
al. (2022). Altogether, these investigations document
almost 60 haplotypes characterized by a deep phylo-
genetic split of up to 4.9% COI divergence that sepa-

rates two major clades. While one clade comprises all
South American origins and exhibits high and markedly
structured diversity, shallower topology of the other
clade captures all North American origins. Both mito-
chondrial clades include Central American BSF to a
different extent plus non-American samples of vari-
able geographic origin, whereas few haplotypes occur
widespread outside the Americas though some suppos-
edly non-native regions show surprisingly high local
diversity. Inferring a putative cradle of the BSF within
the Americas yet remained difficult because the barely
diverse North American clade appears phylogenetically
ancestral, whereas the highly structured South Amer-
ican haplotype topology renders merely recent radia-
tion there unlikely. Such patterns may point to a cryp-
tic species complex within the BSF, with paramount
implications (see below) for the sector. The compre-
hensive global population genetic study based on less
conserved nuclear markers by Kaya et al. (2021) pro-
foundly recorded the evolutionary history of the BSF.
This seminal work refined the BSF genetic hot spots
are located in central-eastern South America, and that
from there ancient northwards range expansions across
the Americas followed that are characterized by distinct
genetic cluster formation along geographic gradients.
Further, by overcoming constraints of single maternally
inherited markers (Guilliet et al., 2022; Ståhls et al.,
2020), microsatellites elucidated historic and contem-
porary demographic trajectories to non-native regions
outside the Americas (Kaya et al., 2021) that shaped
the BSF’s cosmopolitan distribution. Only a few col-
onizations, e.g. West Africa and the Mediterranean,
were traced to single sources. Instead, most naturaliza-
tions across large geographic scales, such as entire Aus-
tralasia, south-eastern Africa and Central Europe were
initiated via decisive admixture events between dis-
tinct clusters from different indigenous and adventive
regions. All reconstructed non-native dispersal routes
appear human-mediated and not older than one or few
centuries. Yet they gave rise to unique global population
genetic structure capturing substantial variation across
and differentiation between 16 distinct clusters. Con-
versely, only a limited number of closely related BSF
strains that show signatures of domestication and go
back to a south-eastern North American origin is used
by the majority of BSF farms virtually worldwide (Kaya
et al., 2021). Evidence of occasionally massive intro-
gression emanating from mass reared BSF into local
wild populations may indicate the need for monitoring
(Guilliet et al., 2022; Kaya et al., 2021). Several of these
mentioned patterns have recently been corroborated by
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Generalovic et al. (2023) using genomics approaches.
Importantly, this study also highlighted geographic pat-
terns of mito-nuclear discordance for American BSF
that could point at an ancient hybridization event
between two formerly isolated lineages after the for-
mation of the Isthmus of Panama. Future studies may
resolve to which extent nuclear genetic introgression
from South American invaders into a putative North
American sister-lineage, or an extinct ancestor thereof,
might have taken place, and how this may have shaped
the genetic makeup of presently widely farmed domes-
ticated populations.

The first full genome sequence was published by
Zhan et al. (2020). This paper identified BSF gene
orthology falling basal to the suborder of Brachycera
within the order of Diptera, and further highlighted
a number of rapidly evolved pathways in BSF. Sub-
stantially expanded gene families involved amino acid
metabolism, detoxification, chemoreception, immune
system and regulatory modules, jointly reflecting key
cascades for environmental interactions and adapta-
tion. Specifically, immune signaling pathways, including
genes encoding antimicrobial peptides (AMPs), exhibit
substantial expansions compared to other Dipterans,
and are considered to facilitate responses to diverse
challenges in pathogen-rich environments. Similar pat-
terns were observed for detoxification genes, notably
the cytochrome P450 family, and chemoreception and
pheromone signaling inferred to endorse oviposition
site perception, feed avoidance, and the BSF’s complex
mating behavior. Shortly after, an even higher resolved
chromosome-level genome assembly followed (Gener-
alovic et al., 2021). Comparison of the two genomes
identified some insertions and deletions tentatively sug-
gestive of chromosomal rearrangements that might be
congruent with cryptic taxa mirrored also at the nuclear
genetic level. In addition to six autosomes Generalovic
et al. (2021) identified sex chromosomes indicating a
XY sex-determining system in the BSF, which was later
specified to depend on an intersex homolog largely con-
served within Brachycera (Chen et al., 2023). Presum-
ably, similar to mechanisms in Drosophila melanogaster
Meigen (Diptera: Drosophilidae), intersex interacts with
doublesex female to produce female-specific pheno-
types, but further work is needed to characterize effec-
tive transducers and downstream effectors (Chen et al.,
2023). Relative contributions of drift (such as founder-
effects) and effective selection to genomic signatures
of domestication are notoriously difficult to disentan-
gle, but as exemplified by Generalovic et al. (2021, 2023)
inspecting structures of runs of homozygosity and pre-

dicting functions of candidate genes highlighted by
potential selective sweeps will ensure further insights
in the light of increasing genomic resources.

In this sense, transcriptomics can consolidate can-
didate genes causally involved in functional mecha-
nisms. Yet, in the absence of meaningful hypotheses,
e.g. supported by genome sequences or robust empir-
ical data, defining target life stages and tissues can be
challenging. Moreover, comparison to appropriate refer-
ence genes for quantifying differential gene expression
is imperative (Gao et al., 2019a). An excellent exam-
ple of whole-transcriptome (RNA-seq) analyses for BSF
differential gene expression over two generations in
two different selection regimes was provided by Hull et
al. (2023). They illustrate temporal dynamics in differ-
ential gene expression according to selective pressure
and characterize the functional pathways of candidate
genes responding to selection for larval weight. Genes
associated with this trait responded over time, involv-
ing positive selection on metabolic pathways, such as
protein, fat and carbohydrate metabolism and nega-
tive selection on defense pathways (P450). This sug-
gests higher energy assimilation for increased growth
and defense mechanisms may be antagonistic pheno-
types, but not necessarily mutually exclusive targets
for combined selection. Interestingly, while initial intra-
population plasticity appeared to be mirrored to some
extent in expression patterns, variation thereof across
individuals decreased over time, suggesting that both
unintended adaptation and directional selection can
drive allelic homogenization (Hull et al., 2023).

Specific pathways have already been explored
through targeted gene expression profiling. By investi-
gating antennal transcriptomes, Xu et al. (2020) identi-
fied chemosensory genes of different classes and high-
light a frequent lack of ortholog Dipteran amino acid
sequences plus extended phylogenetically recent gene
duplications resulting in many species-specific clades
that likely evolved during ecological niche adapta-
tion. Interesting sex-specific expression patterns were
described for several genes (Xu et al., 2020), suggesting
roles in female oviposition, differentiated pheromone
detection in either sex, and male-male/female interac-
tions during lekking.

Some initiatives addressed transcriptomics related to
lipid metabolism pathways, thus providing a reasonable
understanding of the molecular regulatory basis of a
trait as complex as fat accumulation. Dynamics of life
stage dependent expression profiles for numerous can-
didate genes and their functional characteristics were
provided (Zhu et al., 2019) and later corroborated and
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extended for selected genes and developmental stages
(Giannetto et al., 2020). Recently, the relevance of tis-
sue for monitoring specific genes involved in BSF lipid
metabolism pathways has been stressed, as well as far-
reaching consequences of pinpointed ribonucleic acid
(RNA) interference in fatty acid synthesis on multiple
biological processes (Peng et al., 2023).

The major antimicrobial peptide (AMP) pathway and
its role in nutritional immunology has also been inves-
tigated by several studies. These key components of
innate immune defense synthesized within BSF larval
fat bodies are remarkably diverse and subject to diet-
borne alteration of expression profiles supposed to pro-
vide protection against specifically encountered spectra
of pathogenic bacteria, as first described by Vogel et al.
(2018). A comprehensive characterization of putatively
active peptides across different AMP classes, includ-
ing defensins, cecropins, attacins and lysozymes, and
their predicted functional roles followed (Moretta et al.,
2020), as well as more specific applications on differ-
ential expression of selected AMPs, e.g. for inferring
relative influences of diet and developmental stage for
immune stimulation (Candian et al., 2023).

Profiling microRNAs could offer another approach
in the context of possible modulations of BSF mass
rearing and product properties via manipulating regu-
latory pathways (DeRaedt et al., 2022), supposed our
knowledge of individual functions and specificities will
improve. To this end, fundamental research on BSF gene
editing has also been explored (DeRaedt et al., 2022;
Zhan et al., 2020), yet so far targeted phenotypes remain
principal academic examples defying applied relevance.
Irrespective of more tangible progress there, enhanc-
ing BSF genomic resources based on overtly existing
(natural) diversity and (combined) dedicated pheno-
typing efforts is advised for adapting classical breeding
concepts, such as basic population genetic monitoring,
marker-assisted selective breeding and genomic predic-
tion.

For instance, monitoring genetic makeups of newly
established founder populations to counteract initial
bottlenecks or subsequent management-induced drift
is key, given that any artificial regime exerts also unin-
tended selective pressure with consequences on segre-
gating allelic diversity up to fitness-relevant inbreeding
rates and population collapse at worst (Rhode et al.,
2020). While deploying basic genetic markers to mit-
igate adverse effects during establishing wild-sourced
BSF naïve to controlled environments is arguably rec-
ommended (Rhode et al., 2020), other studies notably
found no indication for inbreeding depression not

even in populations with documented severe bottle-
necks (Generalovic et al., 2021, 2023; Kaya et al., 2021).
Conversely, outbreeding depression could pose a ver-
itable challenge to sustained breeding. The founder
population of Rhode et al. (2020) comprised differ-
entiated gene pools by chance. Apart from the doc-
umented successful hybridization between genetically
distant populations (Ståhls et al., 2020), significant devi-
ations from genetic equilibrium across nearly all hybrid
strains between North American and Asian clusters was
intriguing (Kaya et al., 2021). This raises suspects of con-
stant incompatibility-derived trade-offs, possibly due to
structural genomic variation (Generalovic et al., 2021)
or other forces that disrupt co-adapted gene complexes
in certain backcrosses (Kaya et al., 2021). Yet, regard-
less of putative genomic causes, the previously spec-
ulated reinforcement by positive assortative mating of
more closely related individuals in mass rearing of BSF
(Kaya et al., 2021) was indeed convincingly proven by
Hoffmann et al. (2021), despite their coinciding evi-
dence for multiple paternity seemingly contributing
to most sibling cohorts. Maintaining adequate diver-
sity in BSF populations under consideration of actual
mating systems and appropriately controlling fates of
key population genetic measures is no complicated but
still widely ignored task, with eventually huge impli-
cations on trait performance and fitness (Hoffmann et
al., 2021; Rhode et al., 2020). However, although natural
global colonization routes of the BSF feature interspe-
cific admixture as a key driver for successful diversi-
fied ecological adaptation (Kaya et al., 2021), routinely
implemented outcrossing like in other livestock may
not be generally advised for this insect, particularly in
combination with prevalently farmed North American
domesticated strains. Moreover, while captive popula-
tions in semi-artificial contexts may benefit from dosed
introgression in case of superiority of locally adapted
wild populations, occasional outcrossing to restore fit-
ness in entirely closed mass-rearing settings might con-
flict with genetic improvement for desired traits. Selec-
tive inbreeding was indeed shown to result in increased
performance for fitness-relevant strains such as egg pro-
duction and adult eclosion, while not affecting larval
growth and adult sex ratios (Cai et al., 2022). Yet, lower
survival until the pupal stage (Cai et al., 2022) (suggests
such effectsmay be temporary only, andwithout accom-
panying genetic data it remains unclear if comparatively
improved performance upon recurrent inbreeding was
merely influenced by eradicating outbreeding burdens
in a hybrid strain (Kaya et al., 2021).
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Emerging complex selection approaches revealed
reasonable heritability suggesting that considerable per-
formance gain can be achieved for commercially inter-
esting traits like larval weight and crude protein or crude
fat contents within relatively short periods (Facchini et
al., 2022).

More studies of this kind would be valuable, includ-
ing more transparent trait definitions, e.g. larval weights
versus effects on developmental time, as well as genetic
data to track correlating changes and evaluate quantita-
tive trait loci and more complex genetic architectures.
This can be accomplished using genomic resources
(Generalovic et al., 2021, 2023), such as resequencing-
based SNP-calling in the lack of meaningful SNP-panels,
via transcriptome analyses, or a combination of both.
An appealing case-setting for selection-informed gene
expression profiling has been summarized above (Hull
et al., 2023). Facchini et al. (2022) yet correctly point out
that some commercially relevant phenotypes, such as
more favorable feed conversion rates, should be consid-
ered composite traits, hence requiring multi-trait selec-
tion approaches that account for putative positive or
negative correlations.

Crucially, any future breeding program requires being
tailored to specific environments. Alleged routine man-
agement practices should not be underestimated. Unin-
tended selective forces or unnoticed parameter fluctu-
ation, vitally including the adult part of BSF rearing
cycles, may jeopardize breeding progress, falsify candi-
date genes due to hitchhiking, or mask trait heritability
through excessive plasticity responses. From a practi-
cal perspective, the readily controlled factor larval diet
receives most attention. Besides unsurprisingly overar-
ching diet effects on larval growth performance, feed
conversion and body composition traits, Sandrock et
al. (2022) report pronounced genotype-by-diet (G × D)
interactions for virtually all investigated traits based on
a fully crossed design of rearing four genetically distinct
BSF strains on three nutritionally different diets. Com-
parable G × D interactions were impressively demon-
strated by Greenwood et al. (2021). Both studies (Green-
wood et al., 2021; Sandrock et al., 2022) corroborate
phenotyping naturally evolved BSF genetic diversity can
be a solid alternative for outlining breeding programs
compared to domesticated strains, which may suffer
from compromised adaptive responses after decades
of intense (intended or unintended) selection (Gener-
alovic et al., 2021, 2023; Kaya et al., 2021). However,
the previously implied link between selection for larval
weight and upregulation of genes involved in glycerol
synthesis (associated with insect cold stress) (Hull et al.,

2023) could hold a mechanistic reason for this distinct
representative from temperate North American domi-
nating BSF farms worldwide.

4 Insights in the gut microbiota and physiology

Two other important parameters, aside from BSF genet-
ics, are key to understanding and optimizing BSF lar-
val performance on different diets: the gut physiol-
ogy, including digestive processes/functions (e.g. water
flows, enzymes and activities in different regions, etc.),
and gut microbiota. While only six years have passed
since one of our co-authors summarized the (then)
existing knowledge on the dynamics and functionality
of the latter (De Smet et al., 2018), the speed of new
research being generated in those years has been aston-
ishing. As predicted, these new studies on the micro-
biota produced both interesting insights and new ques-
tions. Knowledge on the digestive capabilities of BSF
larvae is even more in its infancy. In fact, apart from the
description of two gut serine proteases (Kim et al., 2011),
the BSF digestive system has been neglected until 2019,
when Bonelli and collaborators reported the first char-
acterization of the larval midgut of this insect (Bonelli et
al., 2019). Therefore, the most recent insights into both
aspects will be discussed in some detail here.

BSF gut physiology andmicrobiota
The midgut is the central and largest region of the
insect alimentary canal, which is involved in nutrient
digestion and absorption (Caccia et al., 2019). In BSF
larvae, this organ represents the core unit of the bio-
conversion process and is largely responsible for the
extraordinary dietary plasticity of the larvae. Accord-
ingly, the midgut is characterized by a high morpho-
functional specialization and regionalization since it is
formed by three districts, each with peculiar features,
pH, and functions (Bonelli et al., 2019). Interestingly,
every midgut district is equipped with a specific micro-
bial community, which derives from a progressive selec-
tion of bacteria along the antero-posterior axis of the
gut, that contributes to digestive activity (Bruno et al.,
2019b). Similar to other holometabolous insects (Tetta-
manti and Casartelli, 2019), BSF larval midgut under-
goes a significant rearrangement during metamorpho-
sis and is completely replaced by a new one in the fly
(Bruno et al., 2019a). Interestingly, the fly gut is func-
tional and endowed with digestive capabilities (Bruno
et al., 2019a), thus subverting the common belief that
adult BSF does not feed (Bruno et al., 2019a) and open-
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ing valuable opportunities, as discussed in the first sec-
tion, on the modulation of adult longevity and oviposi-
tion through the nourishment provided (Bertinetti et al.,
2019; Bruno et al., 2019a; Nakamura et al., 2016).

