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ABSTRACT 
 

In a future scenario of demographic increase, food shortages and environmental pollution, 
insects such as Hermetia illucens, Tenebrio molitor and Acheta domesticus, represent a new 
sustainable source of proteins and nutrients, as they are able to convert several organic 
substrates in valuable raw material, for human and animal nutrition. Insects are 
characterized by a high nutritional value in comparison to common food. Most of the 
microbiological risks may be avoided thanks to freezing, cooking methods and adequate 
sanitary conditions during the processing. On the contrary, from the chemical point of view, 
mycotoxins and other substances such as heavy metals or pesticides bioaccumulation are 
aspects that need to be deepened in order to assess the safety of insects’ consumption. 
Mycotoxins are toxic metabolites produced by fungi and represent one of the main causes 
of post-harvest disease in the supply food chain, affecting the food safety for both humans 
and animals through the development of mycotoxicosis. Insects may assume mycotoxins 
when they consume fungus-infected products but they may be able to metabolize them by 
breaking them down into nontoxic products. The most important mechanisms of metabolic 
detoxification involve the addition of a functional group to the original compound. 
Consequently, the compound with the functional group is conjugated to a water-soluble 
moiety such as glucuronic acid in order to transform the lipophilic toxin into a more 
hydrophilic compound and excreted. In addition to this, midgut enzymes isolated from larvae 
of Helicoverpa zea, such as CYP 321A1, were demonstrated to be involved in both 
detoxification and bioactivation of the mycotoxin aflatoxin. A procedure that should become 
common practice in the industrial insect rearing is a fasting period for the insects. In fact, 
mycotoxins are not going to be retained in their non-metabolized form by insects which have 
been subjected to a fasting period of at least 24 hours prior to the harvesting. 
Hermetia illucens is an insect with saprophagous food habits and it is intended to be used 
as a new tool for the processing of the OFMSW, Organic Fraction of Municipal Solid Waste. 
The process shows an efficient conversion of organic waste into high-quality protein 
biomass, thus H. illucens larvae can be processed as feed for animals such as fish or poultry. 
It was not possible to determine the mycotoxin concentration in the H. illucens-based feed 
because no mycotoxins were detected in the larvae, whether because the larvae have 
completely metabolized the substances or the columns for mycotoxins extraction were not 
able to detect the mycotoxins in a substrate made from larvae. Similarly, no mycotoxins 
were detected in the OFMSW. In the flour-based Standard Diet given to the insects some 
mycotoxins were detected in concentrations highly under the legal limits. In conclusion, 
legally this diet can be fed to farmed insects but regarding the insect-based feed and the 
OFMSW we have no reliable data to affirm its safety. 
 

KEYWORDS 
Mycotoxins, insect-based food, insect-based feed, Hermetia illucens, Tenebrio molitor, 
Acheta domesticus, OFMSW, health risks. 
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1. INTRODUCTION 
 
As the number of people increases in the world, there will be a greater need for food. As 
well as people, animals need to be fed and consequently, their food requirement will increase 
too. In order to efficiently fulfil the nutritional requirements, insects are a reason to study.  
The black soldier fly, Hermetia illucens, the yellow mealworm, Tenebrio molitor, and the 
house cricket, Acheta domesticus, are examples of insects intended to be consumed by 
humans (A. domesticus) and livestock (H. illucens, T. molitor) (Schrögel & Wätjen, 2019). 
Moreover, the consumption of insects may lead to different positive nutritional and 
environmental effects. However, some microbiological and chemical risks have to be 
considered in order to produce a safe product, taking into account the lack of knowledge in 
insects-food/feed safety (Tesi, 2016; Belluco, 2009). More in depth, the mycotoxigenic risk 
is the one that is going to be analysed below. Mycotoxins are toxic metabolites produced by 
fungi, harmful for humans and animals (De Liguoro, 2006), and therefore not desired in 
food and feed products. Mycotoxins may mainly develop in the growing substrate given to 
the insects, which can generally be flour-based, vegetables, animal feed or waste products. 
Currently, due to safety issues, the European Regulations deny the use of waste as 
nourishment for insects. However, H. illucens has saprophagous food habits and it is 
intended to be used for the processing of organic wastes, among them the Organic Fraction 
of Municipal Solid Waste (OFMSW) might represent a suitable growth media (Wang & 
Shelomi, 2017), leading to the development of an insect-based flour feed for fish and poultry 
and consequently to a concept of circular economy. Additionally, previous studies confirm 
the ability of insects, such as H. illucens, to metabolize mycotoxins from voluntarily 
contaminated substrates (Purschke et al., 2017; Camenzuli et al., 2018; Bosh et al., 2017; 
Niu, 2010) but no studies have been conducted with the waste as a substrate, thus not 
knowing the initial amount of mycotoxins present in a very heterogeneous product. 
Moreover, the presence of mycotoxigenic strains in OFMSW has been demonstrated 
(Dèportes et al., 1997; Rundberget et al., 2004), but their presence in the body of the larvae 
would be deeply investigated to understand whether mycotoxins can be present in the larvae 
and accumulate in the final flour constituting the final product.  
Therefore, this literature review aims to deepen the topic of mycotoxins and insects, 
broadening to a small experimental analysis of H. illucens. The production chain of the BSF-
based flour encompasses three main phases that may be analysed in terms of presence of 
absence of mycotoxins: the OFMSW, the standard diet and the larvae.  
In conclusion, this project will be useful for the understanding of the topic of mycotoxins 
regarding insect consumption and for the possible safety-analysis of the feed with the use 
of some mycotoxigenic clean-up columns with unknown affinity towards the OFMSW and 
the larvae.  
This thesis project is done in collaboration between the Free University of Bozen-Bolzano 
and the Laboratorio Analisi Alimenti, Agenzia Provinciale per l'Ambiente e la Tutela del Clima 
of Bolzano. 
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2. MYCOTOXINS 
 
