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Abstract: The growing demand worldwide for proteins 
and lipids cannot be met by the intensive use of agricul-
tural land currently available. Insect mass cultures as 
a source for proteins and lipids have been in focus for 
various reasons. An insect with many positive properties 
is the black soldier fly, Hermetia illucens, whose larvae 
could be used for the sustainable production of proteins 
and lipids. Furthermore, the larvae produce bioactive 
substances which could potentially be used for human 
and animal welfare.
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1  �How could insects help to reduce 
the worldwide protein and lipid 
gap?

The worldwide growing demand for proteins and lipids 
cannot be met by the intensive use of the agricultural 
land available at present. The growing demand for pro-
teins and lipids has led to the destruction of valuable 
ecosystems worldwide. The problems are highlighted 
by the ecological problems due to the expansion of soy 
production in South America and the booming palm oil 
production in tropical Asian countries. Slash and burn 
clearance of tropical forests has been in focus for many 
years but despite this very unsatisfactory situation a 
sustainable alternative production for proteins and 
lipids has not been realized. Because of the ecological 

limitations the production will increasingly lag behind 
the demand for proteins (protein gap) and lipids (lipid 
gap). Is it possible to produce this valuable organic raw 
material without the use of land? Insect mass cultures as 
a source for proteins and lipids have become the focus of 
attention for good reasons. The animals can be fed with 
organic waste from various sources. Insects are highly 
efficient feed converters [1], produce less climate-damag-
ing greenhouse gases than pigs and cattle [2], need less 
water and the risk of zoonosis is comparably small. Some 
insect species have a long history as human food but the 
high-quality insect proteins may also be extracted and 
used as a component in processed human food. Further-
more, insect proteins could play an important role in the 
replacement of soy and fish meal commonly used for 
animal feed. Also, lipids from insects may replace palm 
(kernel) oil and hence contribute to the conservation of 
tropical forests.

An insect with many positive properties is the black 
soldier fly, Hermetia illucens Linnaeus (Diptera: Stratio-
myidae) (Figure 1). The slim fly measures up to 20 mm in 
length. The species is endemic in tropical and subtropical 
regions and is also present in southern Europe and parts of 
the Balkan Peninsula. It can be reared easily in mass cul-
tures on almost all (decaying) organic matter. Even animal 
feces are ingested by the larvae and about 50% of this poor 
substrate is converted to a valuable larval biomass [3]. The 
black soldier fly prefers temperatures of about 28 °C for 
oviposition. The larvae hatch within 48 h and after about 
2 weeks the larvae leave the slurry in search of a dry place to 
pupariate. After a further 2 weeks the imagines hatch. The 
imagines do not have mouthparts, therefore do not eat, sting 
or bite and are hence not vectors for diseases. The feeding 
activity of the black soldier fly is limited to the larval stage. 
The high number of eggs (500 to 1000), the short life cycle 
and the simple rearing conditions have made the larvae 
popular amongst aquarists and terrarium owners who use 
the larvae as excellent feed for reptiles or fish.

Sheppard has pioneered the work on H. illucens 
larvae and he recognized their value as feed for a variety 
of livestock more than 40 years ago [3, 4]. The quality of 
the dried larvae as feed rivals that of soybean meal. Other 
applications of the omnivorous H. illucens larvae have 
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been reported. They may be used for manure reduction 
thereby lowering the nitrogen content [5]. As the black 
soldier fly colonizes manure in stables it helps in control-
ling the population of the house fly, Musca domestica L. 
[6–9]. It has been suggested that H. illucens larvae reduce 
pathogenic bacteria (Escherichia coli 0157:H7 and Salmo-
nella enterica) in poultry manure [10].

On a small scale, home composting facilities have 
been developed (Biopod™) which make use of the waste-
reducing activity of H. illucens larvae. The larvae have also 
been useful in forensic entomology to estimate post-mor-
tem intervals [11–13]. Finally, studies investigating the use 
of H. illucens larvae for biodiesel production have been 
carried out [14].

In recent years many groups have tried to optimize 
and upscale H. illucens cultures to facilitate commercial 
applications. The production of protein and animal feed 
has been the focus of numerous companies that have been 
founded worldwide. Examples of companies that have 
already established H. illucens mass cultures include Her-
metia Baruth GmbH (Germany), AgriProtein Technologies 
(South Africa) and Enterra Feed Corporation (Canada). 
According to Ilkka Taponen’s entomology database there 
are 289 insect companies of which 222 are “active” [15]. 
Most companies that offer black soldier fly products are 
located in Europe (16) but there are also companies in 
Australia (1), Africa (4), Asia (6) and America (11) that 
offer these products. Unfortunately, EU law prohibits the 
use of animal products (including insects) as feed for live-
stock used for food production [16, 17] and this is a serious 
obstacle to economic success.

In September 2016, the European Commission Direc-
torate-General for Health and Food Safety initiated discus-
sions with EU member states with the aim of authorizing the 
use of insect proteins as feed for fish raised in aquaculture. 
To that end, the EU Executive prepared a series of propos-
als aimed at revising current provisions from the European 

Communities (Transmissible Spongiform Encephalopa-
thies and Animal By-Products) Regulations. On 24 May 
2017 the EU authorized the use of insect proteins in feed 
for aquaculture. The EU Commission formally adopted 
Commission Regulation (EU) 2017/893 [18] which is effec-
tive from 1 July 2017. This authorization is limited to a list of 
seven species including H. illucens, which must be fed with 
‘feed grade’ substrates. Companies located outside the EU, 
such as Enterra Feed and AgriProtein, already offer insect 
products at local markets like “whole dried black soldier 
fly larvae”, dried protein powder (i.e. MagMeal™), larval 
oil (i.e. MagOil™) and fertilizer (MagSoil™ and Soil +).

2  �Sustainable production 
of proteins and lipids from mass 
cultures of H. illucens larvae

How can proteins and lipids from H. illucens be produced 
in a sustainable way without the use of agricultural land? 
We have established a small experimental production 
facility for H. illucens larvae using secondary resources 
exclusively. The principle of the sustainable production 
is illustrated in Figure 2. The energy required for the pro-
duction of the larvae is provided by excess energy from a 
biogas facility.

It is our aim to establish a closed-circuit production 
unit in which only secondary resources are used and in 
which the input (energy and organic waste) are of little or 
no value for alternative applications. In our scheme, even 
the larval feces (larval liquid manure) can be recycled in 
the biogas facility and serve as fertilizer.

As the larvae generally live on substrate highly con-
taminated with microorganisms several studies have 
addressed the effect of the feeding activity by the black 
soldier fly larvae on bacteria and parasites in larval “feed 

Figure 1: Hermetia illucens, the black soldier fly. (A) adult fly, (B) adult larvae shortly before pupation. [photographs: Hluschi & Gutzeit].
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and feces” [19]. When using the larvae as feed the micro-
biota should be controlled to avoid contamination with 
pathogenic bacteria.

In principle, the mass production of H. illucens larvae 
is technically simple. However, for large scale production 
the safety and efficiency of the culture is important and 
this requires zoological and technical expertise. The adult 
animals are kept in flight cages under optimal conditions 
regarding temperature, moisture and light. Eggs are col-
lected from special deposition sites with suitable cavi-
ties to house the hundreds of fertilized eggs deposited by 
each fly. After about 2 days the larvae hatch. The larvae 
are placed on the feed in flat containers (to ensure suf-
ficient oxygen supply). The temperature and moisture in 
the container must be controlled and the larval density is 
important. Ideally, the entire feed offered is ingested by 
the growing larvae. The metabolic activity is intense and 
hence much metabolic energy is produced. In the culture 
containers, the larvae tend to group together in the feed 
and, using thermography, we measured a local tempera-
ture of more than 45 °C (Figure  3). Due to the tempera-
ture differences, which cannot be impeded by mixing or 
shaking the culture, the larvae in the container will not 
develop in perfect synchrony.

