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Abstract Due to the growing world population and

changing eating habits, there is an increasing demand in

sustainable alternative protein sources, whereas the avail-

able land for the production of plant and animal protein

decreases owing to desertification and urbanization. Fur-

thermore, the rapidly decreasing resources of fossil fuels

necessitate more sustainable production cycles combined

with well-conceived land use. This includes the establish-

ment of novel utilization pathways for hitherto not or

insufficiently used biomass. In this context, insects offer

prospective alternatives, since they represent highly effi-

cient and, due to evolutionary processes, highly optimized

bioreactors that have the ability to effectively and auton-

omously convert biomass into biochemical compounds

such as proteins, fat, and chitin by combined mechanical,

chemical, and microbiological degradation. Furthermore,

insects are a vastly underutilized bioresource and need to

be exploited for the bioconversion and valorization also of

hitherto not usable organic residues to food, feed, chemi-

cals, enzymes, and other bioactive compounds. Mention-

able is here also the production of attractants, repellants,

defensive, and other chemicals such as antimicrobial pep-

tides that open up new opportunities for therapeutical and

biotechnological applications, for example regarding plant

pest management.

Keywords Entomophagy � Edible insects � Insect
bioreactor � Biomass valorization � Lignin degradation �
Antimicrobial peptides

Introduction

With approximately just under one million described spe-

cies, the class of insects is the class with the most number

of species within the kingdom Animalia (Grimaldi and

Engel 2005), and it is estimated that there are several

million more to date undiscovered or undescribed species.

Consequently, there is a huge potential of serviceable,

beneficial insect species that are hitherto unexploited.

In comparison with conventional livestock, insects can

be produced more sustainably, since they have higher feed

conversion efficiencies, lower water and land requirements,

and lower greenhouse gas emissions (Oonincx et al. 2010).

Additionally, insects play an important role in food security

because they deliver ecological services such as plant

pollination, bio-waste degradation, for example of dead

plant material, and natural pest control, and because in

some cases they also serve as food and feed.

Of the almost one million insect species described,

approximately 2037 are consumed as food worldwide

(Jongema 2015). Accordingly, there is still immense

potential in insect biodiversity and the use of to date

unexploited insect species as for example food and feed.

Edible insects are generally rich in protein and fat and can

provide valuable minerals, vitamins and energy. Therefore,

they have a huge potential to contribute to food and feed as

well as protein and nutrient security (Rumpold and

Schlüter 2013a).

In animal feed, insect protein has the potential to com-

pletely or partly replace soy bean and fish meal in
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conventional livestock production and aquaculture (Veld-

kamp et al. 2012; Barroso et al. 2014; Makkar et al. 2014;

Stamer et al. 2014). This can prevent further erosion of

forests for the cultivation of soy and overfishing for the

production of fishmeal and thus contribute to forest as well

as aquatic biodiversity.

Additionally, insects have the potential to valorize

organic by-products, such as food waste or lignocellulosic

waste from the bioethanol production. Moreover, in addi-

tion to proteins, fats, minerals, and vitamins (Rumpold and

Schlüter 2013a), they can, for example, provide chitin for

medical (Lee et al. 2008; Muzzarelli 2010) and other

applications, valuable enzyme systems for bioconversion

processes also derived from their residential gut microbiota

(Engel and Moran 2013; Koenig et al. 2013), antimicrobial

peptides as alternative antibiotics and therapeutic (Ch-

ernysh et al. 2002; Hull et al. 2012; Poeppel et al. 2014), or

tools against phytopathogens in plant protection strategies

(Vilcinskas and Gross 2005).

Overall, huge research efforts are required in order to

fully apprehend the potential and challenges of the biore-

source insects.