In 1962, as consequence of the death of approximately 100.000 turkey poults in England, 
the term “mycotoxin” was coined and the scientists considered the possibility that some 
mould metabolites might be deadly (Zain, 2010). In fact, the “mysterious turkey X” disease 
was consequently discovered to be linked to an Aspergillus flavus-contaminated peanut 
(groundnut) meal. From the etymological point of view the term “mycotoxin” derives from 
the fusion of the Greek word “mykes”, “fungus”, and the Latin word “toxicum”, “poison” 
(Turner et al., 2009). Mycotoxins are secondary metabolites produced by fungi, harmful for 
humans and animals, and therefore not desired in food and feed products. Mycotoxins are 
produced by filamentous fungi, known as “moulds”, under certain environmental conditions 
and are able to contaminate food products. Moreover, as the term “secondary metabolites” 
suggests, mycotoxins do not have a role in ensuring the growth of the fungus, unlike primary 
metabolites. Therefore, the development of mycotoxins is strictly related with the fungal 
growth. Indeed, in absence of the development of the main producing fungus, no toxins are 
produced. Although the growth of the mycotoxigenic fungus is necessary for the subsequent 
development of the mycotoxin, the presence of such mycotoxigenic fungal strain does not 
automatically mean that the mycotoxins are present. In addition to this, mycotoxins can 
persist for a long time after vegetative growth and death of the fungus and once they are 
produced, even if the fungal biomass is disrupted through drying processes, the metabolites 
excreted remain in the product (Cabras & Tuberoso, 2013; Pedroncini et al., 2019).  
Temperature, water activity (aw) and pH are the most important parameters for determining 
fungi cell. With an external pH increasingly acidic A. flavus isolates produce more aflatoxins 
(Coton & Leguerinel, 2014). Medina et al. conducted a study on the interaction between 
temperature and water activity on the growth of F. verticillioides strains and their production 
of fumonisins. The optimum growth temperature of F. verticillioides was 20-25°C with aw 
equal to 0.995; but with aw-value 0.98 the optimum growth temperature shifted to 30-35°C. 
On the other hand, the optimal temperature for FUM B1 production were 20°C at aw of 0.98-
0.995. In conclusion, the optimal conditions for the production of mycotoxins are not the 
same as for their growth (Medita et al., 2013). Secondary metabolites are different according 
to the fungal species or strain producing them. The main mycotoxigenic fungal genera are 
Aspergillus, Penicillum, Fusarium, Alternaria, Claviceps, Cladosporium and Rhizopus (Cabras 
& Tuberoso, 2013).  
 
Table 1: Mycotoxins Aflatoxin (AF) B1, B2, G1, G2, Ochratoxin A (OTA), Zearalelone (ZEN), Fumonisins (FUM) B1, B2, B3, 
Trichotecenes Deoxynivalenol (DON), Patulin and Ergot Alkaloids and the moulds which produce them found in human 
and/or animal foodstuffs (AFSSA, 2006). 

Mycotoxin Principal producing moulds 

AF B1, B2, G1, G2 Aspergillus flavus, A. parasiticus, A. nomius 

OTA A Penicillium verrucosum, Aspergillus ochraceus, A. carbonarius 

ZEN Fusarium graminearum, F. culmorum, F. crookwellense 

FUM B1, B2, B3 Fusarium verticillioides, F. proliferatum 

Trichothecenes (DON) 
Fusarium graminearum, F. culmorum, F. crookwellense, F. sporotrichioides, F. 
poae, F. tricinctum, F. acuminatum 

Patulin Penicillium expansum, Aspergillus clavatus, Byssochlamys nivea 

Ergot Alkaloids Claviceps purpurea, C. paspali, C. africana 

 



 

3 
 

As shown in Table 1, each fungal species can produce different types of mycotoxins and a 
given mycotoxin can be produced by more than one fungal species. The best-known 
mycotoxins are about 300 (Piro & Biancardi, 2012) and belong to the following families: 
Aflatoxins (AF), Ochratoxins (OTA), Fumonisins (FUM), Zearalelone (ZEN), Trichothecenes 
such as Deoxynivalenol (DON) and T-2 toxin, Patulin and Ergot alkaloids (Cabras & Tuberoso, 
2013). 
Moulds are ubiquitous, meaning that they can live in many types of environments, adapting 
to a wide range of temperatures. More in detail, moulds prefer a high humidity content and 
high temperatures, however they do not degrade at lower temperatures. (Piro & Biancardi, 
2012). Their powdery appearance is due to a dense network of hyphae and sporangia, the 
spore containers, which invades the host by developing the appressorium, penetration peg 
and haustorium (Figure 1).  
 