After about 2 weeks the larvae reach the prepupal state 
and leave the feed which has turned into liquid manure by 
then. The larvae can be collected easily at that stage and if 
the design of the feed container provides a dry migration 
path out of the manure the larvae can be harvested essen-
tially without any other contamination. For a large-scale 
production, other methods may be applied.

Hermetia illucens larvae could be used directly as 
chicken feed without any further processing if it were 
allowed by law. However, the now legalized use as fish 
feed in aquaculture requires processing as the high lipid 
content has to be reduced. When the larvae are processed 
and the valuable components are purified the respective 
products can be marketed separately. We have to keep in 
mind that the sustainable production of organic raw mate-
rial cannot be cheaper than the ruthless exploitation of 
natural resources. For this reason, we paid attention to 
valuable bioactive substances in the larvae which offer 
additional benefits (Figure  4). Because of the enormous 
potential of antimicrobial peptides (AMPs) in insects for 
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Fertilizer

≈ 60 t Larval faeces
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Figure 2: Pilot facility for sustainable production of H. illucens larvae from secondary resources. An example is shown for the production of 
120 ton (t) larvae from 300 t of organic waste. Waste heat from a biogas facility is used as energy source for the mass culture. Larval feces 
can be recycled in the biogas facility or used directly as fertilizer. As a result, essentially no waste is generated in the production process.

Figure 3: Thermographic documentation of the temperature distribu-
tion in larval mass cultures fed with banana pieces. The temperature 
within the groups of larvae can exceed 45 °C. (Photograph: Mueller 
2016; VarioCAM® HD research 980 kindly provided by InfraTec GmbH.)
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animal and human health, we describe the properties of 
these bioactive molecules in a separate section below.

The establishment of stable insect mass cultures is a 
challenge. There are, for example, several pathogens which 
may find optimal conditions for their propagation in H. 
illucens mass cultures. Examples include microsporidia, 
nematodes, apicomplexa parasites and miscellaneous other 
single-cell organisms which may be present in insect mass 
cultures, in particular when cultured under insufficient 
hygienic conditions. This problem has not yet been suffi-
ciently covered in the literature [20]. The housefly M. domes-
tica is a nutritional competitor in sparsely populated food 
containers, but more importantly, the flies may be vectors 
for pathogens. Furthermore, grain mites may act as feeding 
competitors while contamination with predatory mites 
(Figure  5) can severely damage the culture and usually 
requires the establishment of new mite-free cultures.

3  �Characterization and quality 
assessment of proteins and lipids 
from H. illucens larvae

3.1  �Proteins

The protein content after dehydrating H. illucens larvae 
amounts to 42% in our cultures (unpublished data). 

The amino acid composition of proteins determines its 
quality as animal feed. The optimal amino acid composi-
tion may vary between different species due to different 
feed requirements and some amino acids may have to be 
supplemented. Otherwise, an amino acid imbalance may 
result in metabolic disorders [21]. According to Halver or 
Halver and Shanks, ten amino acids are essential for fish: 
arginine, histidine, isoleucine, leucine, lysine, methio-
nine/cysteine, phenylalanine, threonine, tryptophan and 
valine [22, 23]. All of these amino acids are present in H. 
illucens larvae (Table  1, similar results to [25, 26]). The 
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Figure 4: From 300 t of feed (Figure 2) about 120 t of larvae can be 
produced. The larvae can be used directly as animal feed. Alterna-
tively, they can be processed and separated into valuable compo-
nents like proteins, lipids, chitin and bioactive substances.

Figure 5: Red mite on a black soldier fly larva breeding in a 
vermicomposting bin. Picture by Marilyn Sallee; picture number 
5526412.

Table 1: Amino acid composition (%) of H. illucens larvae compared 
to meal of herring and white fish [24] (red: essential; green: semi-
essential amino acids).

Amino acid   Black soldier fly 
[own results]

  Herring 
meal

  White fish 
meal

Alanine   6.2   6.3  6.3
Arginine   6.2   5.8  6.4
Aspartic acid   10.3   9.1  8.5
Cysteine   0.5   1.0  0.9
Glutamic acid   12.2   12.8  12.8
Glycine   5.4   6.0  9.9
Histidine   4.8   2.4  2.0
Isoleucine   4.8   4.5  3.7
Leucine   7.7   7.5  6.5
Lysine   7.4   7.7  6.9
Methionine   0.6   2.9  2.6
Phenylalanine   6.2   3.9  3.3
Proline   6.2   4.2  5.3
Serine   4.1   3.8  4.8
Threonine   4.5   3.9  3.9
Tryptophan   Not analyzed   1.2  0.9
Tyrosine   6.0   3.1  2.6
Valine   6.7   5.4  4.5
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amino acid analysis shows a typical amino acid pattern 
for animal proteins (Table 1) and H. illucens proteins may 
hence be regarded as a valuable source for animal feed. So 
far, we have no evidence that the amino acid composition 
can be altered significantly by different feeding regimes.

Compared with fish meal the content of essential 
amino acids (in % dry matter) in larval meal is considera-
bly lower. However, the representation of essential amino 
acids in larval meal is very similar to fish meal [26]. This 
is of great interest to fish feed producers because an insuf-
ficient concentration of one essential amino acid leads 
to an impaired resorption of the other essential amino 
acids. In principle, H. illucens proteins can replace fish-
meal in aquaculture and this is highly desirable for eco-
logical reasons. Carnivorous fish require a feed with at 
least 45% protein content while for herbivorous fish 15%–
30% protein content suffices [27]. Apart from the protein 
content the other feed components play an important role. 
For the rainbow trout, for example, the optimal protein 
and fat content should be 35% and 15%–20%, respectively 
[28]. As the H. illucens larvae are also rich in lipids (see 
below) this poses a problem and it is desirable to lower the 
fat content when used as commercial fish feed.

Due to their high protein content, H. illucens larvae 
could also be used as feed in poultry and pig breeding. 
Poultry, for example, needs 18%–20% crude protein 
with defined composition which cannot be reached by 
grain feed only [29]. Pigs need a crude protein content 
of 13%–21% depending on their age [30]. Generations of 
pigs and poultry have been raised with vegetarian feed 
(based on corn and soy bean meal) even though they are 
omnivorous animals and need animal protein. This leads 
to severe deficiencies because grains are typically low in 
lysine and legumes such as soybeans are low in methio-
nine. With this combination of feed ingredients, methio-
nine is typically the first limiting amino acid. One way of 
meeting the methionine requirement is to feed excessive 
protein so that the daily intake of methionine is met. This 
results in an undesirably high level of nitrogen excretion. 
The supplementation of synthetic methionine in poultry 
diets means less dietary protein is needed while the daily 
methionine requirement is still maintained [31].

3.2  �Lipids

The lipid content after dehydrating H. illucens larvae 
amounts to 35% (unpublished data). The quality of lipids 
from H. illucens larvae is high and matches the quality 
of products from other animal and herbal sources, e.g. 
palm (kernel) oil (Figure 6). In contrast to the amino acid 

pattern the lipid composition can be altered by different 
larval diets. We showed that specific larval diets result in 
a lipid composition (with regard to carbon chain length) 
which resembles the composition of palm oil and palm 
kernel oil (Figure 6).