Edible insects as food and feed

Insects as food

While the consumption of insects by humans appears like

a far-fetched notion in the so-called Western world,

entomophagy is traditionally practiced by more than two

billion people worldwide (van Huis et al. 2013). Of the

insect species consumed as food that have been described

in the literature (Jongema 2015), 31 % are beetles

(Coleoptera), 18 % are caterpillars (Lepidoptera), 14 %

are bees, wasps, and ants (Hymenoptera), and 13 % are

grasshoppers, locusts, and crickets (Orthoptera) (van Huis

et al. 2013). Since up to today most insects consumed are

collected in the wild (van Huis et al. 2013), an increase in

insect consumption based on gathering will lead to over-

exploitation and endangering of species in flora and fauna.

There are already reports of decreasing populations of

species in Mexico due to overcollection by humans

(Ramos-Elorduy 2006) and in Japan presumably due to

the use of pesticides (Payne 2015). Thus it is recom-

mended to establish safe and sustainable mass-rearing

processes on an industrial scale for an efficient and eco-

logical use of edible insects as food and feed (Rumpold

and Schlüter 2013b). Before cultivation and application of

foreign insect species, their potential hazard on the

indigenous ecosystem has to be considered to prevent a

negative impact on the ecosystem and the endangerment

of indigenous species (Kenis et al. 2009).

With regard to conventional livestock, insects possess

several advantageous properties. In addition to the envi-

ronmental aspects concerning resource efficiency men-

tioned before, insects have shorter life cycles, can be

multivoltine, i.e., undergo more than one life cycle per

year, have more offspring, and have a high feed conversion

efficiency, i.e., need less feed for the production of 1 kg of

biomass than for example needed for the production of beef

and pork (Oonincx and de Boer 2012).

Edible insects are rich in protein and fat and provide

minerals and vitamins (Rumpold and Schlüter 2013a;

Feedipedia.org 2015; Nowak et al. 2016). Species of the

order Orthoptera (grasshoppers, locusts, crickets) with

protein contents of more than 77 % on a dry matter basis

have been reported (Ramos-Elorduy et al. 1998) and fat

contents as high as 77 % (based on dry matter) have been

found for the Lepidopteran (moths and butterflies) larvae of

Phasus triangularis (Ramos-Elorduy et al. 1997, 1998). In

general, they meet amino acid requirements of humans and

are high in unsaturated fatty acids (Rumpold and Schlüter

2013a). A comparison of 85 mineral compositions and 80

vitamin contents of edible insects as derived from literature

with recommended daily intakes for adults showed that, in

general, consumed insects are rich copper, iron, magne-

sium, manganese, phosphorous, selenium, and zinc as well

as riboflavin, pantothenic acid, biotin, and in some cases

folic acid (Rumpold and Schlüter 2013a).

Taking into consideration the pressing global need for

alternative protein and food sources, insects offer thus a

high-quality nutrient-rich alternative. However, the Euro-

pean law regarding the use of insect protein and other novel

protein sources in food and feed products is indistinct (van

der Spiegel et al. 2013). Legal aspects such as the Novel

Food legislation [Regulation (EC) No 258/97] and more-

over consumer acceptance are up to now major challenges

for the successful marketing of edible insects as food in

Europe. Other challenges include microbial food safety,

and the allergenic, toxic, and zoonotic potential of insects

as also identified in a risk profile by the European Food

Safety Authority, where 12 insect species with the biggest

potential for the use as food and feed in the European

Union have been listed (EFSA 2015). Despite their risk

potential, food insects have a huge potential to contribute

to global food as well as protein security.

The potential of insects as feed

Due to a rising world population accompanied by a change

in eating habits and increasing meat consumption, food and

feed security are global challenges of the twenty-first

century. In particular in the European feed sector, the

demand in protein is met by vast imports of particularly

soybean but also of fish meal. Around 14.3 million tonnes
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soybeans and 28.3 million tonnes soybean cake have been

imported into the European Union (EU) in 2011. Main

exporting countries include Argentina, Brazil, and the USA

(FAO 2014). In addition, the EU (including the candidate

countries) is one of the main consumers of fish meal at 1.2

million tons per year. In 2002, 33 % of fish meal was used

in aquaculture, 32 % as pig feed, and 29 % for poultry

production in the EU (Oliveira-Goumas 2004). An

increased cultivation of soy leads to deforestation and

endangers the rainforest biodiversity (Fearnside 2001), and

the intensive use of fish meal endangers the aquatic bio-

diversity, for example, due to overfishing (Naylor et al.