While the morphological and functional complexity
of the midgut plays an important role in the capability
of BSF larvae to grow on a wide variety of organic waste,
three additional factors deserve attention as well. The
first is the functional plasticity of this organ, since the
larvae can modulate their digestive activity and nutri-
ent absorption, through post-ingestion mechanisms, to
adapt to nutritionally poor substrates and match their
nutritional requirements (Bonelli et al., 2020). Secondly,
BSF larvae havewell developedmouthparts that support
them in the ingestion of semisolid substrates with dif-
ferent texture and moisture content (Bruno et al., 2020;
Lievens et al., 2023). The last factor is the associated
microbiota in the (mid)gut that can provide metabolic
products by decomposing macronutrients.

In fact, aiding in digestion is just one way by which
the associated microbiota is known to affect insect
health and fitness (Ridley et al., 2012; Singh et al., 2019)
and research over the last decade did show that BSF lar-
vae are no exception (Mannaa et al., 2024). The absence
of a microbiota was found to trigger extensive changes
in transcriptional profiles of BSF larvae during develop-
ment, indicating its vital role in normal host functional
activity throughmicrobiota-dependent co-expression of
multiple BSF genes across key pathways (Auger et al.,
2023). Other examples of processes in BSF that are
affected by the presence of microbes in general, or
of specific isolates, are oviposition in the adult stage
(Zheng et al., 2013), immunity in the larvae (Auger et
al., 2023), and waste reduction by the larvae (Mazza
et al., 2020). Hence, it would be best from a produc-
tion point of view to ensure a stable microbiota con-
sisting of such beneficial microbes. In line with this,
Klammsteiner et al. (2020) found that the type of diet
could play a lesser role in guts of BSF larvae than previ-
ously assumed and that, instead a stable autochthonous
collection of bacteria (Actinomyces spp., Dysgonomonas
spp., and Enterococcus spp. as main members of this
community) provides the tools for degrading of a broad
range of substrates (Engel and Moran, 2013). However,
the past decade has generated many studies that used
metagenomics to map the microbial community either
in the whole BSF larvae or specifically in their gut and
its dynamics in response to a wide range of parameters.
These studies revealed a mixed message. On one hand
a recent meta-analysis of eleven studies using 16S rRNA
gene sequencing did reveal the presence of several core

bacterial genera in this community: Enterococcus, Kleb-
siella,Morganella, Providencia, and Scrofimicrobium. On
the other hand, the overall structure of the commu-
nity varies clearly depending on a range of parameters
such as diet (Bruno et al., 2019b; Tanga et al., 2021), rear-
ing temperature (Raimondi et al., 2020), developmental
stage (Querejeta et al., 2023), gut region (Bruno et al.,
2019b), genetics (Greenwood et al., 2021) and rearing
facility (Gorrens et al., 2022).

This plasticity due to changing environmental condi-
tions can also be a major risk as it has been revealed
that, for example, nutrient restrictions can result in
stress-associated dysbiosis of the microbiota (Marasco
et al., 2022). Auger et al. (2023) recently offered interest-
ing insights from a microbial ecology perspective and
pose that these are observations of an adaptive dys-
biosis, where dietary changes trigger a new balancing
in the BSF larvae microbiota between less-adapted pio-
neering communities inherited from the parents and
more adapted microbes ingested from the diet. Never-
theless, such a disruption of the normal gut microbiome
network entails significant risks to health and fitness,
as it reduces the resilience of the microbiome to new
stresses (Sommer et al., 2017). For example, Clark et
al. (2015) could link dysbiosis of the intestinal micro-
biota to intestinal barrier dysfunctioning and mortality
in Drosophila. This stresses once more to consider the
need to establish a stable microbiota with beneficial
microorganisms during the industrial rearing process at
the right developmental stage and dependent on the
utilized substrate. This does require a clear understand-
ing of which are key members of the microbiota and
what their role is, especially the latter is often uncharted
terrain. To address this, several groups have been gen-
erating, identifying, and characterizing microbial iso-
late collections from the BSF larvae (gut) over the past
decade (Callegari et al., 2020; Cifuentes et al., 2022;
Gorrens et al., 2021; Klüber et al., 2022; Tegtmeier et
al., 2021) These studies largely retrieved the same core
members as identified by the metagenomic studies. Cal-
legari et al. (2020) determined the hydrolytic profile of
their collection, and one interesting observation was
the widespread ability (16.1% of collection, including
Providencia) to degrade uric acid, the main nitrogenous
waste compound excreted by Malpighian tubules into
the insect hindgut (Liu et al., 2022). Nevertheless, this
functional characterization of associated microbes will
be a key research domain in the decade to come.

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://creativecommons.org/licenses/by/4.0/


10 years of BSF research 11

5 Application of BSF for feed

Considering the interesting content in terms of protein
and lipids, a large number of in vivo studies on mono-
gastric animals such as pigs, poultry, and fish has been
carried out in the last decade. A critical review of the
principal results obtained in terms of growth perfor-
mance, nutrient digestibility, product quality and gut
health related to the above-mentioned animal species,
is presented.

In weaning pigs, both full-fat black soldier fly (BSF)
larvaemeal and defatted BSF larvae has been tested, and
generally, no negative effects were reported on blood
profile, nutrient digestibility, small intestinal morphol-
ogy, or histological features, as highlighted in a study
where pigs fed the control diet with toasted soybeans
were compared to animals fed 8% full-fat BSF prepu-
pae (Ether Extract, 41%) or 5.4% defatted BSF prepupae
(Ether Extract, 8%) (Spranghers et al., 2018).

In hybrid grower pigs (crossbreeds of purebred Large
White and Landrace) (Chia et al., 2019) reported no dif-
ference in growth performance, red blood cell indices,
and white blood cell when 100% of fishmeal (10% of
inclusion) was replaced with BSF larvae meal. However,
in finishing pigs (crossbreeds of purebred Large White
and Landrace) (Chia et al., 2021) carcass weight feeding
animals with increasing level of BSF larvae meal (9 to
14%) replacing 50 to 100% of fish meal, increased.

In terms of meat quality, (Altmann et al., 2019)
showed that instrumental tenderness, cooking loss, and
2-thiobarbituric acid reactive substances value, were
not affected in the longissimus muscle of pigs fed partly
defatted BSF larvae meal in substitution of 50 or 75% of
soybeanmeal. Herrera et al. (2022) have investigated the
effect of replacing soybean meal with BSF larvae meal
in the guinea pig diets, and found no significant differ-
ences in the protein content and amino acid profile of
meat nor in the n-6:n-3 and polyunsaturated/saturated
ratios, however the results showed an augmentation
in the desirable fats (mono- and polyunsaturated fatty
acids) in the guinea pigs fed with BSF larvae meal.

In terms of gut microbiota, in weaned pigs a diet
containing BSF larvae meal (10%) showed a positive
influence on cecal microbiota when compared to the
control diet. This was observed by an increase in short-
chain fatty acids-producing bacteria (Biasato et al.,
2020). Additionally, in growing pigs, the consumption
of dietary BSF larvae meal resulted in a more enriched
small intestinal microbiome compared to dietary Soy-
bean meal (SBM), and this change did not cause any
systemic inflammatory response (Kar et al., 2021). The

colonic microbiota of finishing pigs benefited from a
supplementation of 4% BSF larvae meal leading to
an increased abundance of Lactobacillus and butyrate-
producing bacteria. Consequently, there was an increase
of short-chain fatty acids concentrations in colonic
digesta with potential beneficial impact on animal
health (Yu et al., 2019).

As far as poultry feed is concerned, as reported in
nutritional trials where soybean meal and oil have been
replaced by BSF larvae derived products, the use of
these alternative ingredients has generally shown posi-
tive results in terms of livestock performance, without
negatively impacting meat and egg quality character-
istics. No changes or positive effect, such as improved
feed conversion has been recorded with the inclusion of
BSF larvae meal in the diet of the broiler chickens up to
10% of their total diet (Dabbou et al., 2018). However,
higher inclusion levels seem to have a negative impact
on performances, possibly due to the presence of high
levels of chitin in the BSF larvae (Altmann et al., 2020).
Regarding the effects of BSF larvaemeal on poultrymeat
quality, most studies agree that its dietary inclusion does
result in any change in carcass characteristics, physico-
chemical parameters of the meat, or its sensory quality
(Heuel et al., 2022b; Pieterse et al., 2019).

In trials with laying hens, it has been observed that
a 7.5% inclusion of defatted BSF meal (6% of fat con-
tent) leads to an increase in feed intake and feed con-
version, without affecting daily egg production and egg
weight in birds aged between 19 and 27 weeks. More-
over, the inclusion of BSF larvae meal has shown ben-
efits such as greater eggshell thickness and increased
yolk color intensity (Mwaniki et al., 2018). Similar inter-
esting results were also reported by Secci et al. (2018),
in a study involving chicken fed diets containing 17%
BSF larvae meal inclusion. The eggs produced showed a
higher proportion of yolk and a more intense red color:
Moreover, the yolks contained 11% less cholesterol than
those in the control group. Even complete replacement
of soybean cake by BSF meal revealed promising results
(Heuel et al., 2021b, 2022a), including findings for lim-
ited transfer of short-chained saturated fatty acids to egg
yolk (Heuel et al., 2021a).

Together with poultry, the aquaculture sector is
likely the one where the largest number of studies
using insects as alternative ingredients has been per-
formed. These studies investigated ingredients and diets
digestibility, animal performances and health, as well as
product quality in both fresh and marine species (Hua,
2021; Liland et al., 2021;Weththasinghe et al., 2022). The
nutrients’ digestibility, and in particular the crude pro-
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tein digestibility, is impacted by the level of processing
(Gasco et al., 2023). Indeed, Basto et al. (2020) per-
formed investigations in European sea bass (Dicentrar-
chus labrax) using different insect meals and reported
a crude protein digestibility 89 and of 91% for a full
fat and a defatted BSF larvae meal, respectively, with
results similar to the fish meal based reference diet that
recorded a 93%. Also, Gasco et al. (2022) reported values
of about 85% when assessing defatted BSF larvae meal
in rainbow trout (Onchorynchus mykiss). In both trials
the digestibility of essential amino was usually equal of
even higher than the ones for other processed animal
proteins, such as feather meals, blood meal and meat
meal (Basto et al., 2020; Gasco et al., 2022). Similarly,
in Atlantic salmon (Salmo salar), (Fisher et al., 2020)
found a higher crude protein digestibility for BSF lar-
vae meal than for corn protein concentrate. Results on
fish performances when fed diets containing BSF lar-
vae meal are controversial, probably due to the different
composition of the BSF meal tested or the inclusion
BSF meal utilized. In Atlantic salmon, diets added with
full or defatted meals reported no negative impact in
fish fed up with 60% of meal/oil insect product (Bel-
ghit et al., 2018, 2019; Weththasinghe et al., 2021). Simi-
larly, in sea bass no adverse effects were reported when
including BSF larvae meals up to a level of 25% (Abdel-
Tawwab et al., 2020; Magalhães et al., 2017; Mastoraki
et al., 2020). Moreover, the inclusion of 15% of BSF lar-
vae meal as a substitute for plant protein in diets that
entirely eliminate fish meal has demonstrated positive
effects. Indeed, this inclusion has resulted in improved
growth performance of sea bass, as well as enhanced
feed efficiency and nutrient digestibility (Pérez-Pascual
et al., 2020). When it comes to feeding rainbow trout,
the inclusion of BSF larvaemeals at levels up to 32% has
shown either an increase in performance parameters or
no significant impact (Biasato et al., 2022; Caimi et al.,
2021; Kumar et al., 2021; Melenchón et al., 2022; Stadt-
lander et al., 2017). However, not all results are positive.
For instance, salmon fed 30% of BSF meal in substi-
tution of 30% of herring and soybean meals showed a
reduced weight gain, specific growth rated and a higher
feed conversion ratio than fish fed the conventional
protein-based diet using herringmeal and soybeanmeal
(Fisher et al., 2020). Reduced performances and feed
efficiency are also reported for seabass at 18% of BSF
larvae meal inclusion (Reyes et al., 2020). Differences
are presumably due to the BSF larvaemeal origin and/or
the process applied to produce it, or the excessive pres-
ence of chitin which is not digested by fish (Gasco et al.,
2023). Moreover, as compared to fishmeal, BSF larvae

meal can present deficiencies in lysine and tryptophan,
as well as some limitation in threonine and sulfur amino
acids (Oonincx and Finke, 2021), particular care has to
be paid to accurately match fish requirements when for-
mulating.

Regarding product quality and the influence of BSF
larvae meal on fish fillets, Dumas et al. (2018) have
reported a negative linear relationship between body
protein and BSF larvae meal inclusion while a positive
relationship between body lipid and BSFLM inclusion,
while other studies have not found significant differ-
ences (Belghit et al., 2018; Borgogno et al., 2017; Dumas
et al., 2018; Gasco et al., 2019; Melenchón et al., 2022).
An important consideration is the impact of including
insect meal in fish feeds on sensory properties (Bor-
gogno et al., 2017). This aspect is crucial, along with
psychological factors, in determining consumer accep-
tance of fish that have been fed with insect meals (Baldi
et al., 2022; Mancuso et al., 2016; Rumbos et al., 2021).
Recognizing insects as a source of protein to produce
more sustainable food products holds significant impor-
tance in this context.

BSF larvae meal can also play an important role
in animal health due to the presence of bioactive
compounds (Gasco et al., 2021). Indeed, a positive
microbiota modulation (Biasato et al., 2022; Leeper et
al., 2022) have showed enhanced antioxidant activity
(Moutinho et al., 2021; Stenberg et al., 2019), overall
immune system improvement (Abdel-Latif et al., 2021;
Weththasinghe et al., 2022) and enhanced gut heath
(Kumar et al., 2021; Melenchón et al., 2022) in several
studies carried out in a different fish species.

6 Application of BSF for food

BSF larvae is quite known for its application in the feed
sector, however, there are also some cases (even though
not very common) of its application for food purposes.
Even historically populations in a few regions of the
world were consuming BSF larvae (Wang and Shelomi,
2017). For example, the larvae were grown on fermented
tapioca and consumed in a raw form with the beverage
from the fermented tapioca “tapai” (Chung et al., 2002;
Wang and Shelomi, 2017). But even recently there have
been some developments associated with the poten-
tial to use BSF larvae for food purposes. Thus, in 2018
Enorm Biofactory A/S from Denmark applied for the
Novel Food authorization with BSF larvae meal (dried
grounded whole BSF larvae), with planned inclusion of
10% to the bakery and snack products (Enorm Biofac-
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tory A/S, 2018). Up to the publication of this article, the
submission is still being processed. Furthermore, there
are a few experimental trials oriented towards the appli-
cation of BSF larvae flour for bakery products (Amoah
et al., 2023; Mshayisa et al., 2022), especially for bread
(González et al., 2019; Montevecchi et al., 2021) and
tortilla chips (Widya Saraswati et al., 2021). Such tri-
als relate to the suitable physico-chemical and colloidal
properties of BSF proteins (Queiroz et al., 2021). While
addition of BSF larvae meal could increase the protein
and fat content, it also worsens the textural properties
of the final product if more than 15% of ingredients are
added. Similar effect was observed for the extrudates
(Jorge Iñaki et al., 2022), used as potential matrix to pro-
duce meat substitutes (Alam et al., 2019) or using whole
BSF larvae in emulsified sausages (Bessa et al., 2019).

It is foreseen that use of lipids extracted from BSF lar-
vae for food purposes should increase in the future, as
they are associated with favorable properties (Loho and
Lo, 2023). It is suggested that BSF larvae lipids can be
suitable ingredients to substitute some fats inmargarine
and baked goods, following the processes of deodoriz-
ing and balancing the melting points (Delicato et al.,
2020; Smetana et al., 2020). Lipid refining should elimi-
nate the strong fishing and earthy aroma (Delicato et al.,
2020; Wang and Shelomi, 2017), making them suitable
for the butter or margarine replacement in baked goods
(Delicato et al., 2020; Smetana et al., 2020). There are
also trials to use complete content of BSF larvae for the
creation of milk substitute, however, are not confirmed
in the recent study (Tello et al., 2021).

7 Sustainability aspects of BSF chains

Although BSF larvae has proven to be a beneficial alter-
native protein source for reducing the greenhouse gas
(GHG) emissions related with food production and con-
sumption, there are still some knowledge gaps that need
to be addressed before adopting a large-scale indus-
trial production (Boakye-Yiadom et al., 2022). Given
the complexity of tasks involved in BSF value chains
(e.g. processing, rearing, valorizing, breeding, opera-
tions, product processing), further research is crucial to
identify their effects on mass production (Ravi et al.,
2020). An LCA done on production of dried BSF lar-
vae showed a high energy attribution at the pre-pupa
drying stage (39.3%) when compared with the other
processing stages in the system boundary (prepupa pro-
duction, bioconversion of biowaste, egg production, and
production of crushed biowaste) which had the biggest

share on Global warming potential, terrestrial eutroph-
ication, and eco-toxicity. Therefore, alternative single
raw materials usage as feed and another drying method
for prepupa will help minimize these impacts (Nugroho
et al., 2023). Another study observed that microbial
metabolism of fresh feed substrate (30% bran and flour,
and 70% water) without larvae was solely responsible
for 34% of the total CO2 emissions during BSF larvae
rearing and suggested that each component involved in
the process needs to be untwined (Parodi et al., 2020).
This shows that when the components contributing to
the overall CO2 emissions involved in the BSFL rearing
process are detangled, new research pathways are estab-
lished which could further help in limiting the total CO2
emissions in future.