As standard feed, we used the Gainesville diet [32]. By 
adding 30% frying fat to the larval diet, we were able to 
raise the palmitic and oleic acid fractions and to reduce 
the linoleic acid content significantly. Depending on the 
intended purpose (animal feed or industrial use) it is pos-
sible to “design” the desired larval fatty acid composition.

The high content of lauric acid (up to 50%), a raw 
material for many products in the cleaning and detergent 
industry, is remarkable. The content of the unhealthy 
erucic acid never exceeded 1.3%, regardless of the diet 
that was fed. Since 1977 the concentration for erucic acid 
in food is not allowed to exceed 5% in Germany [33].

4  �Bioactive substances from H. 
illucens larvae and their potential 
use for animal and human welfare

4.1  �Enzymes

Due to their omnivorous mode of life it stands to reason 
that H. illucens larvae contain various degrading enzymes 
of scientific and industrial interest. Up to now only the 

GD + 30% used frying fatGainesville diet (GD)

A B

GD + 50% lignosulphonates Palm kernel oil

Lauric acid Palmitic acid Oleic acid Linoleic acid Others

Palm oil

GD + 50% colza cake

Figure 6: Feeding experiment regarding the influence of protein, fat 
and lignosulfonate intake on the fatty acid composition of H. illu-
cens larvae in comparison to standard Gainesville diet (30% lucerne 
meal, 50% wheat bran, 20% corn meal which amounts to 15.3% 
protein, 3.8% fat, 12.6% fiber and 6.3% ash). (A) Effect of modified 
diets on fatty acid composition. (B) Data for reference oils (https://
ndb.nal.usda.gov/ndb/).

https://ndb.nal.usda.gov/ndb/
https://ndb.nal.usda.gov/ndb/
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trypsin and chymotrypsin activity has been published 
[34, 35]. In 2014, Lee et  al. furthermore heterologously 
expressed a novel cellulase gene from the gut microflora 
and characterized the resulting enzyme which shows 
72% identity and 80% homology to the glycosyl hydro-
lase family 5 of Dysgonomonas mossii [36]. The presence 
of interesting enzymes like ligninases and cellulases in 
the larval gut depending on the feed composition is the 
subject of our current investigation. According to tran-
scriptome analysis we have evidence that the larvae of the 
black soldier fly can produce cellulose- as well as chitin- 
and lignin-degrading enzymes (Heiko Vogel, MPI CE Jena, 
personal communication). We have carried out various in 
vitro enzyme activity tests regarding these enzyme activi-
ties but so far, we have not been able to show the respective 
activities in vitro. However, we were able to show trypsin 
and chymotrypsin activity in vitro also in homogenates 
of larval guts using photometry (Figure 7). The activity of 
these protein-degrading enzymes demonstrates that the 
biochemical processing of our larvae retains the enzyme 
activity.

4.2  �Chitosan

When proteins and lipids are extracted from larval 
homogenates, an insoluble fraction remains including 
the insoluble cuticle. Its principle structural component 
is chitin, a polysaccharide consisting mainly of acetyl glu-
cosamine sugar moieties. By alkaline deacetylation the 
water soluble oligomeric sugar chitosan can be prepared. 

The substance has interesting biochemical properties and 
many scientific and commercial applications for health 
care, agriculture, as well as cosmetic and textile industries 
have been reported. The substance is non-toxic, biologi-
cally degradable and antimicrobial and several biological 
activities have been reported which may be useful for the 
treatment of diseases including cancer, obesity and Alz-
heimer’s disease. Chitosan also promotes tissue regenera-
tion and has anti-inflammatory activity [37]. The effects on 
important cellular signalling kinases (MAPK and AMPK) 
suggest a complex interaction with cellular processes that 
are not yet fully understood. Chitosan efficiently binds 
lipids and this property is exploited in medical and tech-
nical applications. The biophysical properties of chitosan 
may also be used for the construction of vehicles for drug 
delivery and for many other industrial applications. Fur-
thermore, chitosan O-, N-, S- and P-containing derivatives 
with desirable biological and biophysical properties can 
be prepared [38]. The worldwide production of chitosan 
comes largely from crustacean shells. However, the mass 
production of insects will provide an alternative source for 
this interesting substance.

4.3  �Antimicrobial peptides from H. illucens 
larvae

The larvae of the black soldier fly, H. illucens, feed on a 
variety of decomposing organic substrates which are typ-
ically inhabited by a range of different microorganisms 
like bacteria and fungi. Survival in these habitats requires 
a powerful defense against microorganisms and hence 
it can be expected that the H. illucens larvae strongly 
express AMPs and other substances possessing antibiotic 
activity.

It is well known that insects have a well-developed 
innate immune system, subdivided into cellular and 
humoral defense responses. The latter involve the pro-
duction of AMPs that are synthesized in the fat body and 
subsequently secreted into the hemolymph [39, 40]. In 
general, AMPs can serve as effective antibiotics or fun-
gicides that mainly attack the cell envelope, especially 
the cell membrane and also affect intracellular targets of 
microorganisms which subsequently lead to cell death 
[41–43]. Several recent studies that reported the antimicro-
bial activity of the larvae hemolymph and maggot extract 
as well as of secretions, are promising for the development 
of new therapeutically valuable antibiotics, particularly 
in the defense of multi-resistant “super bugs” (e.g. the 
ESKAPE strains Staphylococcus aureus or Pseudomonas 
aeruginosa) [44–46]. In our lab, we used crude aqueous 
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H.  illucens larval extract to study the bioactive effects 
on biofilms of several Gram-positive and Gram-negative 
microorganisms and to analyze the mode of action of H. 
illucens larvae AMPs on the Gram-positive model organ-
ism Bacillus subtilis in more detail.

4.3.1  �Antimicrobial activity of H. illucens larval extracts 
on bacterial biofilms

A bacterial biofilm is a dynamic multicellular environ-
ment composed of sessile single-species or multi-species 
microorganisms attached to natural (biotic) or artificial 
(abiotic) surfaces [47]. Specific environmental condi-
tions, e.g. nutritional limits or pH changes serve as a 
signal to develop biofilms [48]. Predominantly, mixed-
species bacterial biofilms can be found in the environ-
ment whereas biofilms consisting of a single bacterial 
species mainly appear in connection with infectious 
diseases and other serious medical problems [48–50]. 
Despite the involvement of single-species biofilms in 
chronic infections when growing on abiotic surfaces, e.g. 
medical implants, catheters or contact lenses, there are 
also many hard-to-challenge infectious diseases caused 
by biofilms attached to the epithelium (e.g. chronic 
sinusitis or chronic osteomyelitis) [51, 52]. Additionally, 
microorganisms living in a biofilm are extremely resist-
ant to antibiotic treatment reasoned by the bacteria-sur-
rounding matrix that consists of extracellular polymeric 
substances (EPS) including proteins, polysaccharides 
and DNA [53, 54].