2000, 2009). In this context, the use of sustainable insect-

based feed could thus contribute to protein security and

biodiversity.

However, there are still legal hurdles prohibiting the use

of insects as feed for conventional livestock and aquacul-

ture in Europe that are mostly due to the so-called feed ban

[Commission Regulation (EC) No 999/2001], an EU reg-

ulation on the use of processed animal protein (PAP) in

feed for farmed animals, installed for the prevention of

transmissible spongiform encephalopathies (TSE). That is

rather unexpected since insects are a natural feed source of

among others birds and fish. However, there is evidence

that insects such as the meat-eating fly Sarcophaga

carnaria can function as vectors transmitting TSE from

one animal to another providing the dietary exposure of the

fly larvae to infected animal brain and its subsequent

consumption by another animal (Post et al. 1999). Con-

cluding, it has to be assured that feed utilized for farmed

insects intended for the use as feed and food is free of

infected animal protein. This is ensured by the feed ban

that also applies for farmed food and feed insects.

The general applicability of insects as feed has been

shown in numerous investigations and has been summa-

rized in several reviews (Veldkamp et al. 2012; Barroso

et al. 2014; Makkar et al. 2014; Rumpold and Schlüter

2014). Studies on the application of insects as poultry feed

suggest that insects could replace up to 15 % of soy bean

meal in a poultry diet and that fish meal could be com-

pletely replaced by insect meal in poultry feed. Insects

investigated as poultry feed included caterpillars (Lepi-

doptera) (Ijaiya and Eko 2009), fly larvae (Diptera)

(Hwangbo et al. 2009), beetle larvae (Coleoptera) (Ramos-

Elorduy et al. 2002), and grasshoppers and crickets

(Orthoptera) (Wang et al. 2005; Anand et al. 2008), which

demonstrates that no insect order excels and insects in

general have potential as poultry feedstuff.

In fish feeding trials, the potential but also the limita-

tions of insects as fish meal replacement were shown

(Barroso et al. 2014; Makkar et al. 2014). Mostly dipterans,

especially the black soldier fly Hermetia illucens, were

applied as fish feed (Bondari and Sheppard 1987; St-Hilaire

et al. 2007b; Ogunji et al. 2008; Sealey et al. 2011;

Kroeckel et al. 2012; Olaniyi and Salau 2013), since their

amino acid profile resembled the amino acid profiles of fish

meal, and Hermetia was hence believed to most likely

succeed as fish meal replacement. However, it was dis-

covered that its potential as fish meal replacement was

furthermore limited by its fatty acid composition that was

of minor value compared to fish meal. This limitation could

be reduced by supplementing the fly larvae with omega-3

fatty acids via fish offal (St-Hilaire et al. 2007a). More

research and rearing activities are required in order to

efficiently exploit insects as fish feed and as sustainable

fish meal replacement in aquaculture. In addition, further

insect species should be taken into consideration.

Insect bioconversion and organic residue
valorization

Insects host a large variety and complex community of

microorganisms in their guts and other body regions. The

microorganisms resident in insects are mostly beneficial

and contribute to nutrition by upgrading nutrient-poor diets

or by supporting the digestion of recalcitrant food com-

ponents. Furthermore, they contribute to the protection

from predators, parasites, and pathogens, to inter- and

intraspecific communication, and to modulation of immune

responses. In addition, they affect the host’s efficiency as

disease vectors and govern mating and reproductive sys-

tems (Engel and Moran 2013; Douglas 2015). Many are

still uncharacterized, and considering the diversity of

insects and their differing feeding habits, it is expected that

there is a huge potential of novel microbes to be discovered

(Dharne et al. 2006). Furthermore, there is an enormous

potential for the biodegradation of organic residues via

insects and their symbiotic microorganisms. This includes

the valorization of organic waste such as manure or food

waste and the digestion of otherwise not readily degraded

organic residues such as lignin and lignocellulosic plant

material into valuable insect biomass.