BSF rearing is accompanied by direct emissions. Var-
ious studies have quantified emissions of methane,
ammonia, carbon dioxide, and nitrous oxide, although
not all gases are constantly measured across all stud-
ies. (Chen et al., 2019; Ermolaev et al., 2019; Guo et al.,
2021; Mertenat et al., 2019; Pang et al., 2020a,b; Parodi et
al., 2020, 2021). These emissions are highly relevant as
some (methane and nitrous oxide) contribute to global
warming as greenhouse gases and others (ammonia)
influence local ecosystems and public health. Moisture
content (Chen et al., 2019), pH (Pang et al., 2020a),
carbon-protein ratio (Pang et al., 2020b) and the pres-
ence or absence of manure (Chen et al., 2019; Pang et
al., 2020b; Parodi et al., 2021) are all shown to have an
effect.

BSF production on different diets can have a high
impact and low performance (in comparison to soybean
meal and fishmeal), regardless of the diets, unless pro-
duction environment and/or heating source from non-
renewable to renewable is changed (Beyers et al., 2023).
Insects produced on high quality diets for food and feed
purposes have high environmental impacts, which can
be lowered if insects are grown on food waste (Smetana
et al., 2021). During the last decade there have been
quite a few studies performed on LCA of BSF applica-
tion for waste treatment (Beyers et al., 2023; Boakye-
Yiadom et al., 2022; Ferronato et al., 2023; Guo et al.,
2021; Lalander et al., 2019; Mertenat et al., 2019; Mon-
dello et al., 2017; Pahmeyer et al., 2022; Salomone et
al., 2017). They often confirm the beneficial potential of
using waste as feed for BSF. For example, one LCA study
in Indonesia (developing country) shows that waste
treatment by BSF has 47 times lower CO2 emissions
than open windrow composting, helping in managing
the increasing amount of produced waste. Methane and
nitrous oxide samples were extracted and analyzed by
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gas chromatography (Mertenat et al., 2019). Consider-
ing codesigning of food system for a circular economy,
localization of BSFL gives several solutions (Jagtap et
al., 2021). A study that developed a geographical model
identifying the hotspots for the production of BSFL as
feed and waste bioconversion processing revealed that
locally produced feeds can contribute positively to the
circular economy as according to a study, connectiv-
ity between supply needs of feedstocks and the related
production and manufacturing needs to be localized to
achieve a sustainable resource use and demand (Jag-
tap et al., 2021; Martindale et al., 2020). BSF frass with
abundant plant nutrients and high-potential for income
generation, also needs investigation for its full-potential
(Smetana et al., 2021). A study reviewing the potential
of BSF larvae frass suggested a need for future research
on the frass post-treatment processes impacts, bio stim-
ulants and plant growth-promoting rhizobacteria and
fungi and substance formations and others (Lopes et al.,
2022). A study also observed that BSF larvae frass from
a formulated diet of fruit and vegetable components
(39% fruits, 36% vegetables, 15% bread and 10% spent
brewer’s grain) with balanced amount of protein, lipid
and carbohydrates and reduced fiber had high macro
andmicronutrient value like the commercially available
organic fertilizers (Arabzadeh et al., 2022).

There is scope for future technological advancements
in real-time gas monitoring during BSF larvae produc-
tion since direct GHG emissions might represent a con-
siderable amount in overall life cycle emissions and fac-
tors involved in changing amounts such as insect diet
quality and other breeding conditions (Boakye-Yiadom
et al., 2022). Moreover, the direct GHG emissions might
be associated with the substrate changes. For example,
a study found that increasing the pH of the food waste
(FW) used as substrate is beneficial in reducing environ-
mental footprint by recycling C and N from FW to BSF
larvae biomass (Pang et al., 2020a). Such an example
demonstrates a trend for the research needed to define
the niche of BFS production according to the function
of the production system: for the waste treatment, for
food or feed production or mixed options.

A range of life cycle assessments (LCAs) were recently
completed for different production technologies of
BSF larvae (Ites et al., 2020), feed and food products
(Smetana et al., 2016, 2019, 2020), and application of
different LCA approaches (Boakye-Yiadom et al., 2022;
Siegrist et al., 2023; Smetana, 2023; Smetana et al.,
2019; Spykman et al., 2021). An interesting approach
was applied to the LCA by employing a modular mod-
elling approach of BSF larvae production chains (Spyk-

man et al., 2021). It provided a possibility to gener-
ate multiple scenarios, adjusting one or few modules,
interconnected via developed coefficients. The study
opened new opportunities for the quick assessment
of environmental impacts and interconnection with
economic efficiency. It was further used as a basis for
multi-objective optimization of BSF larvae production
and identification optimal sustainable insect produc-
tion chains for different regions (Mouhrim et al., 2022)
but also for whole Europe (Smetana et al., 2023). Due
to a wide range of uncertainties in LCA studies using
different functional units, processes, techniques, system
boundaries, allocation and impact assessment methods,
there is a need for product category rule (PCR) guide-
lines for insect products with the same functionality
(Boakye-Yiadom et al., 2022; Siegrist et al., 2023). More-
over, specific methods for circularity potential estima-
tion and quantification of insect chains are envisioned
to be developed in the near future (Smetana, 2023).
Suchmethods will be beneficial to determine the poten-
tial of insects for the recovery and return of nutrients in
the food system.

8 Outlook for the next decade of research

It is clear that research during this last decade has
unveiled key new findings in a range of domains and
is, at a rapid pace, elevating our understanding of this
insect species while also triggering new research ques-
tions. First, it can be expected that future research will
continue to target the nutritional requirements of BSF
larvae, providing a systematic overview of connections
between complex compositions of feeds and nutritional
profile of insects. Moreover, the research on impact of
insect nutrients included in animal feed will continue
to define the synergetic and antagonistic connections
between insect composition and livestock wellbeing.
Insect processing such as fractionation (separation of
fat, chitin, proteins, etc.) will also be a focus of the
research defining the potential for the enhancement of
target properties useful for feed and food industries.

The few existing studies on BSF genetics used closely
related genetically uniform strains (Kaya et al., 2021). As
a result, present insights into phenotypic variation and
associated estimates for genetic parameters and corre-
lations tend to be specific to these populations. Many
technical aspects and research goals demand being tack-
led to achieve BSF breeding progress comparable to
conventional livestock sectors (Jensen et al., 2017). Dif-
ferent genetic markers and genomic approaches per-
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mit addressing questions of variable complexity, rang-
ing from basic population genetic monitoring to elu-
cidating genetic architectures of traits for optimizing
desired phenotypes (Eriksson and Picard, 2021). Accu-
mulating genomic resources from diverse populations
will elevate marker density and, in conjunction with
functional genomics studies, facilitate the identifica-
tion of candidate genes responding to selection, ulti-
mately improving sustainability and efficiency of BSF
farming alike. Research on symbiotic interactions of
H. illucens and microorganisms both in the insect but
also in environment will continue in the next decade,
concentrating on the possibilities for the feed pretreat-
ment, insect-microbiome co-digestion of unfavorable
feeds and wastes and utilization of microorganisms for
the biotransformation of insect biomass to reach the
required properties.

For example, the main digestive features of BSF lar-
vae and the composition of their gut microorganisms
have been characterized and revealed for both plasticity
depending on many (a)biotic parameters, like the diet.
This convinced the BSF community of the importance
of knowledge on these aspects to improve insect per-
formance and productivity, as reflected by the exponen-
tial increase of publications on this topic (Tettamanti
et al., 2022). As far as BSF larvae substrate digestibility
is concerned, a very recent study proposes asymptotic
Estimated Digestibility (ED) as a new indicator corre-
sponding to the maximal fraction of initial macronutri-
ents that are not in the frass at the end of the feeding
period (Guillaume et al., 2023). Asymptotic ED corre-
sponds to the maximal proportion of each macronutri-
ent that BSFL and associated microbial community can
potentially digest. Therefore, crude macronutrient con-
tent multiplied by the asymptotic ED of that macronu-
trient should be considered for each ingredient, rather
than the sole crude macronutrient content, when for-
mulating a diet for BSFL based on several ingredients.
These authors propose further studies focused on deter-
mining asymptotic ED of macronutrients in different
types of ingredients that could be used as BSF larvae
feed (such as agricultural side-streams, food waste or
animal manure) and evaluate the effect of rearing con-
ditions on asymptotic ED. However, some major gaps
persist: (1) the unpredictable or variable exploitation
of different organic wastes and byproducts by the lar-
vae. This point could be, at least partially, addressed
thanks to the development of ad hoc in vitro gut diges-
tion models that are able to simulate the complexity
of the BSF larvae digestive system and predict the out-
comes of in vivo feeding experiments (Gold et al., 2020).

Recognizing that doing a feeding experiment will likely
be still much easier to determine performance on vari-
able wastes than a complex in vitro digestion in the lab;
(2) the role of the BSF larvae digestive system in reduc-
ing foodborne pathogens, with the consideration of the
accumulation and concentration pathways in the body
of BSF larvae and treated substrate; (3) the relationship
between nutrient digestion/absorption, and the accu-
mulation of long-term storage molecules in the larva,
systemic immunity, reproduction, etc.; (4) the compo-
sition of the fungal and viral community is, respectively,
less and hardly studied to data, while they also deter-
mine both the functionality and plasticity of the whole
microorganims; and (5) the mechanisms by which spe-
cific members of the microorganisms are able to per-
sist throughout the life cycle and on different diets. In
short, the research in the last decade has focused on
mapping the BSF gut physiology and microorganisms in
varying conditions. Fundamental research in the next
decade will hopefully transition our field from map-
ping to understanding the underlying mechanisms that
dictate these interactions, so we can start using these
insights to positively impact BSF performance.

The leading trend of research on BSF gut and related
applications for the next decade could deal with the five
following aspects. (1) A better knowledge on BSF gut
physiology, microorganims, and nutrition, as well as the
possibility to trace causal cascades through ribonucleic
acid interence (RNAi) and Clustered regularly inter-
spaced palindromic repeats/CRISPR associated protein
9 (CRISPR/Cas9) tools in this insect (Kou et al., 2023;
Zhan et al., 2020), could establish BSF as a reference
model among Diptera for digestion-related studies. (2)
Future research should further target the mapping of
the genome-wide diversity present in the global BSF
population (Kaya et al., 2021) combined with genomic
selection within dedicated breeding schemes could
play a key role in promoting superior and/or purpose-
tailored BSF strains (Eriksson and Picard, 2021). (3)
A fine characterization of BSF gut physiology could
not only favor the use of larvae for the reduction and
valorization of tricky, e.g. fiber-rich, substrates (under-
exploited so far), but also promote the isolation of
new enzyme activities and bioactive compounds, likely
associated to the gut microbial community, that are
relevant from a biotechnological or medical perspec-
tive. (4) The exploration of the relation between the
microorganisms and the immunity could help under-
stand recent observations that link immune activity to
the absence of micro-organisms (Auger et al., 2023) and
help develop strategies to boost larval immunity dur-
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ing processing. (5) The understanding of the functional
roles of specific microbes could help develop microbi-
ological tools for feed pretreatment, insect-microbiome
co-digestion of unfavorable feeds and wastes or the uti-
lization of microorganisms for the biotransformation of
insect biomass to reach the required properties.

Application of BSF for the food is currently under
research and development. Despite defined suitable
nutritional and physico-chemical properties, there are
only a few scarce cases of H. illucens applications for
food development. Next decade of research will tackle
the lack of the studies associated with the use of lipids,
proteins, or complete biomass in different foods. More-
over, specific methods for circularity potential of insect
chains are envisioned to be developed in the near future
(Smetana, 2023).

Acknowledgements

The research is partially supported by funds of the Fed-
eral Ministry of Food and Agriculture (BMEL) based on
a decision of the parliament of the Federal Republic of
Germany via the Federal Office for Agriculture and Food
(BLE) under the Federal Program for Ecological Farm-
ing and Other Forms of Sustainable Agriculture in the
scope of the ERA Net CORE Organic project “Poultryn-
sect” grant agreement 2819OE152. The authors would
like to acknowledge the financial support received for
this project from transnational funding bodies, part-
ners of the H2020 ERA-NETs SUSFOOD2 and CORE
Organic Cofund, under Joint SUSFOOD2/CORE Organic
Call 2019, as part of the Poultrynsect project (ID: 48).
This paper is also supported by the EU-PRIMA pro-
gram project ADVAGROMED (Prima 2021 – Sect. 2). The
project is funded by the General Secretariat for Research
and Innovation of the Ministry of Development and
Investments of Greece under the PRIMA Programme.
PRIMA is an Art.185 initiative supported and co-funded
under Horizon 2020, the European Union’s Programme
for Research and Innovation. And partially funded by
the Federal Ministry of Education and Research (BMBF)
(grant agreement 02WPM1651). This paper is also sup-
ported by the EU-PRIMA program project CIPROMED
Grant Agreement No: 2231. Call 2022 Section 1 Agri-food
IA]. CS was supported through the “Innovation Space
NewFoodSystems” (Project reKultI4Food) funded by the
German Federal Ministry of Education and Research
(BMBF), grant no. 031B1206A. The paper is also sup-
ported by Fondazione Cariplo (RICH project, grant
number 2020-0900) and Italian Ministry of Univer-

sity and Research PRIN 2020 (NICE-PET project, Prot.
2020ENH3NZ). De Smet, J. holds a postdoctoral fellow-
ship (12V5222N) from the Flanders Research Founda-
tion (FWO).

References

Abdel-Latif, H.M.R., Abdel-Tawwab, M., Khalil, R.H., Met-
wally, A.A., Shakweer, M.S., Ghetas, H.A. and Khallaf, M.A.,
2021. Black soldier fly (Hermetia illucens) larvae meal in
diets of European seabass: effects on antioxidative capac-
ity, non-specific immunity, transcriptomic responses, and
resistance to the challenge with Vibrio alginolyticus. Fish &
Shellfish Immunology 111: 111-118.

Abdel-Tawwab, M., Khalil, R.H., Metwally, A.A., Shakweer,
M.S., Khallaf, M.A. and Abdel-Latif, H.M.R., 2020. Effects
of black soldier fly (Hermetia illucens L.) larvae meal on
growth performance, organs-somatic indices, body com-
position, and hemato-biochemical variables of European
sea bass, Dicentrarchus labrax. Aquaculture 522: 735136.

Alam, M.R., Scampicchio, M., Angeli, S. and Ferrentino, G.,
2019. Effect of hot melt extrusion on physical and func-
tional properties of insect based extruded products. Jour-
nal of Food Engineering 259: 44-51.

Altmann, B.A., Neumann, C., Rothstein, S., Liebert, F. and
Mörlein, D., 2019. Do dietary soy alternatives lead to pork
quality improvements or drawbacks? A look into micro-
alga and insect protein in swine diets. Meat Science 153:
26-34.

Altmann, B.A.,Wigger, R., Ciulu,M. andMörlein, D., 2020. The
effect of insect or microalga alternative protein feeds on
broiler meat quality. Journal of the Science of Food and
Agriculture 100: 4292-4302.

Amoah, I., Cobbinah, J.C., Yeboah, J.A., Essiam, F.A., Lim, J.J.,
Tandoh, M.A. and Rush, E., 2023. Edible insect powder for
enrichment of bakery products – a review of nutritional,
physical characteristics and acceptability of bakery prod-
ucts to consumers. Future Foods 8: 100251.

Arabzadeh, G., Delisle-Houde, M., Tweddell, R.J., Deschamps,
M.-H., Dorais, M., Lebeuf, Y., Derome, N. and Vanden-
berg, G., 2022. Diet composition influences growth per-
formance, bioconversion of black soldier fly larvae: agro-
nomic value and in vitro biofungicidal activity of derived
frass. Agronomy 12: 1765.

Auger, L., Bouslama, S., Deschamps, M.-H., Vandenberg, G.
and Derome, N., 2023. Absence of microbiome triggers
extensive changes in the transcriptional profile of Herme-
tia illucens during larval ontology. Scientific Reports 13:
2396.