Biofilms of P. aeruginosa, a Gram-negative bacterium 
of the ESKAPE group with outstanding pathogenicity par-
ticularly for patients with cystic fibrosis or nosocomial 
infections, have been studied extensively [55–58]. Pseu-
domonas aeruginosa planktonic cells show resistance 
to nearly all available commercial antibiotics. Clearly, 
biofilms of that organism include large amounts of pro-
tecting EPS matrix that makes antibiotic treatment of P. 
pseudomonas ineffective. The same holds true for the 
Gram-positive pathogen S. aureus. In this case it has been 
reported that S. aureus and relatives (e.g. Staphylococcus 
epidermidis) cause 60% of the nosocomial infections and 
show the highest resistance to currently used antibiotics 
when growing as biofilms [50, 59]. Therefore, it is of the 
utmost importance to find new potent antibiotics to chal-
lenge these “super bugs”. Very promising drugs to combat 
multi-resistant strains are represented by antimicrobial 
peptides derived from eukaryotes made by the innate 
immune system of the producing organism. In recent 
years several AMPs were discovered for their ability to 

affect bacterial biofilms [60]. For example, the cathelici-
din LL-37 produced by human neutrophils is very effective 
against P. aeruginosa biofilm formation and already exist-
ing biofilms of the multidrug-resistant S. aureus [61–64]. 
Despite these advantages, currently no commercial anti-
biofilm peptides are available to challenge biofilm infec-
tions specifically [60].

To investigate the antimicrobial effects of H. illu-
cens larval extracts on microbial biofilms, we prepared 
aqueous larval extracts according to the protocol from 
Park et  al. [65]. The protocol from O’Toole was used to 
test the antimicrobial activity of aqueous larval extracts 
on E. coli, Micrococcus luteus, Pseudomonas fluores-
cens and B. subtilis biofilms grown in microtiter plates, 
respectively [66]. The antibiotic chloramphenicol and the 
chemical compound hypochlorous acid served as positive 
controls. After a defined incubation period, crystal violet 
was added and the remaining biofilms were quantified by 
measurement of absorbance at 550 nm. We found a strong 
biofilm degradation (reduction of 70%–90%) for all tested 
microorganisms (see Figure 8A) which is likely due to the 

Aqueous extract

0%

20%

40%

60%

B. subtilis M. Iuteus E. coli P. fluorescens

80%

100%

120%

A

B

0%
0 2 4 6 8 10 12 14

Time (h)

16 18 20 22 24

B. subtilis
aq. larval extract

1/10 aq. larval extract
1/100 aq. larval extract
HOCI 1.75%

20%

40%

60%

80%

100%

120%

C
on

tr
ol

 (
%

)
A

bs
or

pt
io

n 
at

 5
50

 n
m

 (
%

 c
on

tr
ol

)

Chloramphenicol
Control

Aqueous extract
Chloramphenicol
Control
Aqueous extract

Aqueous extract

Chloramphenicol

Chloramphenicol

Control

Control

Gram-positive Gram-negative

Figure 8: Effect of aqueous H. illucens larval extracts on micro-
bial biofilms. (A) Antimicrobial effect of aqueous H. illucens larval 
extracts (28 mg larvae/well) and chloramphenicol (40 μg/well) to 
bacterial biofilms. Biofilm reduction was visualized by absorbance 
measurement at 550 nm. (B) Time-resolved degradation of B. subtilis 
biofilms treated with several dilutions of aqueous H. illucens larval 
extract (130 mg larval equivalent) and 1.75% hypochlorous acid 
(control) (n = 9).



358      Müller et al.: The black soldier fly, H. illucens - a source of proteins, lipids and bioactive substances

antimicrobial compounds available in the aqueous H. 
illucens larval extracts. Furthermore, the biofilms of the 
Gram-positive bacteria B. subtilis or M. luteus are affected 
in the same manner as the biofilms of the Gram-nega-
tive bacteria E. coli or P. fluorescens. This is remarkable 
because so far only an antimicrobial effect of the H. illu-
cens defensin DLP4 on Gram-positive microorganisms has 
been reported [67]. DLP4 is clearly not the only AMP in the 
crude larval extracts which we used in our experiments. 
The strong effects on B. subtilis biofilms even when com-
pared to 1.75% hypochlorous acid (Figure 8B) indicate that 
several AMPs are likely to act in concert.

In future experiments isolated H. illucens AMPs and 
mixtures of defined antibacterial substances will have to 
be tested for their activity against biofilms. The experi-
ments carried out so far provide evidence for the great 
potential of this approach.

4.3.2  �Classes of AMPs in H. illucens larvae

Little is known about the AMPs of the black soldier fly. 
Very recently, Elhag et al. published the identification of 
seven genes encoding for AMPS in the genome of H. illu-
cens. Additionally, the authors also described the success-
ful expression and functional analysis of stomoxynZH1 
from H. illucens which exposed antimicrobial activity 
against E. coli and S. aureus [68]. However, the available 
data from different insects indicate that the families of 
AMPs are largely conserved between insects and only the 
number of AMPs may differ between the species depend-
ing on their respective habitats. The available informa-
tion about insect AMPs sheds some light on the biological 
activities to be expected in H. illucens larvae and hence the 
most important findings are summarized in the following 
sections.

The antibacterial activity of AMPs from dipterans 
was first observed in the hemolymph of the fruit fly Dros-
ophila melanogaster by Robertson and Postlethwait who 
also pointed out that insects previously infected with 
microorganisms develop a stronger humoral immune 
response accompanied by an increased synthesis of AMPs 
to counteract microbial infections [69]. Microarray studies 
of bacteria-preimmunized crude H. illucens larval extract 
revealed a high expression of several AMPs belonging to 
the classes defensins (4.3.2.1), cecropins (4.3.2.2), attacins 
(4.3.2.3) and diptericins (4.3.2.4) (Ariane Müller, unpub-
lished results). Typically, these classes of AMPs can be 
found in dipteran insects and have in common that they 
are cationic or basic but differ in structural and sequence 
properties [70].

4.3.2.1  �Defensins
The insect defensins, a family of small (~4  kDa) cysteine-
rich cationic peptides, contain six conserved cysteines that 
form three intramolecular disulfide bonds. The insect defen-
sin family also shows a strong homology to defensins of 
mammals. The typical structure of insect defensins consists 
of an N-terminal loop, an α-helix and two or three antiparal-
lel β-sheets [70]. The majority of insect defensins have strong 
antimicrobial activities against Gram-positive microorgan-
isms only, such as B. subtilis or S. aureus. In some rare cases, 
insect defensins can also kill Gram-negative bacteria and/or 
fungi. Defensin and drosomycin from the dipteran insects 
Anopheles gambiae and D. melanogaster, respectively, show 
very effective antibacterial (Gram-negative) and antifun-
gal activity [71, 72]. Defensins from insects target the cyto-
plasmic membrane of microorganisms by interaction with 
phospholipids, followed by forming channels that result in 
membrane permeabilization and subsequently death of the 
microbial cell [70, 73, 74].

4.3.2.2  �Cecropins
The small cationic cecropin peptides exhibit a broad 
antimicrobial activity against Gram-positive and Gram-
negative microorganisms as well as against fungi [70]. 
Cecropin from the lepidoptera Hyalophora cecropia was 
also the first antimicrobial peptide that was purified 
successfully [75]. Remarkably, the cecropin-like peptide 
stomoxyn from the dipteran blood-sucking fly Stomoxys 
calcitrans also shows antiparasitic activity against trypa-
nosomes [76]. It has been known that the antimicrobial 
activity of cecropins is also reasoned by the amidation of 
the C-terminus of the peptide which is important for the 
interaction with liposomes of the attacked microorganism 
[77, 78]. Cecropins are bactericidal active as helical struc-
tures in a hydrophobic environment (e.g. the bacterial 
cell membrane or lipopolysaccharides). Typically, cecro-
pins consist of an N-terminal amphipathic α-helix that is 
linked to the C-terminal hydrophobic α-helix by an intra-
molecular hinge region [79]. Both the amphipathic and 
the hydrophobic α-helix contain amino acid residues that 
are essential for interaction with bacterial membranes 
and lipopolysaccharides [70, 80].