Waste management systems using omnivorous

insects

In numerous publications the potential of the omnivorous

black soldier fly (H. illucens) for the bioconversion of

manure is emphasized (El Boushy 1991; Sheppard et al.

1994; Diener et al. 2009; Zhou et al. 2013; Lalander et al.

2015). Sheppard et al. (1994) described a so-called manure

management system for laying hens using larvae reducing

and converting 50 % of the poultry manure and resulting in

a potential feed with protein contents of 42 % and fat

contents of 35 %. However, within the EU, this system is
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not applicable for the food or feed production, since a

production animal can only be reared on certificated feed

which does not include manure. On the other hand, if the

insects are intended for non-food applications, rearing on

manure is applicable.

For example, due to its high fat content, the potential

and feasibility of rearing black soldier fly larvae on manure

for the biodiesel production was shown (Li et al. 2011a, b).

This is in accordance with findings by Yang and Liu (2014)

and Yang et al. (2014b) that concluded that grease derived

from swine manure-grown housefly larvae (Yang et al.

2014b) and blowfly (Chrysomya megacephala) larvae

(Yang and Liu 2014) could be applied for biodiesel pro-

duction. It was argued that biodiesel based on fat from fly

larvae reared on manure had advantages over crop oil-

based biodiesel since its production does not compete with

food resources or land use but used waste nutrients for

insect growth (Li et al. 2011a). Applications for insect

residues such as the protein fraction need to be found for

economic use of insect fat for the biodiesel production,

however.

Regarding the use of insects for the bioconversion of

other organic residues than manure, there are few scientific

publications. One example is an investigation of the rearing

of the black soldier fly H. illucens on coffee pulp, a residue

from the coffee production. For a year-round availability,

the coffee pulp had been ensilaged under anaerobic con-

ditions beforehand (Larde 1990). Diener et al. successfully

reared black soldier fly larvae on municipal waste in Costa

Rica (2011). Furthermore, Žáková und Borkovcová (2013)

investigated the weight reduction of 14 different organic

wastes such as gardening waste, waste from plant material,

food waste, and catering waste by H. illucens on a labo-

ratory scale and observed the highest reduction in waste

from plant material. Rearing of H. illucens on compost

leachates was also feasible and resulted, in addition to

recycling of nitrogen, carbon, and phosphorous and con-

version thereof into biomass by insects, in reduced waste

disposal costs and reduced harmful environmental effects

of the compost leachates (Popa and Green 2012). Hem

et al. (2008) showed the potential of H. illucens for the

degradation of fermented palm kernel meal, a waste pro-

duct of the palm oil production, and as feed for aquaculture

such as the tilapia culture. Due to its low usability of

containing proteins (18 %) and fat (12–20 %) for mono-

gastric animals, palm kernel meal has limited use as feed

for example in aquaculture (Heuze et al. 2015) for example

in aquaculture directly. Hence, the rearing of insects on

fermented palm kernel meal and the resulting conversion

into insect biomass signifies a valorization of the palm

kernel meal.

Furthermore, the potential of mealworm larvae (Tene-

brio molitor) for the degradation of organic residues and as

feed for poultry was ascertained. The investigated insect

diets with a protein content of 20 % consisted of meal-

worm beetle excreta, yeast, and different dried organic

wastes, for example, from the fruit and vegetable produc-

tion. Subsequent feeding trials of broiler chicks showed a

successful replacement of up to one-third of the soy bean

meal present in the diet with dried and ground mealworm

larvae (Ramos-Elorduy et al. 2002). Due to its high fat

content, the potential of T. molitor for the biodiesel pro-

duction was also investigated. The larvae were reared on

decayed vegetables for 9 weeks, their fat was extracted,

and the obtained grease was used for biodiesel production.