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://creativecommons.org/licenses/by/4.0/


10 years of BSF research 17

Awal, Md.R., Rahman, Md.M., Choudhury, Md.A.R., Hasan,
Md.M., Rahman, Md.T. and Mondal, Md.F., 2022. Influ-
ences of artificial light on mating of black soldier fly (Her-
metia illucens) – a review. International Journal of Tropical
Insect Science 42: 2779-2783.

Baldi, L., Mancuso, T., Peri, M., Gasco, L. andTrentinaglia,M.T.,
2022. Consumer attitude and acceptance toward fish fed
with insects: a focus on the new generations. Journal of
Insects as Food and Feed 8: 1249-1263. https://doi.org/10
.3920/JIFF2021.0109

Barbi, S., Macavei, L.I., Fuso, A., Luparelli, A.V., Caligiani, A.,
Ferrari, A.M., Maistrello, L. and Montorsi, M., 2020. Val-
orization of seasonal agri-food leftovers through insects.
Science of The Total Environment 709: 136209.

Barragán-Fonseca, K., Pineda-Mejia, J., Dicke, M. and van
Loon, J.J.A., 2018. Performance of the black soldier fly
(Diptera: Stratiomyidae) on vegetable residue-based diets
formulated based on protein and carbohydrate contents.
Journal of Economic Entomology 111: 2676-2683. https://
doi.org/10.1093/jee/toy270

Barragan-Fonseca, K.B., Dicke, M. and 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

Barragan-Fonseca, K.B., Dicke, M. and van Loon, J.J.A., 2018.
Influence of larval density and dietary nutrient concen-
tration on performance, body protein, and fat contents of
black soldier fly larvae (Hermetia illucens). Entomologia
Experimentalis et Applicata 166: 761-770.

Barragan-Fonseca, K.B., Gort, G., Dicke, M. and van Loon,
J.J.A., 2019. Effects of dietary protein and carbohydrate on
life-history traits and body protein and fat contents of the
black soldier fly Hermetia illucens. Physiological Entomol-
ogy 44: 148-159.

Barragan-Fonseca, K.B., Gort, G., Dicke, M. and van Loon,
J.J.A., 2021. Nutritional plasticity of the black soldier fly
(Hermetia illucens) in response to artificial diets varying
in protein and carbohydrate concentrations. Journal of
Insects as Food and Feed 7: 51-61. https://doi.org/10.3920
/JIFF2020.0034

Barroso, F.G., Sánchez-Muros, M.-J., Segura, M., Morote, E.,
Torres, A., Ramos, R. and Guil, J.-L., 2017. Insects as food:
enrichment of larvae of Hermetia illucens with omega 3
fatty acids by means of dietary modifications. Journal of
Food Composition and Analysis 62: 8-13.

Basto, A., Matos, E. and Valente, L.M.P., 2020. Nutritional
value of different insect larvae meals as protein sources for
European sea bass (Dicentrarchus labrax) juveniles. Aqua-
culture 521: 735085.

Bava, L., Jucker, C., Gislon, G., Lupi, D., Savoldelli, S., Zucali,
M. and Colombini, S., 2019. Rearing of Hermetia illucens on
different organic by-Products: influence on growth, waste
reduction, and environmental impact. Animals 9: 289.

Belghit, I., Liland, N.S., Gjesdal, P., Biancarosa, I., Menchetti, E.,
Li, Y., Waagbø, R., Krogdahl, Å. and Lock, E.-J., 2019. Black
soldier fly larvae meal can replace fish meal in diets of sea-
water phase Atlantic salmon (Salmo salar). Aquaculture
503: 609-619.

Belghit, I., Liland, N.S., Waagbø, R., Biancarosa, I., Pelusio, N.,
Li, Y., Krogdahl, Å. and Lock, E.-J., 2018. Potential of insect-
based diets for Atlantic salmon (Salmo salar). Aquaculture
491: 72-81.

Beniers, J.J.A. and Graham, R.I., 2019. Effect of protein and car-
bohydrate feed concentrations on the growth and compo-
sition of black soldier fly (Hermetia illucens) larvae. Journal
of Insects as Food and Feed 5: 193-199. https://doi.org/10
.3920/JIFF2018.0001

Bertinetti, C., Samayoa, A.C. and Hwang, S.-Y., 2019. Effects
of feeding adults of Hermetia illucens (Diptera: Stra-
tiomyidae) on longevity, oviposition, and egg hatchability:
insights into optimizing egg production. Journal of Insect
Science 19: 19. https://doi.org/10.1093/jisesa/iez001

Bessa, L.W., Pieterse, E., Sigge, G. and Hoffman, L.C., 2019. An
exploratory study into the use of black soldier fly (Her-
metia illucens) larvae in the production of a Vienna-style
sausage. Meat and Muscle Biology 3. https://doi.org/10
.22175/mmb2018.11.0038

Beyers, M., Coudron, C., Ravi, R., Meers, E. and Bruun, S.,
2023. Black soldier fly larvae as an alternative feed source
and agro-waste disposal route – a life cycle perspective.
Resources, Conservation and Recycling 192: 106917.

Biancarosa, I., Liland, N.S., Biemans, D., Araujo, P., Bruckner,
C.G., Waagbø, R., Torstensen, B.E., Lock, E.-J. and Amlund,
H., 2018. Uptake of heavy metals and arsenic in black
soldier fly (Hermetia illucens) larvae grown on seaweed-
enriched media. Journal of the Science of Food and Agri-
culture 98: 2176-2183.

Biasato, I., Chemello, G., Oddon, S.B., Ferrocino, I., Corvaglia,
M.R., Caimi, C., Resconi, A., Paul, A., van Spankeren, M.,
Capucchio, M.T., Colombino, E., Cocolin, L., Gai, F., Schi-
avone, A. and Gasco, L., 2022.Hermetia illucensmeal inclu-
sion in low-fishmeal diets for rainbow trout (Oncorhynchus
mykiss): effects on the growth performance, nutrient
digestibility coefficients, selected gut health traits, and
health status indices. Animal Feed Science and Technol-
ogy 290: 115341.

Biasato, I., Ferrocino, I., Colombino, E., Gai, F., Schiavone, A.,
Cocolin, L., Vincenti, V., Capucchio, M.T. and Gasco, L.,
2020. Effects of dietary Hermetia illucens meal inclusion
on cecal microbiota and small intestinal mucin dynamics

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.3920/JIFF2021.0109
https://doi.org/10.3920/JIFF2021.0109
https://doi.org/10.1093/jee/toy270
https://doi.org/10.1093/jee/toy270
https://doi.org/10.3920/JIFF2016.0055
https://doi.org/10.3920/JIFF2016.0055
https://doi.org/10.3920/JIFF2020.0034
https://doi.org/10.3920/JIFF2020.0034
https://doi.org/10.3920/JIFF2018.0001
https://doi.org/10.3920/JIFF2018.0001
https://doi.org/10.1093/jisesa/iez001
https://doi.org/10.22175/mmb2018.11.0038
https://doi.org/10.22175/mmb2018.11.0038
https://creativecommons.org/licenses/by/4.0/


18 C.G. Athanassiou et al.

and infiltration with immune cells of weaned piglets. Jour-
nal of Animal Science and Biotechnology 11: 64.

Boakye-Yiadom, K.A., Ilari, A. and Duca, D., 2022. Greenhouse
gas emissions and life cycle assessment on the black soldier
fly (Hermetia illucens L.). Sustainability 14: 10456.

Bogdan, G., Ioan, S.D., Mihai, Ş., Elena, M.L., Vasile, M.D. and
Mihaela, B.A., 2022. Particularities of the Hermetia illucens
(L.) (Diptera: Stratiomyidae) ovipositing behavior: practi-
cal applications. Insects 13: 611.

Bonelli, M., Bruno, D., Brilli, M., Gianfranceschi, N., Tian, L.,
Tettamanti, G., Caccia, S. and Casartelli, M., 2020. Black
soldier fly larvae adapt to different food substrates through
morphological and functional responses of the midgut.
International Journal of Molecular Sciences 21: 4955.

Bonelli, M., Bruno, D., Caccia, S., Sgambetterra, G., Cappel-
lozza, S., Jucker, C., Tettamanti, G. and Casartelli, M., 2019.
Structural and functional characterization of Hermetia illu-
cens larval midgut. Frontiers in Physiology 10. https://doi
.org/10.3389/fphys.2019.00204

Borgogno, M., Dinnella, C., Iaconisi, V., Fusi, R., Scarpaleggia,
C., Schiavone, A., Monteleone, E., Gasco, L. and Parisi, G.,
2017. Inclusion of Hermetia illucens larvae meal on rain-
bow trout (Oncorhynchus mykiss) feed: effect on sensory
profile according to static and dynamic evaluations. Jour-
nal of the Science of Food and Agriculture 97: 3402-3411.

Bosch, G., Fels-Klerx, H., Rijk, T. and Oonincx, D., 2017. Afla-
toxin B1 tolerance and accumulation in black soldier fly
larvae (Hermetia illucens) and yellowmealworms (Tenebrio
molitor). Toxins 9: 185.

Bruno, D., Bonacci, T., Reguzzoni, M., Casartelli, M., Grimaldi,
A., Tettamanti, G. and Brandmayr, P., 2020. An in-depth
description of head morphology and mouthparts in larvae
of the black soldier fly Hermetia illucens. Arthropod Struc-
ture & Development 58: 100969.

Bruno, D., Bonelli, M., Cadamuro, A.G., Reguzzoni, M., Gri-
maldi, A., Casartelli, M. and Tettamanti, G., 2019a. The
digestive system of the adult Hermetia illucens (Diptera:
Stratiomyidae): morphological features and functional
properties. Cell and Tissue Research 378: 221-238.

Bruno, D., Bonelli, M., De Filippis, F., Di Lelio, I., Tettamanti,
G., Casartelli, M., Ercolini, D. and Caccia, S., 2019b. The
intestinal microbiota of Hermetia illucens larvae is affected
by diet and shows a diverse composition in the different
midgut regions. Applied and Environmental Microbiology
85: e01864-18. https://doi.org/10.1128/AEM.01864-18

Caccia, S., Casartelli, M. andTettamanti, G., 2019. The amazing
complexity of insect midgut cells: types, peculiarities, and
functions. Cell and Tissue Research 377: 505-525.

Cai, M., Li, L., Zhao, Z., Zhang, K., Li, F., Yu, C., Yuan, R.,
Zhou, B., Ren, Z., Yu, Z. and Zhang, J., 2022. Morphome-
tric characteristic of black soldier fly (Hermetia illucens) ·

Wuhan strain and its egg production improved by selec-
tively inbreeding. Life 12: 873.

Caimi, C., Biasato, I., Chemello, G., Oddon, S.B., Lussiana,
C., Malfatto, V.M., Capucchio, M.T., Colombino, E., Schi-
avone, A., Gai, F., Trocino, A., Brugiapaglia, A., Renna,
M. and Gasco, L., 2021. Dietary inclusion of a partially
defatted black soldier fly (Hermetia illucens) larva meal in
low fishmeal-based diets for rainbow trout (Oncorhynchus
mykiss). Journal of Animal Science and Biotechnology 12:
50.

Callegari, M., Jucker, C., Fusi, M., Leonardi, M.G., Daffonchio,
D., Borin, S., Savoldelli, S. and Crotti, E., 2020. Hydrolytic
profile of the culturable gut bacterial community associ-
ated with Hermetia illucens. Frontiers in Microbiology 11.
https://doi.org/10.3389/fmicb.2020.01965

Camenzuli, L., Van Dam, R., de Rijk, T., Andriessen, R.,
Van Schelt, J. and Van der Fels-Klerx, H., 2018. Tolerance
and excretion of the mycotoxins aflatoxin B1, zearalenone,
deoxynivalenol, and ochratoxin A by Alphitobius diaperi-
nus and Hermetia illucens from contaminated substrates.
Toxins 10: 91.

Cammack, J. and Tomberlin, J., 2017. The impact of diet pro-
tein and carbohydrate on select life-history traits of the
black soldier flyHermetia illucens (L.) (Diptera: Stratiomyi-
dae). Insects 8: 56.

Candian, V., Savio, C., Meneguz, M., Gasco, L. and Tedeschi,
R., 2023. Effect of the rearing diet on gene expression of
antimicrobial peptides in Hermetia illucens (Diptera: Stra-
tiomyidae). Insect Science 30: 933-946.

Chen, B., Kou, Z., Jiang, Y., Luo, X., Li, P., Sun, K., Wang,
W., Huang, Y. and Wang, Y., 2023. Intersex is required for
female sexual development inHermetia illucens. Insect Sci-
ence 30: 901-911.

Chen, J., Hou, D., Pang, W., Nowar, E.E., Tomberlin, J.K., Hu, R.,
Chen, H., Xie, J., Zhang, J., Yu, Z. and Li, Q., 2019. Effect of
moisture content on greenhouse gas and NH3 emissions
from pig manure converted by black soldier fly. Science of
The Total Environment 697: 133840.

Cheng, J.Y.K., Chiu, S.L.H. and Lo, I.M.C., 2017. Effects of mois-
ture content of food waste on residue separation, larval
growth and larval survival in black soldier fly bioconver-
sion. Waste Management 67: 315-323.

Chia, S.Y., Tanga, C.M., Khamis, F.M., Mohamed, S.A., Salifu,
D., Sevgan, S., Fiaboe, K.K.M., Niassy, S., van Loon, J.J.A.,
Dicke, M. and Ekesi, S., 2018a. Threshold temperatures
and thermal requirements of black soldier fly Hermetia
illucens: implications for mass production. PLOS ONE 13:
e0206097.

Chia, S.Y., Tanga, C.M., Osuga, I.M., Alaru, A.O., Mwangi, D.M.,
Githinji, M., Dubois, T., Ekesi, S., van Loon, J.J.A. and Dicke,
M., 2021. Black soldier fly larval meal in feed enhances

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.3389/fphys.2019.00204
https://doi.org/10.3389/fphys.2019.00204
https://doi.org/10.1128/AEM.01864-18
https://doi.org/10.3389/fmicb.2020.01965
https://creativecommons.org/licenses/by/4.0/


10 years of BSF research 19

growth performance, carcass yield and meat quality of fin-
ishing pigs. Journal of Insects as Food and Feed 7: 433-447.
https://doi.org/10.3920/JIFF2020.0072

Chia, S.Y., Tanga, C.M., Osuga, I.M., Mohamed, S.A., Khamis,
F.M., Salifu, D., Sevgan, S., Fiaboe, K.K.M., Niassy, S.,
van Loon, J.J.A., Dicke, M. and Ekesi, S., 2018b. Effects of
waste stream combinations from brewing industry on per-
formance of black soldier fly, Hermetia illucens (Diptera:
Stratiomyidae). PeerJ 6: e5885.

Chia, S.Y., Tanga, C.M., Osuga, I.M., Alaru, A.O., Mwangi, D.M.,
Githinji, M., Subramanian, S., Fiaboe, K.K.M., Ekesi, S.,
van Loon, J.A.A. and Dicke, M., 2019. Effect of dietary
replacement of fishmeal by insect meal on growth perfor-
mance, blood profiles and economics of growing pigs in
Kenya. Animals 9: 705.

Chung, A.Y.C., Khen, C.V., Unchi, S. and Binti, M., 2002. Edi-
ble insects and entomophagy in Sabah, Malaysia. Malayan
Nature Journal 56: 131-144.

Cifuentes, Y., Vilcinskas, A., Kämpfer, P. and Glaeser, S.P., 2022.
Isolation of Hermetia illucens larvae core gut microbiota by
two different cultivation strategies. Antonie van Leeuwen-
hoek 115: 821-837.

Clark, R.I., Salazar, A., Yamada, R., Fitz-Gibbon, S., Morselli,
M., Alcaraz, J., Rana, A., Rera, M., Pellegrini, M., Ja, W.W.
and Walker, D.W., 2015. Distinct shifts in microbiota com-
position during Drosophila aging impair intestinal func-
tion and drive mortality. Cell Reports 12: 1656-1667.

Dabbou, S., Gai, F., Biasato, I., Capucchio, M.T., Biasibetti, E.,
Dezzutto, D., Meneguz, M., Plachà, I., Gasco, L. and Schi-
avone, A., 2018. Black soldier fly defatted meal as a dietary
protein source for broiler chickens: effects on growth per-
formance, blood traits, gut morphology and histological
features. Journal of Animal Science and Biotechnology 9:
49.

De Smet, J., Wynants, E., Cos, P. and Van Campenhout, L.,
2018. Microbial community dynamics during rearing of
black soldier fly larvae (Hermetia illucens) and impact on
exploitation potential. Applied and Environmental Micro-
biology 84. https://doi.org/10.1128/AEM.02722-17

Delicato, C., Schouteten, J.J., Dewettinck, K., Gellynck, X. and
Tzompa-Sosa, D.A., 2020. Consumers’ perception of bak-
ery products with insect fat as partial butter replacement.
Food Quality and Preference 79: 103755.