4.3.2.3  �Attacins
Attacins are very large (~20  kDa) glycine-rich helical 
AMPs and can be found in two isoforms, basic and acidic 
attacins depending on their isoelectric points [70]. Struc-
turally, matured attacin peptides consist of an N-terminal 
attacin domain and two glycine-rich domains [70, 81]. 
Predominantly, attacins are antimicrobial active against 
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E. coli and some other Gram-negative bacteria, e.g. Aci-
netobacter calcoaceticus and Pseudomonas maltophilia 
[82]. Antibacterial activity against Gram-positive bacte-
ria, fungi or parasites has been detected in a few cases 
only. For example, attacin-A1 from the dipteran tsetse fly 
Glossina morsitans also kills the parasite Trypanosoma 
brucei [83]. The mechanism of antibacterial action (MOA) 
of attacins is characterized by the binding to lipopoly-
saccharides and inhibiting the synthesis of outer mem-
brane proteins of Gram-negative bacteria which leads to 
a higher permeability and instability of the microbial cell 
envelope [70].

4.3.2.4  �Diptericin
The 82 amino acid long peptide diptericin was originally 
isolated from the dipteran northern blow-fly Phormia ter-
raenovae and showed no direct homologies to the known 
AMPs from insects (e.g. cecropins or attacins) [84, 85]. 
Thus, diptericins are grouped as large O-glycosylated 
peptides lacking an ordered secondary-tertiary structure 
whereas the glycosylation is not compulsorily required for 
antimicrobial activity but rather to prevent the degrada-
tion of the peptide in the insect’s hemolymph. However, 
diptericins inhibit the growth of the Gram-negative bac-
teria E. coli and Salmonella typhimurium in a very short 
time (~15  min) without lysing mammalian blood cells 
(e.g. sheep erythrocytes) [86]. It has been assumed that 
diptericins form their specific structure in complex with 
the target molecule only but the exact MOA of diptericins 
remains elusive [86].

Despite the lack of a defined MOA for diptericins, the 
other insect AMPs described above likewise attack the cell 
envelope particularly the cell membrane of bacteria. The 
Gram-positive microorganism B. subtilis is a well-estab-
lished model organism which has been graded with the 
generally recognized as safe (GRAS) status and has “easy 
to handle” and efficient molecular and genetic properties. 
Furthermore, cell wall biosynthesis and signaling path-
ways essential for the integrity of the cell envelope and 
survival of B. subtilis have been extensively investigated 
[87–93]. Therefore, B. subtilis is highly suitable to study the 
mode of action of insect AMPs on the bacterial cell mem-
brane in more detail.

4.3.3  �Antimicrobial peptides of H. illucens larvae induce 
the cell envelope stress response of B. subtilis

The bacterial cell envelope represents the first barrier 
against damaging environmental conditions. In its natural 

habitat, the soil, B. subtilis lives in permanent competition 
with other microorganisms for the best living conditions. 
As a defense mechanism, many microorganisms includ-
ing B. subtilis produce AMPs to counteract competing 
microorganisms. Many of these antibiotic substances 
mainly attack the bacterial cell envelope. Thus, a con-
stant monitoring of the cell envelope integrity is crucial 
for survival of the bacterial cell. In B. subtilis, a network 
called the cell envelope stress response (CESR) is respon-
sible for detecting signals affecting the integrity of the cell 
envelope and to transduce the signals into an appropriate 
cellular response leading to cell envelope protection by 
establishing repair mechanisms and antimicrobial resist-
ance. The ABC transporter associated two-component 
systems as resistance determinants play an important part 
in the CESR in B. subtilis and have been well investigated 
[94–96]. In our lab, we use these signal transduction path-
ways for the development of whole-cell B. subtilis biosen-
sors that specifically respond to different classes of AMPs. 
Additionally, these biosensors are highly feasible to char-
acterize newly found antibiotics regarding their MOA [97].

Recently, we found that the ABC transporter associ-
ated ApeRS two-component system (formerly known as 
YxdJK) is highly induced after treatment of B. subtilis cells 
with aqueous H. illucens larval extract (Diana Wolf, unpub-
lished data). In the first experiment, we used aqueous 
extracts of non-immunized and preimmunized (with B. 
subtilis) H. illucens larvae to treat B. subtilis cells contain-
ing the Ape-biosensor that include the Pape target promoter 
fused to luminescence genes. The biosensor signal trans-
duction in response to a signal occurs via autophospho-
rylation of the membrane-anchored histidine kinase ApeS 
and phosphate transfer to its cognate response regulator 
ApeR (Figure  9A). Subsequently, the activated response 
regulator binds to its target promoter Pape which drives the 
expression of a reporter gene (luminescence) (Figure 9A). 
So far, it has been known only that the Ape-system responds 
to the human cathelicidin LL-37 [98]. A great variety of 
AMPs of prokaryotic origin we tested, did not induce the 
Ape-system. To test the induction of the Ape-biosensor by 
H. illucens larval extract, B. subtilis cells were spread onto 
agar plates. Subsequently, Whatman paper disks soaked 
with certain aqueous larval extracts were also placed onto 
the agar plate. The plate was incubated overnight and 
afterwards analyzed for luminescence due to Pape promoter 
activity by detection in a luminescence machine (“Moon 
shine assay”). We found a strong activity of Pape visualized 
by a strong luminescence signal when H. illucens extract 
of preimmunized larvae was used (Figure 9B). The biolu-
minescence signal of Pape was much weaker in response to 
non-immunized H. illucens larval extract reasoned by the 
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absence of a specific larval immune response to a certain 
antigen (e.g. B. subtilis) (Figure 9B).

In summary, we assume that the Ape-biosensor 
exclusively detects and responds to eukaryotic AMPs 
but the exact compound specificity of the Ape-biosensor 
remains elusive. Furthermore, we expect that the Ape-
system, as part of the CESR, plays an important cellular 
role as resistance determinant in bacterial membrane 
protection because LL-37 as well as insect’s AMP mainly 
affect and disrupt the bacterial cell membrane. As 
described in the previous section, insect’s defensins and 
cecropins are very efficient at counteracting Gram-posi-
tive bacteria (e.g. B. subtilis). Therefore, further experi-
ments regarding the purification of the crude larval 
extract by chromatography as well as to test pure AMPs 
from other dipterans together with the Ape-biosensor are 
currently in progress.

5  �Summary and outlook
In recent years insect biotechnology has been extraordi-
narily successful. This is reflected not only in the intensity 
of research but also in the commercial potential that has 
become apparent from the increasing number of newly 
founded companies in this field. The commercial poten-
tial using insect products is based on the evolutionary 

success of insects. The black soldier fly, H. illucens, illus-
trates this nicely. The insect is robust and survives under 
harsh conditions and is remarkably resistant to bacterial 
infections. This makes mass cultures attractive as it is pos-
sible to raise the larvae with low quality feed and yet the 
feed conversion ratio is high. The production of proteins 
and lipids from insects is ecologically desirable as it can 
be carried out using only secondary resources and hence 
contributes to the conservation of valuable ecosystems. 
Legal restrictions in the EU concerning the use of animal 
proteins in feed limit the large-scale production of insect 
raw material at present.