It was concluded that biodiesel production from fat of T.

molitor larvae is feasible (Zheng et al. 2013).

In addition, it was observed, that waxworms (larvae of

the Indian mealmoth Plodia interpunctella) were capable

of chewing and eating polyethylene (PE) films. PE, a not

readily biodegradable synthetic organic compound, could

be biodegraded via symbiotic PE-degrading microorgan-

isms in the guts of the waxworm larvae (Yang et al. 2014a).

This is promising evidence for the biodegradation of PE by

insects and their symbiotic bacteria. However, an incuba-

tion time of 60 days with the respective, from the meal-

moth larvae isolated PE-degrading microorganisms

Enterobacter asburiae YT1 and Bacillus sp. YP1 resulted

in a degradation of 6–10 % of a PE film (Yang et al.

2014a), which does not appear to be economically efficient.

In comparison, the efficiency of biodegradation of PE films

by the waxmoth and by a combination of both isolated

bacteria would be interesting.

All those examples emphasize the general potential of

insects for the bioconversion of organic residues. However,

there is still research required on the suitability of rearing

respective insect species on respective organic waste and

by-products, if a pretreatment like a drying or fermentation

step of the organic residue is necessary, and how the

conversion rate to insect biomass can be optimized. In

addition, an added value of the bioconversion of organic

residues via insects in comparison to direct application of

those organic residues for example in feed needs to be

verified.

Degradation of lignin by insects

In contrast to the industrial fermentation of sugar and

starch containing plant material to ethanol, the production

of so-called second-generation biofuels from agricultural

residues remains inefficient and expensive (Brune 2014).

This is due to the natural resistance of the plant cell wall

against enzymatic or microbial degradation (biomass

recalcitrance) (Himmel et al. 2007). For technical pro-

cessing, chemical and physical pretreatment steps are

performed for the separation of lignin. This increases the
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ethanol yield but results in non-degraded lignin as a by-

product. For an efficient biofuel production from lignin-

containing biomass, cost as well as energy-efficient, envi-

ronmentally friendly processes for the complete degrada-

tion of lignified biomass and more sustainable methods for

lignin degradation are urgently needed.

A biodegradation of lignin can be achieved using wood

decay fungus such as white rot, bacteria, soil bacteria,

ruminants and wood-feeding (xylophagous) insects. As

aforementioned, insects are divers and represent an enor-

mous bioresource, but they are yet mostly unexploited in

technological processes. Generally, insects possess several

for technical reasons interesting properties such as resource

efficiency, low space requirements, and depending on the

species and rearing conditions, short life cycles. Due to

their feeding habits, insects have a high potential for the

organic waste degradation and valorization. Of high

interest in this regard are, in addition to omnivorous or

saprophagous species, especially lignivorous insects that

are able to degrade lignocellulose.

Well-known wood-degrading insects include species

from the orders Isoptera (termites), Coleoptera (beetles),

and Blattodea (cockroaches). Termites belong to the most

important lignocellulose-digesting insects. In a first step,

they mechanically grind the wood particles into microm-

eter-size particles by their mandibles and mix them with

cellulolytic enzymes excreted from their salivary glands.

Subsequently, the lignocellulose is digested symbiotically

by the termites’ own enzymes and enzymes from the

symbiotic microbiota of the termite gut, a lignocellulose-

degrading symbiotic ecosystem (Koenig et al. 2013), also

referred to as a ‘‘minute intestinal bioreactor’’ (Brune

2014). Additionally, a lignin degradation (side-chain oxi-

dation, ring hydroxylation, and demethylation) was verified

(Geib et al. 2008). The digestion of the feed takes from

several hours (Geib et al. 2008) to 24 h (Koenig et al.