DeRaedt, S., Bierman, A., van Heusden, P., Richards, C. and
Christoffels, A., 2022. microRNA profile of Hermetia illu-
cens (black soldier fly) and its implications on mass rear-
ing. PLOS ONE 17: e0265492.

Diener, S., Studt Solano, N.M., Roa Gutiérrez, F., Zurbrügg,
C. and Tockner, K., 2011. Biological treatment of munici-
pal organic waste using black soldier fly larvae. Waste and
Biomass Valorization 2: 357-363.

Diener, S., Zurbrügg, C. and Tockner, K., 2015. Bioaccumu-
lation of heavy metals in the black soldier fly, Hermetia
illucens and effects on its life cycle. Journal of Insects as
Food and Feed 1: 261-270. https://doi.org/10.3920/JIFF2015
.0030

Diener, S., Zurbrügg, C. and Tocknera, K., 2009. Conversion of
organic material by black soldier fly larvae – establishing
optimal feeding rates. Waste Management & Research 27:
603-610. https://doi.org/10.1177/0734242X09103838

Dumas, A., Raggi, T., Barkhouse, J., Lewis, E. and Weltzien,
E., 2018. The oil fraction and partially defatted meal of
black soldier fly larvae (Hermetia illucens) affect differ-
ently growth performance, feed efficiency, nutrient deposi-
tion, blood glucose and lipid digestibility of rainbow trout
(Oncorhynchus mykiss). Aquaculture 492: 24-34.

Dzepe, D., Nana, P., Mube, K.H., Fotso, K.A., Tchuinkam, T.
and Djouaka, R., 2020. Role of pupation substrate on post-
feeding development of black soldier fly larvae, Hermetia
illucens (Diptera: Stratiomyidae). Journal of Entomology
and Zoology Studies 8: 760-764.

Ebeneezar, S., Linga Prabu, D., Tejpal, C.S., Jeena, N.S., Sum-
maya, R., Chandrasekar, S., Sayooj, P. and Vijayagopal, P.,
2021. Nutritional evaluation, bioconversion performance
and phylogenetic assessment of black soldier fly (Hermetia
illucens, Linn. 1758) larvae valorized from food waste. Envi-
ronmental Technology & Innovation 23: 101783. https://doi
.org/10.1016/j.eti.2021.101783

Eggink, K.M., Donoso, I.G. and Dalsgaard, J., 2023. Optimal
dietary protein to carbohydrate ratio for black soldier fly
(Hermetia illucens) larvae. Journal of Insects as Food and
Feed 9: 789-798. https://doi.org/10.3920/JIFF2022.0102

Eggink, K.M., Lund, I., Pedersen, P.B., Hansen, B.W. and Dals-
gaard, J., 2022. Biowaste and by-products as rearing sub-
strates for black soldier fly (Hermetia illucens) larvae:
effects on larval body composition and performance. PLOS
ONE 17: e0275213.

El-Dakar, M.A., Ramzy, R.R., Ji, H. and Plath, M., 2020. Bioac-
cumulation of residual omega-3 fatty acids from industrial
Schizochytrium microalgal waste using black soldier fly
(Hermetia illucens) larvae. Journal of Cleaner Production
268: 122288.

Engel, P. and Moran, N.A., 2013. The gut microbiota of
insects – diversity in structure and function. FEMS Micro-
biology Reviews 37: 699-735.

EnormBiofactory A/S, 2018. Summary of the application: Her-
metia meal. Novel food application submitted to European
Commission within the meaning of Article 10(1) of Regu-
lation (EU) 2015/2283. Available at: https://food.ec.europa
.eu/document/download/e5edf5ac-5155-4072-a70c
-54e8365fced6_en?filename=novel-food_sum_ongoing
-app_2018-0765.pdf

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.3920/JIFF2020.0072
https://doi.org/10.1128/AEM.02722-17
https://doi.org/10.3920/JIFF2015.0030
https://doi.org/10.3920/JIFF2015.0030
https://doi.org/10.1177/0734242X09103838
https://doi.org/10.1016/j.eti.2021.101783
https://doi.org/10.1016/j.eti.2021.101783
https://doi.org/10.3920/JIFF2022.0102
https://food.ec.europa.eu/document/download/e5edf5ac-5155-4072-a70c-54e8365fced6_en?filename=novel-food_sum_ongoing-app_2018-0765.pdf
https://food.ec.europa.eu/document/download/e5edf5ac-5155-4072-a70c-54e8365fced6_en?filename=novel-food_sum_ongoing-app_2018-0765.pdf
https://food.ec.europa.eu/document/download/e5edf5ac-5155-4072-a70c-54e8365fced6_en?filename=novel-food_sum_ongoing-app_2018-0765.pdf
https://food.ec.europa.eu/document/download/e5edf5ac-5155-4072-a70c-54e8365fced6_en?filename=novel-food_sum_ongoing-app_2018-0765.pdf
https://creativecommons.org/licenses/by/4.0/


20 C.G. Athanassiou et al.

Erbland, P., Alyokhin, A., Perkins, L.B. and Peterson, M., 2020.
Dose-dependent retention of Omega-3 fatty acids by black
soldier fly larvae (Diptera: Stratiomyidae). Journal of Eco-
nomic Entomology 113: 1221-1226.

Eriksson, T. and Picard, C.J., 2021. Genetic and genomic selec-
tion in insects as food and feed. Journal of Insects as Food
and Feed 7: 661-682. https://doi.org/10.3920/JIFF2020
.0097

Ermolaev, E., Lalander, C. and Vinnerås, B., 2019. Greenhouse
gas emissions from small-scale fly larvae composting with
Hermetia illucens. Waste Management 96: 65-74.

European Council (EC), 2001. Laying down rules for the
prevention, control and eradication of certain transmis-
sible spongiform encephalopathies. Regulation (EC) no
999/2001 of the European Parliament and of the Council
of 22 May 2001 (OJ L 147, 31.5. 2001, p. 1). Official Journal
ofthe European Communities.

Ewald, N., Vidakovic, A., Langeland, M., Kiessling, A., Sampels,
S. and Lalander, C., 2020. Fatty acid composition of black
soldier fly larvae (Hermetia illucens) – possibilities and lim-
itations for modification through diet. Waste Management
102: 40-47.

Ewusie, E., Kwapong, P., Ofosu-Budu, G., Sandrock, C., Aku-
mah, A., Nartey, E., Teye-Gaga, C., Agyarkwah, S. and
Adamtey, N., 2018. Development of black soldier fly, Her-
metia illucens (Diptera: Stratiomyidae) in selected organic
market waste fractions in Accra, Ghana. Asian Journal of
Biotechnology and Bioresource Technology 4: 1-16.

Ewusie, E.A., Kwapong, P.K., Ofosu-Budu, G., Sandrock, C.,
Akumah, A.M., Nartey, E.K., Tetegaga, C. and Agyakwah,
S.K., 2019. The black soldier fly, Hermetia illucens (Diptera:
Stratiomyidae): trapping and culturing of wild colonies in
Ghana. Scientific African 5: e00134.

Facchini, E., Shrestha, K., van den Boer, E., Junes, P., Sader, G.,
Peeters, K. and Schmitt, E., 2022. Long-term artificial selec-
tion for increased larval body weight of Hermetia illucens
in industrial settings. Frontiers in Genetics 13. https://doi
.org/10.3389/fgene.2022.865490

Ferdousi, L. and Sultana, N., 2021. Impact of daylight dura-
tion on pupation and adult emergence of black soldier fly
(Hermetia illucens). International Journal of Entomology
Research 6: 142-145.

Ferrari, L., Sele, V., Silva, M., Bonilauri, P., De Filippo, F.,
Selmin, F., Ørnsrud, R., Pinotti, L. and Ottoboni, M., 2022.
Biofortification of selenium in black soldier fly (Herme-
tia illucens) prepupae reared on seaweed or selenium
enriched substrates. Journal of Insects as Food and Feed
8: 887-899. https://doi.org/10.3920/JIFF2021.0153

Ferronato, N., Paoli, R., Romagnoli, F., Tettamanti, G., Bruno,
D. and Torretta, V., 2023. Environmental impact scenarios
of organic fraction municipal solid waste treatment with

Black Soldier Fly larvae based on a life cycle assessment.
Environmental Science and Pollution Research 31: 17651-
17669. https://doi.org/10.1007/s11356-023-27140-9

Fisher, H.J., Collins, S.A., Hanson, C., Mason, B., Colombo, S.M.
and Anderson, D.M., 2020. Black soldier fly larvae meal as
a protein source in low fish meal diets for Atlantic salmon
(Salmo salar). Aquaculture 521: 734978.

Fuso, A., Barbi, S., Macavei, L.I., Luparelli, A.V., Maistrello, L.,
Montorsi, M., Sforza, S. and Caligiani, A., 2021. Effect of the
rearing substrate on total protein and amino acid compo-
sition in black soldier fly. Foods 10: 1773.

Gao, Z., Deng, W. and Zhu, F., 2019a. Reference gene selection
for quantitative gene expression analysis in black soldier
fly (Hermetia illucens). PLOS ONE 14: e0221420.

Gao, Z., Wang, W., Lu, X., Zhu, F., Liu, W., Wang, X. and Lei, C.,
2019b. Bioconversion performance and life table of black
soldier fly (Hermetia illucens) on fermented maize straw.
Journal of Cleaner Production 230: 974-980.

Gasco, L., Biasato, I., Dabbou, S., Schiavone, A. and Gai,
F., 2019. Quality and consumer acceptance of products
from insect-fed animals. In: Sogari, G., Mora, C. and
Menozzi, D. (eds.) Edible insects in the food sector.
Springer International Publishing, Cham, Switzerland,
pp. 73-86. https://doi.org/10.1007/978-3-030-22522-3_6

Gasco, L., Caimi, C., Trocino, A., Lussiana, C., Oddon, S.B.,
Malfatto, V., Anedda, R., Serra, G., Biasato, I., Schiavone,
A., Gai, F. and Renna, M., 2022. Digestibility of defat-
ted insect meals for rainbow trout aquafeeds. Journal of
Insects as Food and Feed 8: 1385-1399. https://doi.org/10
.3920/JIFF2021.0160

Gasco, L., Józefiak, A. and Henry, M., 2021. Beyond the protein
concept: health aspects of using edible insects on animals.
Journal of Insects as Food and Feed 7: 715-741. https://doi
.org/10.3920/JIFF2020.0077

Gasco, L., Oddon, S.B., Vandenberg, G.W., Veldkamp, T. and
Biasato, I., 2023. Factors affecting the decision-making pro-
cess of using insect-based products in animal feed formu-
lations. Journal of Insects as Food and Feed. https://doi.org
/10.3920/JIFF2022.0164

Generalovic, T.N., McCarthy, S.A., Warren, I.A., Wood, J.M.D.,
Torrance, J., Sims, Y., Quail, M., Howe, K., Pipan, M., Durbin,
R. and Jiggins, C.D., 2021. A high-quality, chromosome-
level genome assembly of the Black Soldier Fly (Herme-
tia illucens L.). G3 Genes|Genomes|Genetics 11: jkab085.
https://doi.org/10.1093/g3journal/jkab085

Generalovic, T.N., Sandrock, C., Roberts, B.J., Meier, J.I., Hauser,
M., Warren, I.A., Pipan, M., Durbin, R. and Jiggins, C.D.,
2023. Cryptic diversity and signatures of domestication in
the Black Soldier Fly (Hermetia illucens). bioRxiv. https://
doi.org/10.1101/2023.10.21.563413

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.3920/JIFF2020.0097
https://doi.org/10.3920/JIFF2020.0097
https://doi.org/10.3389/fgene.2022.865490
https://doi.org/10.3389/fgene.2022.865490
https://doi.org/10.3920/JIFF2021.0153
https://doi.org/10.1007/s11356-023-27140-9
https://doi.org/10.1007/978-3-030-22522-3_6
https://doi.org/10.3920/JIFF2021.0160
https://doi.org/10.3920/JIFF2021.0160
https://doi.org/10.3920/JIFF2020.0077
https://doi.org/10.3920/JIFF2020.0077
https://doi.org/10.3920/JIFF2022.0164
https://doi.org/10.3920/JIFF2022.0164
https://doi.org/10.1093/g3journal/jkab085
https://doi.org/10.1101/2023.10.21.563413
https://doi.org/10.1101/2023.10.21.563413
https://creativecommons.org/licenses/by/4.0/


10 years of BSF research 21

Georgescu, B., Boaru, A.M., Muntean, L., Sima, N., Struţi, D.I.,
Păpuc, T.A. and Georgescu, C., 2022. Modulating the fatty
acid profiles of Hermetia illucens larvae fats by dietary
enrichment with different oilseeds: a sustainable way for
future use in feed and food. Insects 13: 801.

Georgescu, B., Struti, D., Papuc, T., Ladosi, D. and Boaru,
A., 2020. Body weight loss of black soldier fly Hermetia
illucens (Diptera: Stratiomyidae) during development in
non-feeding stages: Implications for egg clutch parameters.
European Journal of Entomology 117: 216-225.

Giannetto, A., Oliva, S., Ceccon Lanes, C.F., de Araújo Pedron,
F., Savastano, D., Baviera, C., Parrino, V., Lo Paro, G., Spanò,
N.C., Cappello, T., Maisano, M., Mauceri, A. and Fasulo,
S., 2020. Hermetia illucens (Diptera: Stratiomydae) larvae
and prepupae: biomass production, fatty acid profile and
expression of key genes involved in lipid metabolism. Jour-
nal of Biotechnology 307: 44-54.

Gligorescu, A., Toft, S., Hauggaard-Nielsen, H., Axelsen, J.A.
and Nielsen, S.A., 2019. Development, growth and meta-
bolic rate of Hermetia illucens larvae. Journal of Applied
Entomology 143: 875-881.

Gobbi, P., Martinez-Sanchez, A. and Rojo, S., 2013. The effects
of larval diet on adult life-history traits of the black soldier
fly, Hermetia illucens (Diptera: Stratiomyidae). European
Journal of Entomology Institute of Entomology 110: 461.

Gold, M., Cassar, C.M., Zurbrügg, C., Kreuzer, M., Boulos, S.,
Diener, S. and Mathys, A., 2020. Biowaste treatment with
black soldier fly larvae: increasing performance through
the formulation of biowastes based on protein and carbo-
hydrates. Waste Management 102: 319-329.

Gold, M., Tomberlin, J.K., Diener, S., Zurbrügg, C. and Mathys,
A., 2018. Decomposition of biowaste macronutrients,
microbes, and chemicals in black soldier fly larval treat-
ment: a review.Waste Management 82: 302-318.

González, C.M., Garzón, R. and Rosell, C.M., 2019. Insects as
ingredients for bakery goods. A comparison study of H. illu-
cens, A. domestica and T. molitor flours. Innovative Food
Science & Emerging Technologies 51: 205-210.

Gorrens, E., De Smet, J., Vandeweyer, D., Bossaert, S., Crauwels,
S., Lievens, B. and Van Campenhout, L., 2022. The bac-
terial communities of black soldier fly larvae (Hermetia
illucens) during consecutive, industrial rearing cycles. Jour-
nal of Insects as Food and Feed 8: 1061-1076. https://doi.org
/10.3920/JIFF2021.0150

Gorrens, E., Van Moll, L., Frooninckx, L., De Smet, J. and
Van Campenhout, L., 2021. Isolation and identification
of dominant bacteria from black soldier fly larvae (Her-
metia illucens) envisaging practical applications. Fron-
tiers in Microbiology 12. https://doi.org/10.3389/fmicb
.2021.665546

Greenwood, M.P., Hull, K.L., Brink-Hull, M., Lloyd, M. and
Rhode, C., 2021. Feed and host genetics drive microbiome
diversity with resultant consequences for production traits
in mass-reared black soldier fly (Hermetia illucens) larvae.
Insects 12: 1082.

Guillaume, J.B., Mezdour, S., Marion-Poll, F., Terrol, C. and
Schmidely, P., 2023. Asymptotic estimated digestibility, a
new indicator of black soldier fly (Hermetia illucens) con-
version efficiency in relation to larval density. Journal of
Insects as Food and Feed 9: 893-906. https://doi.org/10
.3920/JIFF2022.0103

Guilliet, J., Baudouin, G., Pollet, N. and Filée, J., 2022. What
complete mitochondrial genomes tell us about the evolu-
tionary history of the black soldier fly, Hermetia illucens.
BMC Ecology and Evolution 22: 72.