The bioactive substances in H. illucens larval extracts 
are of great interest and will play an important role in 
the future in making insect mass cultures economically 
successful. We have paid particular attention to unusual 
enzymes in H. illucens larvae which might be useful in 
the processing of cellulose, lignin and other inert organic 
material. Furthermore, the potent antibacterial peptides 
in the black soldier fly and in other insects hold great 
promise in view of the highly problematic emergence of 
bacterial strains resistant to common antibiotics that are 
used to fight human and animal infections.

Acknowledgments: We are grateful for the support of the 
Bio.S Biogas GmbH (Grimma, Germany) where the insect 
mass cultures are located and maintained under the 
supervision of Dennis Hluschi. The sustainable produc-
tion of the larvae was established with the financial sup-
port of the Bundesministerium für Wirtschaft und Energie 
(BMWI; Zentrales Innovationsprogramm Mittelstand).

References
1.	 Van Huis A. Potential of insects as food and feed in assuring food 

security. Annu Rev Entomol 2013;58:563–83.
2.	 Oonincx DG, van Itterbeeck J, Heetkamp MJ, van den Brand H, van 

Loon JJ, van Huis A. An exploration on greenhouse gas and ammo-
nia production by insect species suitable for animal or human 
consumption. PLoS One 2010;5:e14445.

3.	 Sheppard DC, Newton GL, Thompson SA, Savage S. A value added 
manure management system using the black soldier fly. Biore-
sour Technol 1994;50:275–9.

4.	Newton GL, Booram CV, Barker RW, Hale OM. Dried Hermetia 
illucens larvae meal as a supplement for swine. J Anim Sci 
1977;44:395–400.

5.	 Newton L, Sheppard D, Watson DW, Burtle G, Dove R. Using the 
black soldier fly, Hermetia illucens, as a value-added tool for 
the management of swine manure. Report for Mike Williams 
2005;1:1–19.

6.	Axtell RC, Arends JJ. Ecology and management of arthropod pests 
of poultry. Annu Rev Entomol 1990;35:101–26.

Target

Response regulator

Histidine kinase ApeS

Eukaryotic AMP
A

B

Unimmunized Preimmunized

Pape-lux

H. illucens larval extract

ApeR

Reporter

Pape

His~P
AsP

(promoter)

(signal receiver)

(signal sensor)

Figure 9: The Ape-biosensor of B. subtilis. (A) Genetic organiza-
tion of the whole-cell biosensor ([97] adapted). (B) Induction of the 
target promoter Pape after treatment with H. illucens larval extract.



Müller et al.: The black soldier fly, H. illucens - a source of proteins, lipids and bioactive substances      361

7.	 Furman DP, Young RD, Catts PE. Hermetia illucens (Linnaeus) 
as a factor in the natural control of Musca domestica Linnaeus1. 
J Econ Entomol 1959;52:917–21.

8.	Sheppard C. House fly and lesser fly control utilizing the black 
soldier fly in manure management systems for caged laying 
hens. Environ Entomol 1983;12:1439–42.

9.	Tingle FC, Mitchell ER, Copeland WW. The soldier fly, Hermetia 
illucens in poultry houses in north central Florida. J Georgia 
Entomol Soc 1975;10:179–83.

10.	 Erickson MC, Islam M, Sheppard C, Liao J, Doyle MP. Reduction 
of Escherichia coli O157:H7 and Salmonella enterica serovar 
Enteritidis in chicken manure by larvae of the black soldier fly. 
J Food Prot 2004;67:685–90.

11.	 Lord WD, Goff ML, Adkins TR, Haskell NH. The black soldier 
fly Hermetia illucens (Diptera: Stratiomyidae) as a potential 
measure of human postmortem interval: observations and case 
histories. J Forensic Sci 1994;39:215–22.

12.	 Pujol-Luz JR, Francez PA, Ururahy-Rodrigues A, Constantino R. 
The black soldier-fly, Hermetia illucens (Diptera, Stratiomyidae), 
used to estimate the postmortem interval in a case in Amapa 
State, Brazil. J Forensic Sci 2008;53:476–8.

13.	 Turchetto M, Lafisca S, Costantini G. Postmortem interval (PMI) 
determined by study sarcophagous biocenoses: three cases 
from the province of Venice (Italy). Forensic Sci Int 2001;120: 
28–31.

14.	 Leong SY, Kutty SR, Malakahmad A, Tan CK. Feasibility study of 
biodiesel production using lipids of Hermetia illucens larva fed 
with organic waste. Waste Manag 2016;47:84–90.

15.	 Taponen I. https://ilkkataponen.com/entomology-company-
database. Accessed 30 January 2017.

16.	 Community E. Verordnung (EG) Nr. 178/2002 des Europäischen 
Parlaments und des Rates (2002).

17.	 Community E. Verordnung (EG) Nr. 183/2005 des Europäischen 
Parlaments und des Rates (2005).

18.	 Commission E. Commission Regulation (EU) 2017/893 (2017).
19.	 Lalander CH, Diener S, Magri ME, Zurbrügg C, Lindström A, 

Vinnerås B. Faecal sludge management with the larvae of the 
black soldier fly (Hermetia illucens) – from a hygiene aspect. Sci 
Total Environ 2013;458:312–8.

20.	Eilenberg J, Vlak JM, Nielsen-LeRoux C, Cappellozza S, Jensen 
AB. Diseases in insects produced for food and feed. J Insects 
Food Feed 2015;1:87–102.

21.	 Bergner H, Ketz H-A. Verdauung, Resorption, Intermediärst-
offwechsel bei Landwirtschaftlichen Nutztieren. Berlin 1969: 
VEB Deutscher Landwirtschaftsverlag; 1972.

22.	Halver JE, Delong DC, Mertz ET. Nutrition of salmonoid fishes. 
V. Classification of essential amino acids for Chinook salmon. 
J Nutr 1957;63:95–105.

23.	Halver JE, Shanks WE. Nutrition of salmonoid fishes. VIII. 
Indispensable amino acids for sockeye salmon. J Nutr 
1960;72:340–6.

24.	FAO. Fish Meal. Torry advisory note no. 49. 2001.
25.	 Finke MD. Complete nutrient content of four species of feeder 

insects. Zoo Biol 2012;32:27–36.
26.	GbR HF. Endbericht zum Forschungsvorhaben „Entwicklung 

eines Verfahrens zur industriellen Produktion von Präpuppen 
der Fliege Hermetia illucens zur Futterproteinproduktion“. 
2010.

27.	 Riehl R, Baensch HA. Aquarium atlas: volume 3. Blacksburg, VA: 
Tetra Books; 1996.

28.	Takeuchi T, Yokoyama M, Watanabe T, Ogino C. Optimum ratio 
of protein to lipids in diets of rainbow trout. Bull Jpn Soc Sci Fish 
1978;44:729–32.

29.	Lühe MD, Pottgüter R, Grashorn MPD. DLG-Merkblatt 343 
Legehennenhaltung. In: DLG e.V., Eschborner Landstraße 122, 
D-60489 Frankfurt am Main, Fachzentrum Land- und Ernährung-
swirtschaft, Ausschuss für Geflügelproduktion; 2007.

30.	Schweinezucht und Schweinefleischerzeugung: Empfehlungen 
für die Praxis: Johann Heinrich von Thünen-Institut; 2006.

31.	 Jacobs JD. Synthetic methionine and organic poultry diets. In: 
eXtension.org; 2013.

32.	Hogsette JA. New diets for production of house flies and stable 
flies (Diptera: Muscidae) in the laboratory. J Econ Entomol 
1992;85:2291–4.