2013). This leads to the conclusion that termites not only

degrade wood considerably more efficient than fungi by

themselves, but that termites are also superior to biogas

plants if retention times of energy plants are considered

(Koenig et al. 2013).

Due to their high efficiency, termites represent a

promising alternative for the industrial conversion of lig-

nocellulose and lignin for the production of biofuels. In

addition to the industrial fermentation of lignified plant

fibers to biofuels, their enzymatic systems open up

opportunities for biotechnological applications and the

production of novel enzymes (Brune 2014). However,

disadvantageous for a technical application is the rather

difficult breeding of termites being social insects in com-

parison to solitarily living insect species.

Xylophagous beetles include for example the Asian

long-horned beetle (Anoplophora glabripennis) that just

like termites has the ability to degrade lignin. Lignin-de-

grading reactions such as side-chain oxidation or elimina-

tion, ring hydroxylation, and demethylation, analogous to

lignin degradation by fungus or termites, have been

observed. Similarly to termites, there are indications for the

development of a symbiosis between the beetle and his gut

microbiota that enables the digestion of living wood tissue,

not attacked by fungus (Geib et al. 2008).

A xylophagous species of the order Blattodea (cock-

roaches) is Cryptocercus punctulatus, whose intestinal

microflora is already well researched (Berlanga et al.

2009). However, there is not much mentioned in scientific

publications about the degradation pathways of lignin or

lignin-containing biomass. A molecular phylogenetic

comparison resulted in a close relation between cock-

roaches and termites. Cockroaches are considered as

paraphyletic. This is reflected by the bacterial communities

in their guts (Schauer et al. 2012) and leads to the

assumption that xylophagous species of the order Blattodea

have the ability to digest lignin and lignified biomass.

It can be concluded that xylophagous insects represent a

potential to date unexploited biological system, an organic

bioreactor, for the industrial degradation of lignin and

lignified biomass. It needs to be investigated which insect

species is generally appropriate for what kind of biomass

biodegradation and to what extent a utilization of industrial

rearing systems of certain species is advantageous and

feasible. In addition, utilizing of wood and other pests, it

needs to be ascertained at all costs that an escape into the

environment is prevented. Depending on the selected spe-

cies, the utilization of the degradation products after con-

version of the lignin into biomass needs to be evaluated.

Insect biotechnology: production of bioactive
ingredients

Semiochemicals

Insects produce a high variety of multifunctional natural

products functioning, for example, as attractants or repel-

lants such as semiochemicals (pheromones, allomones,

kairomones). Those bioactive agents are either produced by

the insect itself or produced by symbiotic microorganisms,

or precursors are sequestered from plants and other animals

(Blum 1996). These insect-derived natural bioactive

products offer a variety of valuable applications.

One example is cantharidin, a monoterpene produced by

beetles of the families Meloidae and Oedemeridae as

chemical defense as well as attractant (Frenzel and Dettner

1994). Its anticancer and antitumor activities have been

shown but due to its extreme toxicity for mammals its

application is limited. Therefore, derivatives and analogues
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with higher bioactivity, higher selectivity, and lower toxi-

city were developed as potential chemotherapeutic anti-

cancer agents (Puerto Galvis et al. 2013). Antitumor

activity was also shown for pederin, a vesicant toxic amide

from a rove beetle of the genus Paederus used as a

chemical defense against predators. Pederin, which is

suggested to be synthesized by a bacterial symbiont of

female beetles, blocks protein biosynthesis (Kellner and

Dettner 1995; Piel 2002). It was furthermore shown that a

cloning of genes responsible for the biosynthesis of

invertebrate products such as pederin from bacterial sym-

bionts without the need for culturing was possible enabling

microbial production of these products (Piel 2002).

Antimicrobial peptides

Additionally, insects represent a rich resource for antimi-

crobial peptides (Vilcinskas and Gross 2005) produced by

the insects themselves or their residential microorganisms

for the defense against microbes, including bacteria, fungi,

viruses, and protozoa (Zasloff 2002). For example, an

isolation of bacilli from different compartments of the guts

of several insect species and subsequent screening for

biologically active metabolites resulted in peptides with

antibacterial or antifungal activity (Gebhardt et al. 2002).