Guo, H., Jiang, C., Zhang, Z., Lu, W. andWang, H., 2021. Mate-
rial flow analysis and life cycle assessment of food waste
bioconversion by black soldier fly larvae (Hermetia illucens
L.). Science of The Total Environment 750: 141656.

Herrera, E., Petrusan, J.-I., Salvá-Ruiz, B., Novak, A., Cavalcanti,
K., Aguilar, V., Heinz, V. and Smetana, S., 2022. Meat qual-
ity of guinea pig (Cavia porcellus) fed with black soldier
fly larvae meal (Hermetia illucens) as a protein source. Sus-
tainability 14: 1292.

Heuel, M., Kreuzer, M., Gangnat, I.D.M., Frossard, E., Zur-
brügg, C., Egger, J., Dortmans, B., Gold, M., Mathys, A.,
Jaster-Keller, J., Weigel, S., Sandrock, C. and Terranova, M.,
2023. Low transfer of cadmium, lead and aflatoxin B1 to
eggs andmeat of laying hens receiving diets with black sol-
dier fly larvae reared on contaminated substrates. Animal
Feed Science and Technology 304: 115733.

Heuel, M., Kreuzer, M., Sandrock, C., Leiber, F., Mathys, A.,
Gold, M., Zurbrügg, C., Gangnat, I.D.M. and Terranova, M.,
2021a. Transfer of lauric and myristic acid from black sol-
dier fly larval lipids to egg yolk lipids of hens is low. Lipids
56: 423-435.

Heuel, M., Kreuzer, M., Sandrock, C., Leiber, F., Mathys, A.,
Guggenbühl, B., Gangnat, I.D.M. and Terranova, M., 2022a.
Feeding value of black soldier fly larvae compared to soy-
bean in methionine- and lysine-deficient laying hen diets.
Journal of Insects as Food and Feed 8: 989-999. https://doi
.org/10.3920/JIFF2021.0178

Heuel, M., Sandrock, C., Leiber, F., Mathys, A., Gold, M., Zur-
brüegg, C., Gangnat, I.D.M., Kreuzer, M. and Terranova, M.,
2022b. Black soldier fly larvae meal and fat as a replace-
ment for soybeans in organic broiler diets: effects on per-
formance, body N retention, carcase and meat quality.
British Poultry Science 63: 650-661.

Heuel, M., Sandrock, C., Leiber, F., Mathys, A., Gold, M., Zur-
brügg, C., Gangnat, I.D.M., Kreuzer, M. and Terranova, M.,
2021b. Black soldier fly larvae meal and fat can completely

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.3920/JIFF2021.0150
https://doi.org/10.3920/JIFF2021.0150
https://doi.org/10.3389/fmicb.2021.665546
https://doi.org/10.3389/fmicb.2021.665546
https://doi.org/10.3920/JIFF2022.0103
https://doi.org/10.3920/JIFF2022.0103
https://doi.org/10.3920/JIFF2021.0178
https://doi.org/10.3920/JIFF2021.0178
https://creativecommons.org/licenses/by/4.0/


22 C.G. Athanassiou et al.

replace soybean cake and oil in diets for laying hens. Poul-
try Science 100: 101034.

Heussler, C.D., Walter, A., Oberkofler, H., Insam, H., Arthofer,
W., Schlick-Steiner, B.C. and Steiner, F.M., 2018. Influence
of three artificial light sources on oviposition and half-life
of the Black Soldier Fly, Hermetia illucens (Diptera: Stra-
tiomyidae): improving small-scale indoor rearing. PLOS
ONE 13: e0197896.

Hitz, T., Henke, M., Graeff-Hönninger, S. and Munz, S.,
2019. Three-dimensional simulation of light spectrum and
intensity within an LED growth chamber. Computers and
Electronics in Agriculture 156: 540-548.

Hoc, B., Noël, G., Carpentier, J., Francis, F. and Caparros
Megido, R., 2019. Optimization of black soldier fly (Herme-
tia illucens) artificial reproduction. PLOSONE 14: e0216160.

Hoffmann, L., Hull, K.L., Bierman, A., Badenhorst, R., Bester-
van der Merwe, A.E. and Rhode, C., 2021. Patterns of
genetic diversity and mating systems in a mass-reared
black soldier fly colony. Insects 12: 480.

Holmes, L.A., Vanlaerhoven, S.L. and Tomberlin, J.K., 2012.
Relative humidity effects on the life history of Hermetia
illucens (Diptera Stratiomyidae). Environmental Entomol-
ogy 41: 971-978.

Holmes, L.A., Vanlaerhoven, S.L. and Tomberlin, J.K., 2013.
Substrate effects on pupation and adult emergence of
Hermetia illucens (Diptera: Stratiomyidae). Environmental
Entomology 42: 370-374.

Hosseindoust, A., Ha, S.H., Mun, J.Y. and Kim, J.S., 2023. Qual-
ity characteristics of black soldier flies produced by differ-
ent substrates. Insects 14: 500.

Hua, K., 2021. A meta-analysis of the effects of replacing fish
meals with insect meals on growth performance of fish.
Aquaculture 530: 735732.

Huang, C., Feng, W., Xiong, J., Wang, T., Wang, W., Wang, C.
and Yang, F., 2019. Impact of drying method on the nutri-
tional value of the edible insect protein from black soldier
fly (Hermetia illucens L.) larvae: amino acid composition,
nutritional value evaluation, in vitro digestibility, and ther-
mal properties. European Food Research and Technology
245: 11-21.

Hull, K.L., Greenwood, M.P., Lloyd, M., Bester-van der Merwe,
A.E. and Rhode, C., 2023. Gene expression differentials
driven by mass rearing and artificial selection in black sol-
dier fly colonies. Insect Molecular Biology 32: 86-105.

Ites, S., Smetana, S., Toepfl, S. and Heinz, V., 2020. Modularity
of insect production and processing as a path to efficient
and sustainable food waste treatment. Journal of Cleaner
Production 248: 119248.

Jagtap, S., Garcia-Garcia, G., Duong, L., Swainson, M. and
Martindale, W., 2021. Codesign of food system and circu-

lar economy approaches for the development of livestock
feeds from insect larvae. Foods 10: 1701.

Jensen, K., Kristensen, T.N., Heckmann, L.-H. and Sørensen,
J.G., 2017. Breeding and maintaining high-quality insects.
In: van Huis, A. and Tomberlin, J.K. (eds.) Insects as food
and feed: from production to consumption. Wagenin-
gen Academic Publishers, Wageningen, the Netherlands,
pp. 175-198.

Jones, B.M. andTomberlin, J.K., 2021. Effects of adult body size
onmating success of the black soldier fly,Hermetia illucens
(L.) (Diptera: Stratiomyidae). Journal of Insects as Food
and Feed 7: 5-20. https://doi.org/10.3920/JIFF2020.0001

Jorge Iñaki, G.-B., Gerardo Antonio, P.-C., Efrén, D., Hiram, M.-
R., Daniela, G.-I. and Damián, R.-J., 2022. Black soldier fly:
prospection of the inclusion of insect-based ingredients in
extruded foods. Food Chemistry Advances 1: 100075.

Jucker, C., Erba, D., Leonardi, M.G., Lupi, D. and Savoldelli,
S., 2017. Assessment of vegetable and fruit substrates as
potential rearing media for Hermetia illucens (Diptera:
Stratiomyidae) larvae. Environmental Entomology 46:
1415-1423.

Julita, U., Lusianti, F.L., Eka Putra, R. and Dana Perma, A.,
2021. Ovitrap preference in the black soldier fly, Herme-
tia illucens (L.) (Diptera: Stratiomyidae). Pakistan Journal
of Biological Sciences 24: 562-570.

Kar, S.K., Schokker, D., Harms, A.C., Kruijt, L., Smits, M.A. and
Jansman, A.J.M., 2021. Local intestinal microbiota response
and systemic effects of feeding black soldier fly larvae to
replace soybeanmeal in growing pigs. Scientific Reports 11:
15088.

Kaya, C., Generalovic, T.N., Ståhls, G., Hauser, M., Samayoa,
A.C., Nunes-Silva, C.G., Roxburgh, H., Wohlfahrt, J., Ewusie,
E.A., Kenis, M., Hanboonsong, Y., Orozco, J., Carrejo, N.,
Nakamura, S., Gasco, L., Rojo, S., Tanga, C.M., Meier, R.,
Rhode, C., Picard, C.J., Jiggins, C.D., Leiber, F., Tomberlin,
J.K., Hasselmann, M., Blanckenhorn, W.U., Kapun, M. and
Sandrock, C., 2021. Global population genetic structure
and demographic trajectories of the black soldier fly, Her-
metia illucens. BMC Biology 19: 94.

Khamis, F.M., Ombura, F.L.O., Akutse, K.S., Subramanian, S.,
Mohamed, S.A., Fiaboe, K.K.M., Saijuntha, W., Van Loon,
J.J.A., Dicke, M., Dubois, T., Ekesi, S. and Tanga, C.M., 2020.
Insights in the global genetics and gutmicrobiome of black
soldier fly, Hermetia illucens: implications for animal feed
safety control. Frontiers in Microbiology 11. https://doi.org
/10.3389/fmicb.2020.01538

Kim, W.-T., Bae, S.-W., Kim, A.-Y., Park, K.-H., Lee, S.-B., Choi,
Y.-C., Han, S.-M., Park, Y.-H. and Koh, Y.-H., 2011. Character-
ization of the molecular features and expression patterns
of two serine proteases in Hermetia illucens (Diptera: Stra-
tiomyidae) larvae. BMB Reports 44: 387-392.

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.3920/JIFF2020.0001
https://doi.org/10.3389/fmicb.2020.01538
https://doi.org/10.3389/fmicb.2020.01538
https://creativecommons.org/licenses/by/4.0/


10 years of BSF research 23

Klammsteiner, T., Walter, A., Bogataj, T., Heussler, C.D., Stres,
B., Steiner, F.M., Schlick-Steiner, B.C., Arthofer, W. and
Insam, H., 2020. The core gut microbiome of black sol-
dier fly (Hermetia illucens) larvae raised on low-bioburden
diets. Frontiers in Microbiology 11. https://doi.org/10.3389
/fmicb.2020.00993

Klüber, P., Arous, E., Zorn, H. and Rühl, M., 2023. Protein- and
carbohydrate-rich supplements in feeding adult black sol-
dier flies (Hermetia illucens) affect life history traits and egg
productivity. Life 13: 355.

Klüber, P., Müller, S., Schmidt, J., Zorn, H. and Rühl, M., 2022.
Isolation of bacterial and fungal microbiota associated
with Hermetia illucens larvae reveals novel insights into
entomopathogenicity. Microorganisms 10: 319.

Kou, Z., Luo, X., Jiang, Y., Chen, B., Song, Y., Wang, Y., Xu,
J., Tomberlin, J.K. and Huang, Y., 2023. Establishment of
highly efficient transgenic system for black soldier fly (Her-
metia illucens). Insect Science 30: 888-900.

Kumar, V., Fawole, F.J., Romano, N., Hossain, M.S., Labh, S.N.,
Overturf, K. and Small, B.C., 2021. Insect (black soldier fly,
Hermetia illucens) meal supplementation prevents the soy-
bean meal-induced intestinal enteritis in rainbow trout
and health benefits of using insect oil. Fish & Shellfish
Immunology 109: 116-124.

Lalander, C., Diener, S., Zurbrügg, C. and Vinnerås, B., 2019.
Effects of feedstock on larval development and process
efficiency in waste treatment with black soldier fly (Her-
metia illucens). Journal of Cleaner Production 208: 211-219.

Lamin, S., Abrar, A., Arwinsyah, A. and Novita Sipahutar, A.,
2022. The effect of some attractive media on the num-
ber of marriage partners, eggs weight and lifetime of black
soldier fly (Hermetia illucens L.). BIOVALENTIA: Biological
Research Journal 8: 151155.

Lawal, K.G., Kavle, R.R., Akanbi, T.O., Mirosa, M. and Agyei,
D., 2021. Enrichment in specific fatty acids profile of Tene-
brio molitor and Hermetia illucens larvae through feeding.
Future Foods 3: 100016.

Leeper, A., Benhaïm, D., Smárason, B.Ö., Knobloch, S., Òmars-
son, K.L., Bonnafoux, T., Pipan, M., Koppe,W., Björnsdóttir,
R. and Øverland, M., 2022. Feeding black soldier fly larvae
(Hermetia illucens) reared on organic rest streams alters
gut characteristics of Atlantic salmon (Salmo salar). Jour-
nal of Insects as Food and Feed 8: 1355-1372. https://doi.org
/10.3920/JIFF2021.0105

Leni, G., Cirlini, M., Jacobs, J., Depraetere, S., Gianotten, N.,
Sforza, S. and Dall’Asta, C., 2019. Impact of naturally con-
taminated substrates on Alphitobius diaperinus and Her-
metia illucens: uptake and excretion of mycotoxins. Toxins
11: 476.

Leong, S.Y. and Kutty, S.R.M., 2020. Characteristic of Hermetia
illucens fatty acid and that of the fatty acid methyl ester

synthesize based on upcycling of perishable waste. Waste
and Biomass Valorization 11: 5607-5614.

Lievens, S., Poma, G., De Smet, J., Van Campenhout, L., Covaci,
A. and Van Der Borght, M., 2021. Chemical safety of black
soldier fly larvae (Hermetia illucens), knowledge gaps and
recommendations for future research: a critical review.
Journal of Insects as Food and Feed 7: 383-396. https://doi
.org/10.3920/JIFF2020.0081

Lievens, S., Vervoort, E., Bruno, D., Van der Donck, T., Tetta-
manti, G., Seo, J.W., Poma, G., Covaci, A., De Smet, J. and
Van Der Borght, M., 2023. Ingestion and excretion dynam-
ics of microplastics by black soldier fly larvae and correla-
tion with mouth opening size. Scientific Reports 13: 4341.

Liland, N.S., Araujo, P., Xu, X.X., Lock, E.-J., Radhakrishnan,
G., Prabhu, A.J.P. and Belghit, I., 2021. A meta-analysis
on the nutritional value of insects in aquafeeds. Journal
of Insects as Food and Feed 7: 743-759. https://doi.org/10
.3920/JIFF2020.0147

Liland, N.S., Biancarosa, I., Araujo, P., Biemans, D., Bruckner,
C.G., Waagbø, R., Torstensen, B.E. and Lock, E.-J., 2017.
Modulation of nutrient composition of black soldier fly
(Hermetia illucens) larvae by feeding seaweed-enriched
media. PLOS ONE 12: e0183188.

Liu, Z., Najar-Rodriguez, A.J., Minor, M.A., Hedderley, D.I. and
Morel, P.C.H., 2020. Mating success of the black soldier
fly, Hermetia illucens (Diptera: Stratiomyidae), under four
artificial light sources. Journal of Photochemistry and Pho-
tobiology B: Biology 205: 111815.

Liu, Z., Najar-Rodriguez, A.J., Morel, P.C.H. and Minor, M.A.,
2022. Reproduction of black soldier fly (Diptera: Stra-
tiomyidae) under different adult sensities and light re-
gimes. Journal of Economic Entomology 115: 37-45.

Loho, L. and Lo, D., 2023. Proximate and fatty acid anal-
ysis of Black Soldier Fly Larvae (Hermetia illucens). IOP
Conference Series: Earth and Environmental Science 1169:
012082.

Lopes, I.G., Yong, J.W. and Lalander, C., 2022. Frass derived
from black soldier fly larvae treatment of biodegradable
wastes. A critical review and future perspectives. Waste
Management 142: 65-76.

Lu, S., Taethaisong, N., Meethip, W., Surakhunthod, J., Sin-
pru, B., Sroichak, T., Archa, P., Thongpea, S., Paengkoum, S.,
Purba, R.A.P. and Paengkoum, P., 2022. Nutritional Compo-
sition of black soldier fly larvae (Hermetia illucens L.) and
its potential uses as alternative protein sources in animal
diets: a review. Insects 13: 831.

Macavei, L.I., Benassi, G., Stoian, V. and Maistrello, L., 2020.
Optimization of Hermetia illucens (L.) egg laying under
different nutrition and light conditions. PLOS ONE 15:
e0232144.

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.3389/fmicb.2020.00993
https://doi.org/10.3389/fmicb.2020.00993
https://doi.org/10.3920/JIFF2021.0105
https://doi.org/10.3920/JIFF2021.0105
https://doi.org/10.3920/JIFF2020.0081
https://doi.org/10.3920/JIFF2020.0081
https://doi.org/10.3920/JIFF2020.0147
https://doi.org/10.3920/JIFF2020.0147
https://creativecommons.org/licenses/by/4.0/


24 C.G. Athanassiou et al.

Magalhães, R., Sánchez-López, A., Leal, R.S., Martínez-Llorens,
S., Oliva-Teles, A. and Peres, H., 2017. Black soldier fly
(Hermetia illucens) pre-pupae meal as a fish meal replace-
ment in diets for European seabass (Dicentrarchus labrax).
Aquaculture 476: 79-85.