 
 
 
 
 
 
 
 
 

Figure 1: On the left, the infection process of fungi and its morphology (Meng et al., 2009). On the right, powdery, 
grey-green spores of Aspergillus flavus on corn (Ghana Standards Authority, 2019). 

 
The development of fungi and, thus, the formation of mycotoxins are possible in any phase 
of the production chain, starting from the field across all the subsequent conservation and 
transformation phases. For instance: crops still in the field, during collection operations, 
during following steps such as drying, especially if carried out in natural conditions, during 
storage and transportation, during food preparations and in finished products ready for 
consumption (Cabras & Tuberoso, 2013). Hence, mycotoxins represent one of the main post-
harvest disease. Furthermore, foods most prone to mycotoxin contamination are products 
of plant origin, in particular: 

• cereals such as wheat, corn, barley, oats, sorghum, rice 
• dry and dried fruit such as peanuts, almonds, walnuts, pistachios, figs 
• oil seeds and derivatives 
• fodder species and animal feed 
• spices, coffee, cocoa and derivatives 
• fresh fruit such as grapes and apples and vegetables 
• derived products such as flour, pasta, baked goods, fruit juices, dried grapes, wine, 

beer, foods containing spices 
• milk (Cabras & Tuberoso, 2013). 

Nervous agitation, dermal and subcutaneous lesions, impaired growth, damage to kidneys 
and liver, cancer and others symptoms are examples of mycotoxicosis, clinical symptoms 
caused by the assumption of mycotoxins in high concentrations, such as in mouldy products 
(Baric, 2019). For instance, an ingestion of high levels of mycotoxins in poultry may lead to 
an increased mortality and a decline in their productivity (Murugesan et al., 2015). 
Mycotoxicosis are harmful for both humans and animals and have been known for a long 
time, but the first form of mycotoxicosis was officially recognized only in 1800 with ergotism. 
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Ergotism is a pathology that causes the necrosis of the limbs due to the ingestion of grain 
contaminated by Claviceps purpurea. Despite this, the mechanism of action of mycotoxicosis 
is usually chronic, due to a low-level ingestion of fungal metabolites over a long period of 
time. Results of such ingestion are reported in Table 2. 
 
Table 2: Mycotoxins Aflatoxin (AF), Ochratoxin A (OTA), Zearalelone (ZEN), Fumonisins (FUM) and Trichothecenes T-2 
Toxin and their effects on humans and different species of livestock (Tecnoalimenti S.C.P.A., 2006; Zaki et al., 2011). 

Mycotoxins Species susceptibility Effects 

AF Humans, domestic animals and poultry 
Hepatoxic, carcinogenic, immunosuppressive, 

genotoxic 

OTA Humans, mainly pigs and poultry Nephrotoxic, gout, carcinogenic, immunosuppressive 

ZEN Humans, mainly pigs and dairy animals Estrogenic and reproductive disorder 

FUM Humans, mainly pigs and horses 
Neurological disorders, carcinogenic, cytotoxic, liver 
damage 

T-2 Toxin Humans, mainly pigs and poultry 
Immunosuppressive, dermatoxic, haemorrhagic, 
mouth lesions, loss of appetite 

 
Additionally, taking into consideration that contaminated food and feeds usually contain 
more than one mycotoxin, interactions among mycotoxins are possible. For instance, results 
of a study conducted by Grenier and Oswald about the interactions between AF and other 
mycotoxins showed a synergistic or additive interaction with negative effects on animal 
performance. Furthermore, this study showed that a combination of mycotoxins, not harmful 
if taken individually, might negatively affect animals and humans (Grenier & Oswald, 2011). 
 
 
2.1. AFLATOXINS 
 
Aflatoxins are the best-known class of mycotoxins, produced by the fungal species of the 
genus Aspergillus. AFs are classified as AF B1, B2, G1, G2, M1 and M2 (Figure 2).  
 

Figure 2: Chemical structure of Aflatoxin B (AF B1 and AF B2), Aflatoxin G (AF G1 and AF G2), and Aflatoxin M (AF M1 
and AF M2) (Zain, 2010). 

 
Such classification is based on their fluorescence under UV light blue or green (B for blue, 
G for green) and relative chromatographic mobility during thin-layer chromatography. AF B1 
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and B2 are produced by both A. flavus and A. parasiticus, while G1 and G2 only by A. 
parasiticus (Tecnoalimenti S.C.P.A., 2006). Lastly, AF M1 and M2 resume the letter “M” from 
milk, as they develop on dairy products (Zain, 2010). AF B1 is the most common and 
biologically active one (Busby & Wogan, 1981). From a more detailed chemical point of view, 
AF are difuranocoumarines derivatives produced by a polyketide pathway by many strains 
of Aspergillus. The two furan rings are linked together to a coumarin moiety, arranged in a 
planar configuration which is responsible for the conjugation leading to the typical 
fluorescence explained before (Zain, 2010; Loi et al., 2017). The furofuran ring has been 
recognized as responsible for the toxicity and carcinogenicity of AFs (Loi et al., 2017).  
The optimal growth temperature of AFs-producing fungi is about 25°C, although they can 
grow at temperatures between 6 and 46°C. Their development is favoured by a relative air 
humidity equal or higher than 85%. The production and release of AFs can occur when the 
plants are in the field as well as during all the postharvest phases, in which the relative air 
humidity and temperature are high enough to favour the process. In fact, subtropical and 
tropical regions are the most endangered regions. Accordingly, in Italy AF have always 
represent a risk linked to the import of products from warm climate countries in which the 
risk is remarkably higher due to favourable climatic conditions and worst agronomic 
techniques. Despite this, in recent years, climate change is creating favourable environments 
also in Italy (e.g. Veneto, Lombardy, Piedmont and Emilia Romagna), extending the area in 
which the cases of mycotoxin contamination are registered. AFs can frequently contaminate 
cereals (corn, wheat), oily seeds (peanuts) and cotton seeds, and dairy products through 
secondary contamination due to wrong storage (Tecnoalimenti S.C.P.A., 2006) 
 