33.	Lexikon der Ernährung: Akademischer Verlag; 2001.
34.	Kim W, Bae S, Park K, Lee S, Choi Y, Han S, et al. Biochemical 

characterization of digestive enzymes in the black soldier fly, 
Hermetia illucens (Diptera: Stratiomydae). J Asia Pac Entomol 
2011;14:11–4.

35.	 Park KH, Choi YC, Nam SH, Kim WT, Kim AY, Kim SY. Recombinant 
expression and enzyme activity of chymotrypsin-like protease 
from Black Soldier Fly, Hermetia illucens (Diptera: Stratiomyi-
dae). Int J Ind Entomol 2012;25:181–5.

36.	Lee C-M, Lee Y-S, Seo S-H, Yoon SH, Kim SJ, Hahn BS, et al. 
Screening and characterization of a novel cellulase gene from 
the gut microflora of Hermetia illucens using metagenomic 
library. J Microbiol Biotechnol 2014;24:1196–206.

37.	 Muanprasat C, Chatsudthipong V. Chitosan oligosaccharide: 
biological activities and potential therapeutic applications. 
Pharmacol Ther 2016;170:80–97.

38.	Pestov A, Bratskaya S. Chitosan and its derivatives as highly 
efficient polymer ligands. Molecules 2016;21:330.

39.	Bulet P, Hetru C, Dimarcq JL, Hoffmann D. Antimicrobial pep-
tides in insects; structure and function. Dev Comp Immunol 
1999;23:329–44.

40.	Hoffmann JA, Reichhart JM. Drosophila innate immunity: an 
evolutionary perspective. Nat Immunol 2002;3:121–6.

41.	 Lohner K. New strategies for novel antibiotics: peptides 
targeting bacterial cell membranes. Gen Physiol Biophys 
2009;28:105–16.

42.	Melo MN, Ferre R, Castanho MA. Antimicrobial peptides: linking 
partition, activity and high membrane-bound concentrations. 
Nat Rev Microbiol 2009;7:245–50.

43.	Shai Y. Mode of action of membrane active antimicrobial pep-
tides. Biopolymers 2002;66:236–48.

44.	Pendleton JN, Gorman SP, Gilmore BF. Clinical relevance of the 
ESKAPE pathogens. Expert Rev Anti Infect Ther 2013;11:297–308.

45.	 Dang X-L, Tian J-H, Yi H-Y, Wang WX, Zheng MI, Li YF, et al. Induc-
ing and isolation of antibacterial peptides from oriental fruit fly, 
Bactrocera dorsalis Hendel. Insect Sci 2006;13:257–62.

46.	Choi W-H, Yun J-H, Chu J-P, Chu K-B. Antibacterial effect of 
extracts of Hermetia illucens (Diptera: Stratimyidae) larvae 
against Gram-negative bacteria. Entomol Res 2012;42:219–26.

47.	 Donlan RM. Biofilms: microbial life on surfaces. Emerg Infect Dis 
2002;8:881–90.

48.	Jefferson KK. What drives bacteria to produce a biofilm? FEMS 
Microbiol Lett 2004;236:163–73.

49.	Donlan RM, Costerton JW. Biofilms: survival mechanisms 
of clinically relevant microorganisms. Clin Microbiol Rev 
2002;15:167–93.

https://ilkkataponen.com/entomology-company-database
https://ilkkataponen.com/entomology-company-database


362      Müller et al.: The black soldier fly, H. illucens - a source of proteins, lipids and bioactive substances

50.	O’Toole G, Kaplan HB, Kolter R. Biofilm formation as microbial 
development. Annu Rev Microbiol 2000;54:49–79.

51.	 Beck-Broichsitter BE, Smeets R, Heiland M. Current concepts 
in pathogenesis of acute and chronic osteomyelitis. Curr Opin 
Infect Dis 2015;28:240–5.

52.	 Dlugaszewska J, Leszczynska M, Lenkowski M, Tatarska A, 
Pastusiak T, Szyfter W, et al. The pathophysiological role of 
bacterial biofilms in chronic sinusitis. Eur Arch Otorhinolaryngol 
2016;273:1989–94.

53.	 Lewis K. Riddle of biofilm resistance. Antimicrob Agents Chem-
other 2001;45:999–1007.

54.	Song T, Duperthuy M, Wai SN. Sub-optimal treatment of bacte-
rial biofilms. Antibiotics (Basel) 2016;5:23–41.

55.	 Alhede M, Bjarnsholt T, Givskov M. Pseudomonas aeruginosa 
biofilms: mechanisms of immune evasion. Adv Appl Microbiol 
2014;86:1–40.

56.	Ciofu O, Tolker-Nielsen T, Jensen PO, Wang H, Hoiby N. Anti-
microbial resistance, respiratory tract infections and role of 
biofilms in lung infections in cystic fibrosis patients. Adv Drug 
Deliv Rev 2015;85:7–23.

57.	 Rasamiravaka T, Labtani Q, Duez P, El Jaziri M. The formation of 
biofilms by Pseudomonas aeruginosa: a review of the natural 
and synthetic compounds interfering with control mechanisms. 
BioMed Res Int 2015;2015:759348.

58.	Valentini M, Filloux A. Biofilms and cyclic di-GMP (c-di-GMP) 
signaling: lessons from Pseudomonas aeruginosa and other 
bacteria. J Biol Chem 2016;291:12547–55.

59.	 Vergeres P, Blaser J. Amikacin, ceftazidime, and flucloxacillin 
against suspended and adherent Pseudomonas aeruginosa 
and Staphylococcus epidermidis in an in vitro model of infec-
tion. J Infect Dis 1992;165:281–9.

60.	Pletzer D, Coleman SR, Hancock RE. Anti-biofilm peptides as 
a new weapon in antimicrobial warfare. Curr Opin Microbiol 
2016;33:35–40.

61.	 Dean SN, Bishop BM, van Hoek ML. Susceptibility of Pseu-
domonas aeruginosa biofilm to alpha-helical peptides: 
D-enantiomer of LL-37. Front Microbiol 2011;2:128.

62.	Dean SN, Bishop BM, van Hoek ML. Natural and synthetic 
cathelicidin peptides with anti-microbial and anti-biofilm activ-
ity against Staphylococcus aureus. BMC Microbiol 2011;11:114.

63.	Haisma EM, de Breij A, Chan H, van Dissel JT, Drijfhout JW, 
Hiemstra PS, et al. LL-37-derived peptides eradicate multidrug-
resistant Staphylococcus aureus from thermally wounded 
human skin equivalents. Antimicrob Agents Chemother 
2014;58:4411–9.

64.	Overhage J, Campisano A, Bains M, Torfs EC, Rehm BH, Hancock 
RE. Human host defense peptide LL-37 prevents bacterial biofilm 
formation. Infect Immun 2008;76:4176–82.

65.	Park S-I, Chang BS, Yoe SM. Detection of antimicrobial sub-
stances from larvae of the black soldier fly, Hermetia illucens 
(Diptera: Stratiomyidae). Entomol Res 2014;44:58–64.

66.	O’Toole GA, Kolter R. Initiation of biofilm formation in Pseu-
domonas fluorescens WCS365 proceeds via multiple, conver-
gent signalling pathways: a genetic analysis. Mol Microbiol 
1998;28:449–61.

67.	 Park SI, Kim JW, Yoe SM. Purification and characterization of 
a novel antibacterial peptide from black soldier fly (Hermetia 
illucens) larvae. Dev Comp Immunol 2015;52:98–106.