Malawey, A.S., Zhang, H., McGuane, A.S., Walsh, E.M., Rusch,
T.W., Hjelmen, C.E., Delclos, P.J., Rangel, J., Zheng, L., Cai,
M., Yu, Z., Tarone, A.M., Zhang, J. and Tomberlin, J.K., 2021.
Interaction of age and temperature on heat shock pro-
tein expression, sperm count, and sperm viability of the
adult black soldier fly (Diptera: Stratiomyidae). Journal of
Insects as Food and Feed 7: 21-33. https://doi.org/10.3920
/JIFF2020.0017

Mancuso, T., Baldi, L. and Gasco, L., 2016. An empirical study
on consumer acceptance of farmed fish fed on insect
meals: the Italian case. Aquaculture International 24: 1489-
1507.

Mannaa, M., Mansour, A., Park, I., Lee, D.-W. and Seo, Y.-S.,
2024. Insect-based agri-food waste valorization: agricul-
tural applications and roles of insect gut microbiota. Envi-
ronmental Science and Ecotechnology 17: 100287.

Marasco, R., Fusi, M., Callegari, M., Jucker, C., Mapelli, F.,
Borin, S., Savoldelli, S., Daffonchio, D. and Crotti, E.,
2022. Destabilization of the bacterial interactome identi-
fies nutrient restriction-induced dysbiosis in insect guts.
Microbiology Spectrum 10: e01580-21. https://doi.org/10
.1128/spectrum.01580-21

Mastoraki, M., Mollá Ferrándiz, P., Vardali, S.C., Kontodi-
mas, D.C., Kotzamanis, Y.P., Gasco, L., Chatzifotis, S. and
Antonopoulou, E., 2020. A comparative study on the effect
of fish meal substitution with three different insect meals
on growth, body composition and metabolism of Euro-
pean sea bass (Dicentrarchus labrax L.). Aquaculture 528:
735511.

Mazza, L., Xiao, X., ur Rehman, K., Cai, M., Zhang, D., Fasulo, S.,
Tomberlin, J.K., Zheng, L., Soomro, A.A., Yu, Z. and Zhang,
J., 2020. Management of chicken manure using black sol-
dier fly (Diptera: Stratiomyidae) larvae assisted by com-
panion bacteria. Waste Management 102: 312-318.

Melenchón, F., de Mercado, E., Pula, H.J., Cardenete, G.,
Barroso, F.G., Fabrikov, D., Lourenço, H.M., Pessoa, M.-
F., Lagos, L., Weththasinghe, P., Cortés, M. and Tomás-
Almenar, C., 2022. Fishmeal dietary replacement up to
50%: a comparative study of two insect meals for rainbow
trout (Oncorhynchus mykiss). Animals 12: 179.

Meneguz, M., Schiavone, A., Gai, F., Dama, A., Lussiana, C.,
Renna, M. and Gasco, L., 2018. Effect of rearing substrate
on growth performance, waste reduction efficiency and
chemical composition of black soldier fly (Hermetia illu-
cens) larvae. Journal of the Science of Food and Agriculture
98: 5776-5784.

Mertenat, A., Diener, S. and Zurbrügg, C., 2019. Black Soldier
Fly biowaste treatment – assessment of global warming
potential. Waste Management 84: 173-181.

Meyer, A.M., Meijer, N., Hoek-van den Hil, E.F. and van der
Fels-Klerx, H.J., 2021. Chemical food safety hazards of
insects reared for food and feed. Journal of Insects as Food
and Feed 7: 823-832. https://doi.org/10.3920/JIFF2020
.0085

Miranda, C.D., Cammack, J.A. and Tomberlin, J.K., 2019. Life-
history traits of the black soldier fly, Hermetia illucens (L.)
(Diptera: Stratiomyidae), reared on three manure types.
Animals 9: 281.

Miron, L., Montevecchi, G., Bruggeman, G., Macavei, L.I.,
Maistrello, L., Antonelli, A. and Thomas, M., 2023. Func-
tional properties and essential amino acid composition
of proteins extracted from black soldier fly larvae reared
on canteen leftovers. Innovative Food Science & Emerging
Technologies 87: 103407.

Mondello, G., Salomone, R., Ioppolo, G., Saija, G., Sparacia, S.
and Lucchetti, M., 2017. Comparative LCA of alternative
scenarios for waste treatment: the case of food waste pro-
duction by the mass-retail sector. Sustainability 9: 827.

Montevecchi, G., Licciardello, F., Masino, F., Miron, L.T. and
Antonelli, A., 2021. Fortification of wheat flour with black
soldier fly prepupae. Evaluation of technological and nutri-
tional parameters of the intermediate doughs and final
baked products. Innovative Food Science & Emerging
Technologies 69: 102666.

Moretta, A., Salvia, R., Scieuzo, C., Di Somma, A., Vogel, H.,
Pucci, P., Sgambato, A., Wolff, M. and Falabella, P., 2020.
A bioinformatic study of antimicrobial peptides identified
in the Black Soldier Fly (BSF) Hermetia illucens (Diptera:
Stratiomyidae). Scientific Reports 10: 16875.

Mouhrim, N., Smetana, S., Bhatia, A., Mathys, A., Green, A.,
Peguero, D. and Tonda, A., 2022. Towards multi-objective
optimization of sustainable insect production chains. In:
Proceedings of the Genetic and Evolutionary Computation
Conference Companion. ACM, NewYork, NY, USA, pp. 352-
355.

Moutinho, S., Pedrosa, R., Magalhães, R., Oliva-Teles, A., Parisi,
G. and Peres, H., 2021. Black soldier fly (Hermetia illu-
cens) pre-pupae larvae meal in diets for European seabass
(Dicentrarchus labrax) juveniles: effects on liver oxidative
status and fillet quality traits during shelf-life. Aquaculture
533: 736080.

Msangi, J.W., Mweresa, C.K. and Ndong’a, M.F.O., 2022. Using
organic wastes as feed substrate for black soldier fly larvae.
Journal of Insects as Food and Feed 8: 357-366. https://doi
.org/10.3920/JIFF2021.0047

Mshayisa, V.V., Van Wyk, J. and Zozo, B., 2022. Nutritional,
techno-functional and structural properties of black sol-

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.3920/JIFF2020.0017
https://doi.org/10.3920/JIFF2020.0017
https://doi.org/10.1128/spectrum.01580-21
https://doi.org/10.1128/spectrum.01580-21
https://doi.org/10.3920/JIFF2020.0085
https://doi.org/10.3920/JIFF2020.0085
https://doi.org/10.3920/JIFF2021.0047
https://doi.org/10.3920/JIFF2021.0047
https://creativecommons.org/licenses/by/4.0/


10 years of BSF research 25

dier fly (Hermetia illucens) larvae flours and protein con-
centrates. Foods 11: 724.

Mwaniki, Z., Neijat, M. and Kiarie, E., 2018. Egg production
and quality responses of adding up to 7.5% defatted black
soldier fly larvae meal in a corn-soybean meal diet fed to
Shaver White Leghorns from wk 19 to 27 of age. Poultry
Science 97: 2829-2835.

Nakamura, S., Ichiki, R.T., Shimoda, M. and Morioka, S., 2016.
Small-scale rearing of the black soldier fly, Hermetia illu-
cens (Diptera: Stratiomyidae), in the laboratory: low-cost
and year-round rearing. Applied Entomology and Zoology
51: 161-166.

Nguyen, T.T.X., Tomberlin, J.K. and Vanlaerhoven, S., 2013.
Influence of resources on Hermetia illucens (Diptera: Stra-
tiomyidae) larval development. Journal of Medical Ento-
mology 50: 898-906.

Nguyen, T.T.X., Tomberlin, J.K. and Vanlaerhoven, S., 2015.
Ability of black soldier fly (Diptera: Stratiomyidae) larvae
to recycle food waste. Environmental Entomology 44: 406-
410.

Nugroho, R.A., Rofiq, M.N., Santoso, A.D., Yanuar, A.I., Han-
ifa, R. and Nadirah, N., 2023. Bioconversion of biowaste by
black soldier fly larvae (Hermetia illucens L.) for dried lar-
vae production: a life cycle assessment and environmental
impact analysis. F1000Research 12: 814.

Nyakeri, E.M., Ogola, H.J.O., Amimo, F.A. and Ayieko, M.A.,
2017. Comparison of the performance of different baiting
attractants in the egg laying activity of the black soldier fly
(Hermetia illucens L.). Journal of Entomology and Zoology
Studies 5: 1583-1586.

Oonincx, D.G.A.B. and Finke, M.D., 2021. Nutritional value of
insects and ways to manipulate their composition. Journal
of Insects as Food and Feed 7: 639-660. https://doi.org/10
.3920/JIFF2020.0050

Oonincx, D.G.A.B., Laurent, S., Veenenbos, M.E. and Loon,
J.J.A., 2020. Dietary enrichment of edible insects with
omega 3 fatty acids. Insect Science 27: 500-509.

Oonincx, D.G.A.B., van Broekhoven, S., van Huis, A. and van
Loon, J.J.A., 2015a. Feed conversion, survival and devel-
opment, and composition of four insect species on diets
composed of food by-products. PLOS ONE 10: e0144601.

Oonincx, D.G.A.B., van Huis, A. and van Loon, J.J.A., 2015b.
Nutrient utilisation by black soldier flies fed with chicken,
pig, or cow manure. Journal of Insects as Food and Feed 1:
131-139. https://doi.org/10.3920/JIFF2014.0023

Oonincx, D.G.A.B., Volk, N., Diehl, J.J.E., van Loon, J.J.A. and
Belušič, G., 2016. Photoreceptor spectral sensitivity of
the compound eyes of black soldier fly (Hermetia illu-
cens) informing the design of LED-based illumination to
enhance indoor reproduction. Journal of Insect Physiology
95: 133-139.

Pahmeyer, M.J., Siddiqui, S.A., Pleissner, D., Gołaszewski, J.,
Heinz, V. and Smetana, S., 2022. An automated, modular
system for organic waste utilization using Hermetia illu-
cens larvae: design, sustainability, and economics. Journal
of Cleaner Production 379: 134727.

Pang, W., Hou, D., Chen, J., Nowar, E.E., Li, Z., Hu, R., Tomber-
lin, J.K., Yu, Z., Li, Q. and Wang, S., 2020a. Reducing green-
house gas emissions and enhancing carbon and nitrogen
conversion in food wastes by the black soldier fly. Journal
of Environmental Management 260: 110066.

Pang, W., Hou, D., Nowar, E.E., Chen, H., Zhang, J., Zhang, G.,
Li, Q. andWang, S., 2020b. The influence on carbon, nitro-
gen recycling, and greenhouse gas emissions under differ-
ent C/N ratios by black soldier fly. Environmental Science
and Pollution Research 27: 42767-42777.

Park, S., Choi, H., Choi, J. and Jeong, G., 2017. Population
structure of the exotic black soldier fly, Hermetia illucens
(Diptera: Stratiomyidae) in Korea. Journal of the Korean
Society of Environmental Ecology 31: 520-528.

Parodi, A., De Boer, I.J.M., Gerrits, W.J.J., Van Loon, J.J.A.,
Heetkamp, M.J.W., Van Schelt, J., Bolhuis, J.E. and Van Zan-
ten, H.H.E., 2020. Bioconversion efficiencies, greenhouse
gas and ammonia emissions during black soldier fly rear-
ing – a mass balance approach. Journal of Cleaner Produc-
tion 271: 122488.

Parodi, A., Gerrits, W.J.J., Van Loon, J.J.A., De Boer, I.J.M.,
Aarnink, A.J.A. and Van Zanten, H.H.E., 2021. Black soldier
fly reared on pig manure: bioconversion efficiencies, nutri-
ents in the residual material, greenhouse gas and ammonia
emissions. Waste Management 126: 674-683.

Pazmiño, M.F., Del Hierro, A.G. and Flores, F.J., 2023. Genetic
diversity and organic waste degrading capacity of Hermetia
illucens from the evergreen forest of the Equatorial Choco
lowland. PeerJ 11: e14798.

Peng, X., Liu, J., Li, B., Wang, S., Chen, B. and Zhang, D., 2023.
An acyl carrier protein gene affects fatty acid synthesis and
growth of Hermetia illucens. Insects 14: 300.

Pérez-Pascual, D., Estellé, J., Dutto, G., Rodde, C., Bernardet, J.-
F., Marchand, Y., Duchaud, E., Przybyla, C. and Ghigo, J.-M.,
2020. Growth performance and adaptability of European
sea bass (Dicentrarchus labrax) gut microbiota to alterna-
tive diets free of fish products. Microorganisms 8: 1346.

Pieterse, E., Erasmus, S.W., Uushona, T. and Hoffman, L.C.,
2019. Black soldier fly (Hermetia illucens) pre-pupae meal
as a dietary protein source for broiler production ensures
a tasty chicken with standard meat quality for every pot.
Journal of the Science of Food and Agriculture 99: 893-903.

Proc, K., Bulak, P., Wiącek, D. and Bieganowski, A., 2020. Her-
metia illucens exhibits bioaccumulative potential for 15
different elements – implications for feed and food pro-
duction. Science of The Total Environment 723: 138125.

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.3920/JIFF2020.0050
https://doi.org/10.3920/JIFF2020.0050
https://doi.org/10.3920/JIFF2014.0023
https://creativecommons.org/licenses/by/4.0/


26 C.G. Athanassiou et al.

Purschke, B., Scheibelberger, R., Axmann, S., Adler, A. and
Jäger, H., 2017. Impact of substrate contamination with
mycotoxins, heavy metals and pesticides on the growth
performance and composition of black soldier fly larvae
(Hermetia illucens) for use in the feed and food value chain.
Food Additives & Contaminants: Part A 34: 1410-1420.

Qi, Y., Xu, J., Tian, X., Bai, Y. and Gu, X., 2017. The complete
mitochondrial genome of Hermetia illucens (Diptera: Stra-
tiomyidae). Mitochondrial DNA Part B 2: 189-190.

Queiroz, L.S., Regnard, M., Jessen, F., Mohammadifar, M.A.,
Sloth, J.J., Petersen, H.O., Ajalloueian, F., Brouzes, C.M.C.,
Fraihi, W., Fallquist, H., de Carvalho, A.F. and Casanova, F.,
2021. Physico-chemical and colloidal properties of protein
extracted from black soldier fly (Hermetia illucens) larvae.
International Journal of Biological Macromolecules 186:
714-723.

Querejeta, M., Hervé, V., Perdereau, E., Marchal, L., Herniou,
E.A., Boyer, S. and Giron, D., 2023. Changes in bacterial
community structure across the different life stages of
black soldier fly (Hermetia illucens). Microbial Ecology 86:
1254-1267.

Raimondi, S., Spampinato, G., Macavei, L.I., Lugli, L., Cande-
liere, F., Rossi, M., Maistrello, L. and Amaretti, A., 2020.
Effect of rearing temperature on growth and microbiota
composition of Hermetia illucens. Microorganisms 8: 902.

Ravi, H.K., Degrou, A., Costil, J., Trespeuch, C., Chemat, F.
and Vian, M.A., 2020. Larvae mediated valorization of
industrial, agriculture and foodwastes: biorefinery concept
through bioconversion, processes, procedures, and prod-
ucts. Processes 8: 857.

Reyes, M., Rodríguez, M., Montes, J., Barroso, F.G., Fabrikov, D.,
Morote, E. and Sánchez-Muros, M.J., 2020. Nutritional and
growth effect of insect meal inclusion on seabass (Dicen-
trarchuss labrax) feeds. Fishes 5: 16.

Rhode, C., Badenhorst, R., Hull, K.L., Greenwood, M.P., Bester-
van derMerwe, A.E., Andere, A.A., Picard, C.J. and Richards,
C., 2020. Genetic and phenotypic consequences of early
domestication in black soldier flies (Hermetia illucens).
Animal Genetics 51: 752-762.

Ribeiro, N., Costa, R. and Ameixa, O.M.C.C., 2022. The influ-
ence of non-optimal rearing conditions and substrates on
the performance of the black soldier fly (Hermetia illu-
cens). Insects 13: 639.

Ridley, E.V., Wong, A.C.-N., Westmiller, S. and Douglas, A.E.,
2012. Impact of the resident microbiota on the nutri-
tional phenotype of Drosophila melanogaster. PLOS ONE
7: e36765.