 
2.2. OCHRATOXINS 
 
Ochratoxins (Figure 3) are a class of mycotoxins produced by fungal species of the genus 
Aspergillus and Penicillum, in particular A. ochraceus and P. viridicatum (Tecnoalimenti 
S.C.P.A., 2006). Ochratoxin A (OTA) is the most common one, it is made of a coumarin 
derivative bound with phenylalanine (Köszegi & Poór, 2016), an essential amino acid that is 
mainly assimilated through the diet (eggs, chicken, liver, beef, milk, and soybeans). Likely 
to OTA, there is Ochratoxin B which lacks a chlorine atom. An important consideration 
concerns the relationship between OTA and AF B1 competition either at the production level 
in foodstuffs or in their rate of absorption in the gastrointestinal tract. Moreover, whenever 
OTA was detected in high levels, AF B1 was absent or at very low concentrations and vice 
versa (Zain, 2010). 
 
 

Figure 3: Chemical structure of Ochratoxin A (dark blue: phenylalanine part, red: coumarin ring, green: acidic 
hydrogens) and B (light blue: absence of chlorine atom with respect to Ochratoxin A) (Köszegi & Poór, 2016). 

 
The optimal growth temperature of OT-producing fungi is between 4 and 37°C. High 
temperatures between 12 and 37°C favour the activity of A. ocraceus, which as a matter of 
fact is more diffused in temperate regions. On the other hand, low temperatures between 4 
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and 31°C, favour the activity of P. viridicatum, more diffused in cold regions (Pitt & Hocking, 
1985). Additionally, the minimum content of air humidity to allow their growth is 15-16%. 
Frequently contaminated products are cereals such as barley, corn and sorghum, peanuts, 
beans, legumes, coffee, baked products, feed and various foods (Tecnoalimenti S.C.P.A., 
2006). 
 
 
2.3. ZEARALENONE 
 
Zearalenone (Figure 4) is a mycotoxin produced by the fungal strain of the genus Fusarium, 
in particular F. graminearum, F. culmorum and F. equiseti (Tecnoalimenti S.C.P.A., 2006). 
Zearalenone is a non-steroidal compound, a moecule that is not a steroid nor a steroid 
derivative. Despite this, it exhibits oestrogen-like activity in certain farm animals (Zain, 
2010). In fact, as reported in Table 2 page 4, effects are “oestrogenic and reproductive 
disorder”. α-zearalenol and β-zearalenol are alcohol metabolites of ZEN, and likely to ZEN 
have oestrogenic activity (Cheeke, 1998).  
 

Figure 4: Zearalenone molecule (Zain, 2010). 

 
The optimal growth temperature of ZEN-producing fungi differs between day and night. The 
diurnal optima are between 22 and 25°C and the night optima between 12 and 15°C. 
Additionally, the minimum content of air humidity to allow their growth is 20-22% 
(Tecnoalimenti S.C.P.A., 2006). Products subjected to ZEN contamination are cereals, in 
particular corn and its products such as kernels, flours, silomais (silage) (Tecnoalimenti 
S.C.P.A., 2006; Bottalico et al., 1989). 
 
 

2.4. FUMONISINS 
 
Fumonisins (Figure 5) are a class of mycotoxins produced by the fungal strain of the genus 
Fusarium. Six different FUMs were identified: A1, A2, B1, B2, B3, B4 (Murugesan et al., 2015) 
but FUM B1 has been reported to be the predominant form produced by F. verticilloides 
(Norred, 1993) which privilege to grow on corn (Tecnoalimenti S.C.P.A., 2006).  

 

Figure 5: Fumonisin B1 and B2 (Zain, 2010). 

 
The toxicity of FUMs, which can cause neurological disorders and liver damage (Zaki et al., 
2011), is mainly due to the long-chain hydrocarbon unit (Zain, 2010).  
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2.5. TRICHOTHECENES 
 
Trichothecenes are a class of mycotoxins produced by the fungal strain of the genus 
Fusarium. T-2 toxin, HT-2 toxin, diacetoxyscirpenol (DAS), monoacetoxyscirpenol (MAS), 
neosolaniol, 8-acetoxyneosolaniol, 4-deacetylneosolaniol, nivalenol, 4-acetoxynivalenol 
(Fusarenone-X), vomitoxin or deoxynivalenol (DON), and 3-acetyldeoxynivalenol are the 
mycotoxins of the class of Trichothecenes (Leeson et al., 1995). The main Trichothecenes 
are shown in Figure 6.  