Furthermore, antiviral and antitumor capacities were

observed. For example, alloferons, slightly cationic pep-

tides isolated from the blood of an experimentally infected

blow fly Calliphora vicina showed enhanced antitumor and

antiviral resistance in mice. Evidence was found for

antiviral activity against influenza viruses, herpes simplex

and hepatitis B and C infections (Chernysh et al. 2002).

Although a number of antimicrobial peptides with

promising bioactivities have been isolated from insects,

their commercial use is impeded by factors like loss of

bioactivity under physiological conditions, low peptide

stability, potential toxicity, high costs, difficulties in mass

production and legal approval. This can be overcome by

the creation of improved synthetic analogues and deriva-

tives (Hull et al. 2012). With the pressing need for novel

antibiotics and since resistance of pathogens against

antimicrobial peptides is less probable than observed for

conventional antibiotics, antimicrobial peptides open up

new opportunities for the creation of future antibiotics and

other chemotherapeutic agents (Zasloff 2002; Hull et al.

2012).

In addition, antimicrobial peptides are a novel approach

for the engineering of disease resistant crops (Vilcinskas

and Gross 2005). For example, a novel antimicrobial

peptide from the Common Green Bottle Fly Lucilia seri-

cata has been discovered. This peptide, named lucimycin,

has antifungal activity against fungal plant pathogens,

among others against an oomycete of the genus

Phytophtora (Poeppel et al. 2014). Phytophtora infestans is

the most important potato plant pest called late blight and

responsible for the great Irish famine in the nineteenth

century and still causes losses of over 3 billion US dollars

each year worldwide (Bengyella and Pranab 2010). For the

reduction in potato harvest losses and a higher resistance to

the late blight, it is aimed to develop transgenic potato

plants expressing lucimycin (Poeppel et al. 2014). This

shows the potential of insect biotechnology and the genetic

exploitation of defense mechanisms of insects.

Conclusion: challenges and opportunities
exploiting insects

Overall, it can be summarized that insects are a highly

diverse and vastly underutilized bioresource with many

potential applications. This includes the bioconversion and

valorization of organic residues and the production of food,

feed, chemicals, enzymes, and bioactive compounds.

Selected examples are given in Table 1.

Due to their high nutritional value, insects have a long

tradition as a food source in many parts of the world. They

offer a great opportunity as a sustainable animal protein

source and represent a prospective resource-efficient

alternative to meat in the human diet. Furthermore, food

insects have the potential to contribute to global food as

well as protein security. Challenges for food insects in the

so-called Western world include particularly legal barriers

and consumer acceptance. In regions where entomophagy

is traditionally practiced, the development of safe and

sustainable mass-rearing systems for the production of food

insects is required, since an increasing insect consumption

based on gathering will lead to overexploitation and

endangering of species in flora and fauna. In addition,

before cultivation and application of foreign insect species,

their potential hazard on the indigenous ecosystem has to

be considered to prevent a negative impact on the

ecosystem and the endangerment of indigenous species.

The use of sustainable insect-based feed has also the

potential to contribute to protein security and biodiversity.

For example, a replacement of soy and fish meal in feed

can contribute to forest and aquatic diversity. Although the

general applicability of insects as feed has been shown and

insects represent a natural feed source especially for

poultry and fish, EU regulations to date prohibit the use of

processed insects in feed. A revision of the respective

regulations is expected.

Generally, the potential of insects for the bioconversion

of organic residues such as manure, food waste, urban

waste, even PE and lignocellulosic residues into insect

biomass was shown. For organic waste degradation and

especially for manure degradation, application of flies and
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moreover of the omnivorous black soldier fly (H. illucens)

prevailed. It can be concluded that such insects have a huge

potential for organic waste reduction and valorization and

concomitant bioconversion to valuable insect biomass to be

applied for example as feed or for the biodiesel production.