Romano, N., Fischer, H. and Egnew, N., 2020. Color and sugar
preferences of adult black soldier fly (Hermetia illucens)
(Dipetera: Stratiomyidae) for feeding and oviposition. Jour-
nal of Environmental Biology 41: 1132-1137.

Rumbos, C.I., Mente, E., Karapanagiotidis, I.T., Vlontzos, G.
and Athanassiou, C.G., 2021. Insect-based feed ingredi-
ents for aquaculture: a case study for their acceptance in
Greece. Insects 12: 586.

Salomone, R., Saija, G., Mondello, G., Giannetto, A., Fasulo,
S. and Savastano, D., 2017. Environmental impact of food
waste bioconversion by insects: application of Life Cycle
Assessment to process using Hermetia illucens. Journal of
Cleaner Production 140: 890-905.

Sandrock, C., Leupi, S., Wohlfahrt, J., Kaya, C., Heuel, M., Ter-
ranova, M., Blanckenhorn, W.U., Windisch, W., Kreuzer, M.
and Leiber, F., 2022. Genotype-by-diet interactions for lar-
val performance and body composition traits in the black
soldier fly, Hermetia illucens. Insects 13: 424.

Scala, A., Cammack, J.A., Salvia, R., Scieuzo, C., Franco, A.,
Bufo, S.A., Tomberlin, J.K. and Falabella, P., 2020. Rear-
ing substrate impacts growth and macronutrient composi-
tion of Hermetia illucens (L.) (Diptera: Stratiomyidae) lar-
vae produced at an industrial scale. Scientific Reports 10:
19448.

Schmitt, E., Belghit, I., Johansen, J., Leushuis, R., Lock, E.-J.,
Melsen, D., Ramasamy Shanmugam, R.K., van Loon, J.J.A.
and Paul, A., 2019. Growth and safety assessment of feed
streams for black soldier fly larvae: a case study with aqua-
culture sludge. Animals 9: 189.

Schneider, J.C., 2020. Effects of light intensity on mating
of the black soldier fly (Hermetia illucens, Diptera: Stra-
tiomyidae). Journal of Insects as Food and Feed 6: 111-120.
https://doi.org/10.3920/JIFF2019.0003

Scieuzo, C., Nardiello, M., Farina, D., Scala, A., Cammack, J.A.,
Tomberlin, J.K., Vogel, H., Salvia, R., Persaud, K. and Fala-
bella, P., 2021. Hermetia illucens (L.) (Diptera: Stratiomyi-
dae) odorant binding proteins and their interactions with
selected volatile organic compounds: an in silico approach.
Insects 12: 814.

Secci, G., Bovera, F., Nizza, S., Baronti, N., Gasco, L., Conte, G.,
Serra, A., Bonelli, A. and Parisi, G., 2018. Quality of eggs
from Lohmann Brown Classic laying hens fed black soldier
fly meal as substitute for soya bean. Animal 12: 2191-2197.

Sheppard, C., Newton, L., Thompson, S.A. and Savage, S.,
1994. A value addedmanuremanagement systemusing the
black soldier fly. Bioresource Technology 50: 275-279.

Sheppard, D.C., Tomberlin, J.K., Joyce, J.A., Kiser, B.C. and
Sumner, S.M., 2002. Rearing methods for the black sol-
dier fly (Diptera: Stratiomyidae): table 1. Journal of Medical
Entomology 39: 695-698.

Shumo, M., Khamis, F., Tanga, C., Fiaboe, K., Subramanian, S.,
Ekesi, S., van Huis, A. and Borgemeister, C., 2019a. Influ-
ence of temperature on selected life-history traits of black
soldier Fly (Hermetia illucens) reared on two common
urban organic waste streams in Kenya. Animals 9: 79.

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.3920/JIFF2019.0003
https://creativecommons.org/licenses/by/4.0/


10 years of BSF research 27

Shumo, M., Osuga, I.M., Khamis, F.M., Tanga, C.M., Fiaboe,
K.K.M., Subramanian, S., Ekesi, S., van Huis, A. and Borge-
meister, C., 2019b. The nutritive value of black soldier fly
larvae reared on common organic waste streams in Kenya.
Scientific Reports 9: 10110.

Siegrist, A., Green, A., Gold, M. and Mathys, A., 2023. Recent
findings on environmental sustainability and conversion
efficiency of waste-to-protein pathways. Current Opinion
in Green and Sustainable Chemistry 41: 100833.

Singh, B., Mal, G., Gautam, S.K. and Mukesh, M., 2019. Insect
gut – a treasure of microbes and microbial enzymes. In:
Advances in animal biotechnology. Springer International
Publishing, Cham, Switzerland, pp. 51-58. https://doi.org
/10.1007/978-3-030-21309-1_5

Smetana, S., 2023. Circularity and environmental impact of
edible insects. Journal of Insects as Food and Feed 9: 1111-
1114. https://doi.org/10.3920/JIFF2023.x004

Smetana, S., Bhatia, A., Batta, U., Mouhrim, N. and Tonda, A.,
2023. Environmental impact potential of insect produc-
tion chains for food and feed in Europe. Animal Frontiers
13: 112-120.

Smetana, S., Leonhardt, L., Kauppi, S.-M., Pajic, A. and Heinz,
V., 2020. Insect margarine: processing, sustainability and
design. Journal of Cleaner Production 264: 121670.

Smetana, S., Palanisamy, M., Mathys, A. and Heinz, V., 2016.
Sustainability of insect use for feed and food: Life Cycle
Assessment perspective. Journal of Cleaner Production
137: 741-751.

Smetana, S., Schmitt, E. and Mathys, A., 2019. Sustainable
use of Hermetia illucens insect biomass for feed and
food: attributional and consequential life cycle assess-
ment. Resources, Conservation and Recycling 144: 285-296.
https://doi.org/10.1016/j.resconrec.2019.01.042

Smetana, S., Spykman, R. and Heinz, V., 2021. Environ-
mental aspects of insect mass production. Journal of
Insects as Food and Feed 7: 553-572. https://doi.org/10
.3920/JIFF2020.0116

Sommer, F., Anderson, J.M., Bharti, R., Raes, J. and Rosenstiel,
P., 2017. The resilience of the intestinal microbiota influ-
ences health and disease. Nature Reviews Microbiology 15:
630-638.

Spranghers, T., Michiels, J., Vrancx, J., Ovyn, A., Eeckhout, M.,
De Clercq, P. and De Smet, S., 2018. Gut antimicrobial
effects and nutritional value of black soldier fly (Herme-
tia illucens L.) prepupae for weaned piglets. Animal Feed
Science and Technology 235: 33-42.

Spranghers, T., Ottoboni, M., Klootwijk, C., Ovyn, A., Deboo-
sere, S., De Meulenaer, B., Michiels, J., Eeckhout, M.,
De Clercq, P. and De Smet, S., 2017. Nutritional compo-
sition of black soldier fly (Hermetia illucens) prepupae

reared on different organic waste substrates. Journal of the
Science of Food and Agriculture 97: 2594-2600.

Spykman, R., Hossaini, S.M., Peguero, D.A., Green, A., Heinz, V.
and Smetana, S., 2021. A modular environmental and eco-
nomic assessment applied to the production of Hermetia
illucens larvae as a protein source for food and feed. The
International Journal of Life Cycle Assessment 26: 1959-
1976.

Sripontan, Y., Juntavimon, T., Songin, S. and Chiu, C.-I.,
2017. Egg-trapping of black soldier fly, Hermetia illucens
(L.) (Diptera: Stratiomyidae) with various wastes and the
effects of environmental factors on egg-laying. Khon Kaen
Agricultural Journal 45: 179-184.

St-Hilaire, S., Cranfill, K., McGuire, M.A., Mosley, E.E., Tomber-
lin, J.K., Newton, L., Sealey, W., Sheppard, C. and 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.

Stadtlander, T., Stamer, A., Buser, A., Wohlfahrt, J., Leiber, F.
and Sandrock, C., 2017. Hermetia illucens meal as fish
meal replacement for rainbow trout on farm. Journal of
Insects as Food and Feed 3: 165-176. https://doi.org/10.3920
/JIFF2016.0056

Ståhls, G., Meier, R., Sandrock, C., Hauser, M., Šašić Zorić, L.,
Laiho, E., Aracil, A., Doderović, J., Badenhorst, R., Unadi-
rekkul, P., Mohd Adom, N.A.B., Wein, L., Richards, C.,
Tomberlin, J.K., Rojo, S., Veselić, S. and Parviainen, T., 2020.
The puzzling mitochondrial phylogeography of the black
soldier fly (Hermetia illucens), the commercially most
important insect protein species. BMC Evolutionary Biol-
ogy 20: 60.

Stenberg, O.K., Holen, E., Piemontese, L., Liland, N.S., Lock,
E.-J., Espe, M. and Belghit, I., 2019. Effect of dietary replace-
ment of fish meal with insect meal on in vitro bacterial
and viral induced gene response in Atlantic salmon (Salmo
salar) head kidney leukocytes. Fish & Shellfish Immunol-
ogy 91: 22-232.

Surendra, K.C., Tomberlin, J.K., van Huis, A., Cammack, J.A.,
Heckmann, L.-H.L. and Khanal, S.K., 2020. Rethinking
organic wastes bioconversion: evaluating the potential of
the black soldier fly (Hermetia illucens (L.)) (Diptera: Stra-
tiomyidae) (BSF). Waste Management 117: 58-80.

Tanga, C.M., Waweru, J.W., Tola, Y.H., Onyoni, A.A., Khamis,
F.M., Ekesi, S. and Paredes, J.C., 2021. Organic waste sub-
strates induce important shifts in gut microbiota of black
soldier fly (Hermetia illucens L.): coexistence of con-
served, variable, and potential pathogenic microbes. Fron-
tiers in Microbiology 12. https://doi.org/10.3389/fmicb
.2021.635881

Tegtmeier, D., Hurka, S., Mihajlovic, S., Bodenschatz, M.,
Schlimbach, S. and Vilcinskas, A., 2021. Culture-indepen-

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.1007/978-3-030-21309-1_5
https://doi.org/10.1007/978-3-030-21309-1_5
https://doi.org/10.3920/JIFF2023.x004
https://doi.org/10.1016/j.resconrec.2019.01.042
https://doi.org/10.3920/JIFF2020.0116
https://doi.org/10.3920/JIFF2020.0116
https://doi.org/10.3920/JIFF2016.0056
https://doi.org/10.3920/JIFF2016.0056
https://doi.org/10.3389/fmicb.2021.635881
https://doi.org/10.3389/fmicb.2021.635881
https://creativecommons.org/licenses/by/4.0/


28 C.G. Athanassiou et al.

dent and culture-dependent characterization of the black
soldier fly gut microbiome reveals a large proportion of
culturable bacteria with potential for industrial applica-
tions. Microorganisms 9: 1642.

Tello, A., Aganovic, K., Parniakov, O., Carter, A., Heinz, V.
and Smetana, S., 2021. Product development and environ-
mental impact of an insect-based milk alternative. Future
Foods 4: 100080.

Tettamanti, G. and Casartelli, M., 2019. Cell death during com-
plete metamorphosis. Philosophical Transactions of the
Royal Society B: Biological Sciences 374: 20190065.

Tettamanti, G., Van Campenhout, L. and Casartelli, M., 2022.
A hungry need for knowledge on the black soldier fly diges-
tive system. Journal of Insects as Food and Feed 8: 217-222.
https://doi.org/10.3920/JIFF2022.X002

Tomberlin, J.K., Adler, P.H. and Myers, H.M., 2009. Develop-
ment of the black soldier fly (Diptera: Stratiomyidae) in
relation to temperature. Environmental Entomology 38:
930-934.

Tschirner, M. and Simon, A., 2015. Influence of different grow-
ing substrates and processing on the nutrient composition
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

van der Fels-Klerx, H.J., Camenzuli, L., van der Lee, M.K. and
Oonincx, D.G.A.B., 2016. Uptake of cadmium, lead and
arsenic byTenebriomolitor andHermetia illucens from con-
taminated substrates. PLOS ONE 11: e0166186.

van der Fels-Klerx, H.J., Meijer, N., Nijkamp, M.M., Schmitt,
E. and van Loon, J.J.A., 2020. Chemical food safety of
using former foodstuffs for rearing black soldier fly lar-
vae (Hermetia illucens) for feed and food use. Journal of
Insects as Food and Feed 6: 475-488. https://doi.org/10
.3920/JIFF2020.0024

Vogel, H., Müller, A., Heckel, D.G., Gutzeit, H. and Vilcinskas,
A., 2018. Nutritional immunology: diversification and diet-
dependent expression of antimicrobial peptides in the
black soldier fly Hermetia illucens. Developmental & Com-
parative Immunology 78: 141-148.

Wang, Y.-S. and Shelomi, M., 2017. Review of black soldier fly
(Hermetia illucens) as animal feed and human food. Foods
6: 91.

Weththasinghe, P., Hansen, J.Ø., Mydland, L.T. and Øverland,
M., 2022. A systematic meta-analysis based review on
black soldier fly (Hermetia illucens) as a novel protein
source for salmonids. Reviews in Aquaculture 14: 938-956.

Weththasinghe, P., Hansen, J.Ø., Nøkland, D., Lagos, L., Rawski,
M. and Øverland, M., 2021. Full-fat black soldier fly lar-
vae (Hermetia illucens) meal and paste in extruded diets
for Atlantic salmon (Salmo salar): effect on physical pel-
let quality, nutrient digestibility, nutrient utilization and
growth performances. Aquaculture 530: 735785.

Widya Saraswati, I.G.A.K., Mahendra Putra, I.G.A. and Wra-
siati, L.P., 2021. The effect of adding black soldier fly (BSF)
larvae (Hermetia illucens L.) flour on the characteristics of
tortilla chips. International Journal of Current Microbiol-
ogy and Applied Sciences 10: 369-382.

Xu, Q., Wu, Z., Zeng, X. and An, X., 2020. Identification and
expression profiling of chemosensory genes in Hermetia
illucens via a transcriptomic analysis. Frontiers in Physiol-
ogy 11. https://doi.org/10.3389/fphys.2020.00720

Yakti, W., Müller, M., Klost, M., Mewis, I., Dannehl, D. and
Ulrichs, C., 2023. Physical properties of substrates as a
driver for Hermetia illucens (L.) (Diptera: Stratiomyidae)
larvae growth. Insects 14: 266.

Yi, L., Lakemond, C.M.M., Sagis, L.M.C., Eisner-Schadler, V.,
van Huis, A. and van Boekel, M.A.J.S., 2013. Extraction
and characterisation of protein fractions from five insect
species. Food Chemistry 141: 3341-3348.

Yu, M., Li, Z., Chen, W., Rong, T., Wang, G. and Ma, X.,
2019. Hermetia illucens larvae as a potential dietary pro-
tein source altered themicrobiota andmodulatedmucosal
immune status in the colon of finishing pigs. Journal of
Animal Science and Biotechnology 10: 50.

Zhan, S., Fang, G., Cai, M., Kou, Z., Xu, J., Cao, Y., Bai, L., Zhang,
Y., Jiang, Y., Luo, X., Xu, J., Xu, X., Zheng, L., Yu, Z., Yang, H.,
Zhang, Z.,Wang, S., Tomberlin, J.K., Zhang, J. and Huang, Y.,
2020. Genomic landscape and genetic manipulation of the
black soldier fly Hermetia illucens, a natural waste recycler.
Cell Research 30: 50-60.

Zheng, L., Crippen, T.L., Holmes, L., Singh, B., Pimsler, M.L.,
Benbow,M.E., Tarone, A.M., Dowd, S., Yu, Z., Vanlaerhoven,
S.L., Wood, T.K. and Tomberlin, J.K., 2013. Bacteria mediate
oviposition by the black soldier fly, Hermetia illucens (L.),
(Diptera: Stratiomyidae). Scientific Reports 3: 2563.

Zhu, Z., ur Rehman, K., Yu, Y., Liu, X., Wang, H., Tomberlin,
J.K., Sze, S.-H., Cai, M., Zhang, J., Yu, Z., Zheng, J. and Zheng,
L., 2019. De novo transcriptome sequencing and analysis
revealed the molecular basis of rapid fat accumulation by
black soldier fly (Hermetia illucens, L.) for development of
insectival biodiesel. Biotechnology for Biofuels 12: 194.

Journal of Insects as Food and Feed 0 (2024) 1–28
Downloaded from Brill.com 09/01/2024 06:10:33AM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.3920/JIFF2022.X002
https://doi.org/10.3920/JIFF2014.0008
https://doi.org/10.3920/JIFF2014.0008
https://doi.org/10.3920/JIFF2020.0024
https://doi.org/10.3920/JIFF2020.0024
https://doi.org/10.3389/fphys.2020.00720
https://creativecommons.org/licenses/by/4.0/