 

Figure 6: Trichothecenes molecular formula, T-2 Toxin, Diacetoxyscirpenol (DAS) and Deoxynivalenol (DON) (Zain, 
2010). 

 
According to Zain, the toxicological activity of all Trichothecenes is due to an epoxide group 
at the C12,13 positions (Zain, 2010). Supposedly, the toxicity of the epoxides is related to 
their high reactivity, which makes them mutagenic. Being the 3-membered epoxide ring 
highly strained, it is susceptible to opening caused by nucleophiles such as NH2, OH- and S- 
(Figure 7). The mutagenicity is due to the formation of covalent bounds between epoxides 
and guanine (one nucleobase continuing DNA and RNA), preventing the proper G-C base 
pairing and causing therefore a misreading in the genetic code, which can be inherited by 
future generations (Socratic Q&A, 2016). 
 
 

Figure 7: Toxicity of epoxides due to their high reactivity and susceptibility to opening by nucleophiles. The three-
membered epoxide is highly energetic. As a nucleophile (Nu:) approaches, the ring opens releasing its energy (Socratic 
Q&A, 2016). 

 
From the environmental point of view, Trichothecenes-producing fungi develop in temperate 
regions with a high relative air humidity and temperatures between 10 and 30°C. T-2 toxin 
is mainly produced by F. sporotrichoides. Deoxynivalenol and nivalenol are produced by F. 
graminaceum, F. culmorum and F. crookwellense and are commonly found in cereals such 
as corn, barley and wheat, in foodstuffs and wet grains left in the field in autumn or for 
winter varieties (Tecnoalimenti S.C.P.A., 2006). 
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3. REGULATIONS REGARDING TO MYCOTOXINS 
 
There are legal restrictions that set maximum allowable limits for mycotoxins for both 
products intended for human and animal consumption. The reason lies in the health risks 
but also in the necessity to provide the regulatory bodies and food businesses with a precise 
regulatory framework in order to allow their activities to be carried out. The current limits 
in the European Union for human consumption have been set with Regulations (EC) 
165/2010 (Table 3), 1881/2006 and 105/2010 (Table 4 and 5), 1126/2007 (Table 6, 7, 8) 
based on the assessments of the Scientific Committee for Food (SCF) or of the European 
Food Safety Authority (EFSA). On the other hand, the Directive 2002/32/EC, modified by the 
subsequent Directive 2003/100/EC (Table 9), which considers limits only for aflatoxin B1, 
monitors the mycotoxin contamination in the zootechnical feeds. Moreover, 
Recommendation 2006/576/EC (Table 10) sets the reference values for Deoxynivalenol, 
Zearalenone, Ochratoxin A and Fumonisins B1 and B2.  
Mycotoxins develops in very small quantities, in the order of ppm (mg/kg), ppb (µg/kg) or 
ppt (ng/kg). In addition to this, mycotoxins are not uniformly distributed, in fact it is 
necessary to perform several samplings in different areas of the lot in order to obtain a final 
specimen which can be considered representative of the entire lot. The sampling procedure 
is therefore of fundamental importance for the correct evaluation of the concentration of 
the mycotoxin in the final product. The methods of sampling and analysis for the official 
control of the levels of mycotoxins in foodstuffs are reported in the Regulation (EC) 401/2006 
of the European Union. This Regulation establishes that the lot is accepted if the laboratory 
sample does not exceed the maximum limit set by the various Regulations, taking into 
account the uncertainty of the measurement and the correction for the recovery percentage 
of the analysis method. Otherwise, the lot must be rejected. The Decree of the President of 
the Republic of 14 June 1995 defines the food products to be subjected to official control at 
national level. These are food products of national origin, from European Union countries 
circulating on the national territory and from third countries (Cabras & Tuberoso, 2013). 
 
Table 3: Directive 2010/165/EC on the presence limit of aflatoxins in food. 

Product 

Maximum content  

(µg/kg or ppb) 

B1 B1+B2+G1+G2 M1 

Groundnuts (peanuts) and other oilseeds, to be subjected to sorting, or other 

physical treatment, before human consumption or use as an ingredient in 

foodstuffs, with the exception of: groundnuts (peanuts) and other oilseeds for 
crushing for refined vegetable oil production 

8.0 15.0 / 

Almonds, pistachios and apricot kernels to be subjected to sorting, or other 
physical treatment, before human consumption or use as an ingredient in 

foodstuffs 

12.0 15.0 / 

Hazelnuts and Brazil nuts, to be subjected to sorting, or other physical 
treatment, before human consumption or use as an ingredient in foodstuffs  

8.0 15.0 / 

Tree nuts, other than the tree nuts listed before, to be subjected to sorting, or 
other physical treatment, before human consumption or use as an ingredient in 

foodstuffs  

5.0 10.0 / 

Groundnuts (peanuts) and other oilseeds and processed products thereof, 

intended for direct human consumption or use as an ingredient in foodstuffs, 

with the exception of: crude vegetable oils destined for refining, refined 
vegetable oils 