Here, holistic and sustainable approaches are required.

In addition, the degradation of lignocellulose for the

biofuel production by wood-feeding insects has a high

potential and represents a sustainable alternative for the

biofuel production. Moreover, insects can be applied as

models for the industrial lignin digestion and be exploited

for the production of enzymes. However, it has to be

ensured that the lignivorous insects cannot escape into the

environment to preserve trees, forests and facilities con-

structed from wood.

Studying communication strategies and defense mech-

anisms against predators and microbes of insects, it was

discovered that they sequester or produce a multitude of

remarkable chemical substances such as toxins and

antimicrobial peptides that can be exploited for pest control

or the creation of novel therapeutics. Antimicrobial pep-

tides open up new opportunities for the creation of future

antibiotics and antitumor and anticancer agents. Further-

more, they can be exploited for the genetic engineering of

disease resistant crops. As aforementioned, challenges for

the commercial use of antimicrobial peptides include loss

of bioactivity under physiological conditions, low peptide

stability, potential toxicity, high costs, difficulties in mass

production and legal approval. The development of more

efficient, non-toxic, and more stable synthetic analogues

and derivatives offers possible solutions to these problems.

Overall, it can be concluded that there is still a large

amount of research required regarding identification and

application of known and to date unknown insect species

appropriate for respective bioconversion processes and

other applications in order to extensively exploit the

potential of insects as a bioresource.
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Table 1 Potential applications of insects and exemplary insect species and orders applied

Potential application Exemplary insect species and orders applied

As food A list of 2037 species of edible insects of the world as recorded in literature includes species

of the orders Coleoptera (634), Lepidoptera (359), Hymenoptera (302), Orthoptera (279),

and Hemiptera (220) (Jongema 2015)

In an EFSA risk profile, the twelve insect species that were identified to have the biggest

potential to be used as food and feed include species of the order Orthoptera (4),

Coleoptera (3), Lepidoptera (3) and Diptera (2)

Farmed on a commercial basis as food are 14 of 20 species including species of the order

Orthoptera (9), Coleoptera (4), and Lepidoptera (1) (EFSA 2015)

As feed In an EFSA risk profile, the twelve insect species that were identified to have the biggest

potential to be used as food and feed include species of the order Orthoptera (4),

Coleoptera (3), Lepidoptera (3) and Diptera (2)

Farmed on a commercial basis as feed are 17 of 20 species including species of the order

Orthoptera (9), Coleoptera (4), Diptera (3), and Lepidoptera (1) (EFSA 2015)

According to a publication by the FAO, most promising species for industrial feed

production are black soldier flies, common housefly larvae (both Diptera), silkworms

(Lepidoptera) and yellow mealworms (Coleoptera) and to a lesser extent grasshoppers

(Orthoptera) and termites (Isoptera) (van Huis et al. 2013)

Bioconversion and organic residue valorization—

Waste management systems

Omnivorous insects

In literature, examples for application of species of the order Diptera prevail (Sheppard et al.

1994; Popa and Green 2012; Žáková and Borkovcová 2013; Zhou et al. 2013), species of

the order Coleoptera are also mentioned (Ramos-Elorduy et al. 2002)

Bioconversion and organic residue valorization—

Lignin degradation

Xylophagous/lignivorous insects, for example from the orders Isoptera, Coleoptera and

Blattodea (Koenig et al. 2013)

Exploitation of bioactive ingredients:

semiochemicals

Insects of the order Coleoptera prevail in literature (Frenzel and Dettner 1994; Piel 2002),

Isoptera, Hymenoptera, Lepidoptera and others are also named (Blum 1996)

Exploitation of bioactive ingredients:

antimicrobial peptides

Insects of the orders Diptera and Lepidoptera prevail in literature (Zasloff 2002; Vilcinskas

and Gross 2005)
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