68.	Elhag O, Zhou D, Song Q, Soomro AA, Cai M, Zheng L, et al. 
Screening, expression, purification and functional characteriza-

tion of novel antimicrobial peptide genes from Hermetia illucens 
(L.). PLoS One 2017;12:e0169582.

69.	Robertson M, Postlethwait JH. The humoral antibacterial response 
of Drosophila adults. Dev Comp Immunol 1986;10:167–79.

70.	Yi HY, Chowdhury M, Huang YD, Yu XQ. Insect antimicrobial 
peptides and their applications. Appl Microbiol Biotechnol 
2014;98:5807–22.

71.	 Landon C, Sodano P, Hetru C, Hoffmann J, Ptak M. Solution struc-
ture of drosomycin, the first inducible antifungal protein from 
insects. Protein Sci 1997;6:1878–84.

72.	 Vizioli J, Richman AM, Uttenweiler-Joseph S, Blass C, Bulet P. 
The defensin peptide of the malaria vector mosquito Anopheles 
gambiae: antimicrobial activities and expression in adult mos-
quitoes. Insect Biochem Mol Biol 2001;31:241–8.

73.	 Cociancich S, Ghazi A, Hetru C, Hoffmann JA, Letellier L. Insect 
defensin, an inducible antibacterial peptide, forms voltage-
dependent channels in Micrococcus luteus. J Biol Chem 
1993;268:19239–45.

74.	 Malanovic N, Lohner K. Antimicrobial peptides targeting Gram-
positive bacteria. Pharmaceuticals (Basel) 2016;9.

75.	 Hultmark D, Steiner H, Rasmuson T, Boman HG. Insect immu-
nity. Purification and properties of three inducible bactericidal 
proteins from hemolymph of immunized pupae of Hyalophora 
cecropia. Eur J Biochem 1980;106:7–16.

76.	Boulanger N, Munks RJ, Hamilton JV, Vovelle F, Brun R, Lehane 
MJ, et al. Epithelial innate immunity. A novel antimicrobial 
peptide with antiparasitic activity in the blood-sucking insect 
Stomoxys calcitrans. J Biol Chem 2002;277:49921–6.

77.	 Li ZQ, Merrifield RB, Boman IA, Boman HG. Effects on electro-
phoretic mobility and antibacterial spectrum of removal of two 
residues from synthetic sarcotoxin IA and addition of the same 
residues to cecropin B. FEBS Lett 1988;231:299–302.

78.	Nakajima Y, Qu XM, Natori S. Interaction between liposomes 
and sarcotoxin IA, a potent antibacterial protein of Sarcophaga 
peregrina (flesh fly). J Biol Chem 1987;262:1665–9.

79.	Landon C, Meudal H, Boulanger N, Bulet P, Vovelle F. Solution 
structures of stomoxyn and spinigerin, two insect antimicro-
bial peptides with an alpha-helical conformation. Biopolymers 
2006;81:92–103.

80.	Lowenberger C. Innate immune response of Aedes aegypti. 
Insect Biochem Mol Biol 2001;31:219–29.

81.	 Sun SC, Lindstrom I, Lee JY, Faye I. Structure and expression 
of the attacin genes in Hyalophora cecropia. Eur J Biochem 
1991;196:247–54.

82.	Hultmark D, Engstrom A, Andersson K, Steiner H, Bennich H, 
Boman HG. Insect immunity. Attacins, a family of antibacterial 
proteins from Hyalophora cecropia. EMBO J 1983;2:571–6.

83.	Hu Y, Aksoy S. An antimicrobial peptide with trypanocidal activ-
ity characterized from Glossina morsitans morsitans. Insect 
Biochem Mol Biol 2005;35:105–15.

84.	Dimarcq JL, Keppi E, Dunbar B, Lambert J, Reichhart JM, 
Hoffmann D, et al. Insect immunity. Purification and 
characterization of a family of novel inducible antibacterial 
proteins from immunized larvae of the dipteran Phormia 
terranovae and complete amino-acid sequence of the 
predominant member, diptericin A. Eur J Biochem 1988; 
171:17–22.

85.	Reichhart JM, Essrich M, Dimarcq JL, Hoffmann D, Hoffmann JA, 
Lagueux M. Insect immunity. Isolation of cDNA clones corre-
sponding to diptericin, an inducible antibacterial peptide from 



Müller et al.: The black soldier fly, H. illucens - a source of proteins, lipids and bioactive substances      363

Phormia terranovae (Diptera). Transcriptional profiles during 
immunization. Eur J Biochem 1989;182:423–7.

86.	Cudic M, Bulet P, Hoffmann R, Craik DJ, Otvos L, Jr. Chemical syn-
thesis, antibacterial activity and conformation of diptericin, an 
82-mer peptide originally isolated from insects. Eur J Biochem 
1999;266:549–58.

87.	 Delcour J, Ferain T, Deghorain M, Palumbo E, Hols P. The biosyn-
thesis and functionality of the cell-wall of lactic acid bacteria. 
Antonie van Leeuwenhoek 1999;76:159–84.

88.	Foster SJ, Popham DL. Structure and synthesis of cell wall, 
spore cortex, teichoic acid, S-layers and capsules. In: Sonen-
shein AL, Hoch JA, Losick R, editors. Bacillus subtilis and its 
closest relatives from genes to cells. Washington, DC: ASM 
Press, 2002:21–41.

89.	Jordan S, Hutchings MI, Mascher T. Cell envelope stress response 
in Gram-positive bacteria. FEMS Microbiol Rev 2008;32:107–46.

90.	Mascher T, Margulis NG, Wang T, Ye RW, Helmann JD. Cell wall 
stress responses in Bacillus subtilis: the regulatory network of 
the bacitracin stimulon. Mol Microbiol 2003;50:1591–604.

91.	 Radeck J, Fritz G, Mascher T. The cell envelope stress response 
of Bacillus subtilis: from static signaling devices to dynamic 
regulatory network. Curr Genet 2017;63:79–90.

92.	Silhavy TJ, Kahne D, Walker S. The bacterial cell envelope. Cold 
Spring Harbor Perspect Biol 2010;2:a000414.

93.	Vollmer W, Blanot D, de Pedro MA. Peptidoglycan structure and 
architecture. FEMS Microbiol Rev 2008;32:149–67.

94.	Joseph P, Guiseppi A, Sorokin A, Denizot F. Characterization of 
the Bacillus subtilis YxdJ response regulator as the inducer of 
expression for the cognate ABC transporter YxdLM. Microbiology 
2004;150:2609–17.

95.	 Rietkotter E, Hoyer D, Mascher T. Bacitracin sensing in Bacillus 
subtilis. Mol Microbiol 2008;68:768–85.

96.	Staron A, Finkeisen DE, Mascher T. Peptide antibiotic sensing 
and detoxification modules of Bacillus subtilis. Antimicrob 
Agents Chemother 2011;55:515–25.

97.	 Wolf D, Mascher T. The applied side of antimicrobial peptide-
inducible promoters from Firmicutes bacteria: expression 
systems and whole-cell biosensors. Appl Microbiol Biotechnol 
2016;100:4817–29.

98.	Pietiainen M, Gardemeister M, Mecklin M, Leskelä S, Sarvas M, 
Kontinen VP. Cationic antimicrobial peptides elicit a complex 
stress response in Bacillus subtilis that involves ECF-type 
sigma factors and two-component signal transduction systems. 
Microbiology 2005;151:1577–92.