2.0 4.0 / 
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Almonds, pistachios and apricot kernels, intended for direct human consumption 

or use as an ingredient in foodstuffs 
8.0 10.0 / 

Hazelnuts and Brazil nuts, intended for direct human consumption or use as an 

ingredient in foodstuffs  
5.0 10.0 / 

Tree nuts, other than the tree nuts listed before, and processed products 

thereof, intended for direct human consumption or use as an ingredient in 

foodstuffs 

2.0 4.0 / 

Dried fruit to be subjected to sorting, or other physical treatment, before human 

consumption or use as an ingredient in foodstuffs 
5.0 10.0 / 

Dried fruit and processed products thereof, intended for direct human 

consumption or use as an ingredient in foodstuffs 
2.0 4.0 / 

All cereals and all products derived from cereals, including processed cereal 
products, with the exception of foodstuffs listed before 

2.0 4.0 / 

Maize and rice to be subjected to sorting or other physical treatment before 
human consumption or use as an ingredient in foodstuffs 

5.0 10.0 / 

Raw milk (6), heat-treated milk and milk for the manufacture of milk-based 
products 

/ / 0.050 

Following species of spices: Capsicum spp. (dried fruits thereof, whole or 

ground, including chillies, chilli powder, cayenne and paprika), Piper spp. (fruits 
thereof, including white and black pepper), Myristica fragrans (nutmeg), 

Zingiber officinale (ginger), Curcuma longa (turmeric). Mixtures of spices 
containing one or more of the abovementioned spices 

5.0 10.0 / 

Processed cereal-based foods and baby foods for infants and young children  0.10 / / 

Infant formulae and follow-on formulae, including infant milk and follow-on milk / / 0.025 

Dietary foods for special medical purposes intended specifically for infants 0.10 / 0.025 

 
Table 4: Directive 2006/1881/EC and 2010/105 on the presence limit of ochratoxin A in food. 

Product 
Maximum content 

(µg/kg or ppb) 

Non processed cereals 5.0 

Product derived from cereals 3.0 

Dried fruits of vine, grapes 10.0 

Processed cereal-based foods and baby foods for infants and young children  0.50 

Dietary foods for special medical purposes intended specifically for infants 0.50 

Roasted coffee 5.0 

Soluble coffee 10.0 

Vine (alcoholic degree < 15%) and wine-based beverages 2.0 

Grape juice, concentrated or reconstituted, grape nectar, concentrated or reconstituted 
grape must 

2.0 

Following species of spices: Capsicum spp., Piper spp., Myristica fragrans (nutmeg), 

Zingiber officinale (ginger), Curcuma longa (turmeric). 

30 (until 30.6.2012) 

15 (after 1.7.2012) 

Licorice and licorice root 20 

Licorice extract 80 
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Table 5: Directive 2007/1126/EC on the presence limit of deoxynivalenol in food. 

Product 
Maximum content 

(µg/kg or ppb) 

Unprocessed cereals other than durum wheat, oats and maize 1250 

Unprocessed durum wheat and oats 1750 

Unprocessed maize, with the exception of unprocessed maize intended to be 
processed by wet milling 

1750 

Cereals intended for direct human consumption, cereal flour, bran and germ as end 

product marketed for direct human consumption, with the exception of foodstuffs 
listed in the following rows 

750 

Pasta (dry)  500 

Bread (including small bakery wares), pastries, biscuits, cereal snacks and breakfast 

cereals 
750 

Processed cereal-based foods and baby foods for infants and young children 200 

Milling fractions of maize with particle size > 500 micron not used for direct human 

consumption  
750 

Milling fractions of maize with particle size ≤ 500 micron not used for direct human 

consumption 
1250 

 
Table 6: Directive 2007/1126/EC on the presence limit of zearalenone in food. 

Product 
Maximum content 

(µg/kg or ppb) 

Unprocessed cereals other than maize 100 

Unprocessed maize with the exception of unprocessed maize intended to be processed 
by wet milling 

350 

Cereals intended for direct human consumption, cereal flour, bran and germ as end 
product marketed for direct human consumption, with the exception of foodstuffs 

listed in the following rows 

75 

Refined maize oil 400 

Bread (including small bakery wares), pastries, biscuits, cereal snacks and breakfast 

cereals, excluding maize-snacks and maize-based breakfast cereals 
50 

Maize intended for direct human consumption, maize-based snacks and maize-based 

breakfast cereals 
100 

Processed cereal-based foods (excluding processed maize-based foods) and baby 

foods for infants and young children  
20 

Processed maize-based foods for infants and young children  20 

Milling fractions of maize with particle size > 500 not used for direct human 

consumption  
200 

Milling fractions of maize with particle size ≤ 500 micron not used for direct human 

consumption  
300 
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Table 7: Directive 2007/1126/EC on the presence limit of fumonisins in food. 
 

Product 
Maximum content 

(µg/kg or ppb) 

Unprocessed maize, with the exception of unprocessed maize intended to be 
processed by wet milling 

4000 

Maize intended for direct human consumption, maize-based foods for direct human 

consumption, with the exception of foodstuffs listed in the following rows  
1000 

Maize-based breakfast cereals and maize-based snacks  800 

Processed maize-based foods and baby foods for infants and young children   200 

Milling fractions of maize with particle size > 500 micron not used for direct human 

consumption  
1400 

Milling fractions of maize with particle size ≤ 500 micron not used for direct human 

consumption  
2000 

 
Table 8: Directive 2002/32/EC, modified by the subsequent Directive 2003/100/EC: limits of Aflatoxin B1 in feed. 

Product 
Maximum content 

(mg/kg or ppm) 

All raw materials for feed 0.02 

Complete feed for cattle, goats, sheep with the exception of: 0.02 

Complete feed for dairy animals 0.005 

Complete feed for calves and lambs 0.01 

Complete feed for pigs and poultry (except young animals) 0.02 

Other complete feedingstuffs 0.01 

Complementary feed for cattle, sheep and goats (excluding dairy animals, calves, 
lambs) 

0.02 

Complementary feed for pigs and poultry (except young animals) 0.02 

Other complementary feed 0.005 

 
Table 9: Recommendation 2006/576/EC on the presence of deoxynivalenol, zearalenone, ochratoxin A, T-2 and HT-2 and 
fumonisins in products intended for animal feeding. 

Mycotoxin Products intended for animal feed 

Guidance value in 
mg/kg (ppm) 

relative to a 

feedingstuff with 
a moisture 

content of 12 % 

 

 
 

 
DON 

 

 
 

 
 

Feed materials (*)  

— Cereals and cereal products (**) with the exception of maize by-
products  

8 

— Maize by-products 12 

Complementary and complete feedingstuffs with the exception of: 5 

— complementary and complete feedingstuffs for pigs 0.9 

— complementary and complete feedingstuffs for calves (< 4 months), 

lambs and kids 
2 
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ZEN 

 
 

 

 
 

 

Feed materials (*)  

— Cereals and cereal products (**) with the exception of maize by-
products 

2 

— Maize by-products 3 

Complementary and complete feedingstuffs  

— Complementary and complete feedingstuffs for piglets and gilts 
(young sows) 

0.1 

— Complementary and complete feedingstuffs for sows and fattening 
pigs 

0.25 

— Complementary and complete feedingstuffs for calves, dairy cattle, 
sheep (including lamb) and goats (including kids) 

0.5 

 
OTA A 

 

Feed materials (*)  

— Cereals and cereal products (**) 0.25 

Complementary and complete feedingstuffs  

— Complementary and complete feedingstuffs for pigs 0.05 

— Complementary and complete feedingstuffs for poultry 0.1 

FUM B1 + B2 

Feed materials (*)  

— maize and maize products (***) 60 

Complementary and complete feedingstuffs for:  

— pigs, horses (Equidae), rabbits and pet animals 5 

— fish 10 

— poultry, calves (< 4 months), lambs and kids 20 

— adult ruminants (> 4 months) and mink 50 

(*)  

 

Particular attention has to be paid to cereals and cereals products fed directly to the animals that 

their use in a daily ration should not lead to the animal being exposed to a higher level of these 
mycotoxins than the corresponding levels of exposure where only the complete feedingstuffs are 

used in a daily ration. 
(**)  

 

The term “Cereals and cereal products” includes not only the feed materials listed under heading 1 

“Cereal grains, their products and by-products” of the non-exclusive list of main feed materials 
referred to in part B of the Annex to Council Directive 96/25/EC of 29 April 1996 on the circulation 

and use of feed materials (OJ L 125, 23.5.1996, p.35) but also other feed materials derived from 

cereals in particular cereal forages and roughages. 
(***)  

 

The term “Maize and maize products” includes not only the feed materials derived from maize listed 

under heading 1 “Cereal grains, their products and by-products” of the non-exclusive list of main 
feed materials referred to in the Annex, part B of Directive 96/25/EC but also other feed materials 

derived from maize in particular maize forages and roughages. 
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4. INSECTS AS FOOD AND FEED 
 
The world population is expected to exceed over 9 billion by 2050. Consequently, as the 
number of people increases in the world, there will be a greater demand for food and feed 
(Anankware et al., 2015). The livestock sector is becoming unsustainable, therefore there is 
the necessity to find an alternative and sustainable source of protein (Payne et al., 2015). 
Insects represent a new sustainable source of proteins and nutrients, as they are able to 
convert several organic substrates in valuable raw material, for human and animal nutrition. 
Entomophagy is the practice of humans to eat insects, in countries such as Asia, Africa and 
Latin America insects are traditionally implemented in the human diet (Schrögel & Wätjen, 
2019). The edible insects consumed worldwide belong to the orders of Thysanura, Anoplura, 
Ephemeroptera, Odonata, Orthoptera, Isoptera, Hemiptera, Homoptera, Neuroptera, 
Lepidoptera, Trichoptera, Diptera, Colepotera and Hymenoptera. It is not easy to define the 
actual number of species consumed worldwide due to difficulties in the taxonomic 
identification, considering that a lot of insect’s species have not yet been classified. 
Additionally, the dietary habits are different according to the geographic area. Thus, it is 
common to find discrepancies between various authors regarding the number of species 
eaten in a specific geographic area and, consequently, worldwide (Belluco, 2009). According 
to van Huis et al., in 80 countries across Asia, Africa and Latin America, 1900 species of 
insects are consumed by over two billion of people (van Huis et al., 2013).  
Focusing on Europe, not many insects have been consumed traditionally but there are some 
cases, such as the cheese “Casu Marzu” colonised with larvae of Piophila casei, common in 
Sardinia and the “Mimolette” colonised with cheese mites Tyroglyphus casei, common in 
France (Paoletti & Dreon, 2005). Although, many insect extracts are commonly used as food 
colouring. In fact, E120 cochineal red is used for “Smarties”, yoghurt or drinks like Campari 
(Verkerk, 2007). Additionally, in Friuli Venezia Giulia, the ingluvie (part of the digestive 
system with the function of temporary food storage, therefore containing sugary 
substances) of two species of the genera Lepidoptera, Zygaena and Syntomis, are 
traditionally eaten (Belluco, 2009). Insects may be eaten as immature (eggs, larvae, pupae 
and nymphs) or adults, depending on the species. Wild harvesting, semi-domestication in 
the wild and farming are the three main strategies in which insects are obtained (Anankware 
et al., 2015).  
Entomophagy, in comparison to the conventional livestock, has numerous advantages 
regarding the farming methods, nutritional point of composition, sustainability and circular 
economy, giving the possibility to breed insects at low economic and environmental costs 
(Lähteenmäki-Utela & Grmelová, 2016). For instance, in comparison to the conventional 
livestock, insects use up to 50-90% less land per kg of protein, 40-80% less feed per kg of 
edible weight and produces 1000-2700 g less Green-house gases emissions per kg of mass 
gain (Payne et al., 2015). Despite this, EFSA has highlighted some safety issues linked with 
the consumption of insects that will be presented afterwards: microbiological safety, 
chemical safety and allergens. Additionally, a lack in welfare directives and marketing rules 
is present in insects’ rearing, processing and selling (Lähteenmäki-Utela & Grmelová, 2016). 
In the following chapters, three insect species suitable as food or feed (H. illucens, T. molitor 
and A. domesticus) are going to be explained, with details regarding their life cycle and 
growing substrate. In Table 10 is reported a summary of the main characteristics of these 
insect species regarding their orders, life stage at harvest and if intended to be consumed 
as food for humans or feed for livestock. 
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Table 10: Three insect species allowed as food or feed and their farming characteristics (Schrögel & Wätjen, 2019). 

Order Species Life stage at harvest Farmed for 

Diptera 
Black soldier fly 

Hermetia illucens 
Larvae, Prepupae, Pupae Feed 

Coleoptera 
Yellow mealworm 
Tenebrio molitor 

Larvae Feed and food 

Orthoptera 
House cricket 

Acheta domesticus 
Adult Feed and food 

 
 
4.1. HERMETIA ILLUCENS LIFE CYCLE AND GROWING SUBSTRATE 
 
Hermetia illucens, also called Black Soldier Fly (BSF), is native of the American continent, 
mainly present in North America, United States, where the climate is tropical, subtropical 
and temperate. It has spread worldwide, but due to such climatic preferences it survives 
between latitude 45° north and 40° south. For adults, the optimum temperature ranges 
between 25 and 30°C with a threshold of 36°C, over which they have difficulties in surviving 
(Dortmans et al., 2017). However, H. illucens is capable of dealing with unfavourable 
environmental conditions, such as drought, oxygen deficiency and lack of food (Diener et 
al., 2011). The taxonomy of H. illucens is shown in Table 11. The BSF in its immature instars 
has saprophagous food habits, in fact it lives in area with a great amount of decaying organic 
matter. Therefore, it has been proposed as an efficient method to obtain animal-derived 
proteins and fats for livestock production from Organic Fraction of Municipal Solid Waste 
(OFMSW).  
The life cycle of H. illucens encompasses 6 larval instars, in which the last instar is also 
called pre-pupal stage, consequently there are the pupal stage and adult stage (Figure 8). 
 
        Table 11: Taxonomy of Hermetia illucens (ITIS, 2019).  

Kingdom Animalia 

Phylum Arthropoda 

Class Insecta 

Order Diptera 

Suborder Brachycera 

Superfamily Stratiomyoidea 

Family Stratiomyidae 

Subfamily Hermetiinae  

Genus Hermetia 
Specie H. illucens 

 

 
 
 
 
Females lay between 300 to 1,000 eggs, which hatch in 4 days at 27-29°C (Caruso et al., 
2014). Such ovoid shaped eggs lack of an external protective structure, therefore they are 
laid on cracks in proximity of a wet substrate such as decaying organic matter, which will be 
a useful nourishment for the hatched larvae. In breeding conditions, eggs are deposited in 
artificial structures with grooves that resembles the typical cracks. A single egg weights 
about 0.028 mg (Booth & Sheppard, 1984). Once the larvae hatch, depending on 
environmental conditions and food availability, the larval stage lasts between 4 weeks and 
5 months with a range of temperature between 21°C and 30°C. Too cold temperatures 

Figure 8: Life cycle of Hermetia illucens (modified from 
De Smet et al., 2018). 
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adversely affect the food intake in such a way that larvae do not consume substrate at a 
satisfactory rate. In laboratory conditions, the composition of the decaying organic matter 
near which eggs will consequently hatch has an important influence on the mortality of the 
larvae. In fact, plant waste coming from vegetables and fruits speed up the larval growth 
increasing its size, while on the other hand fish and animal wastes hinder the larval 
development leading to a higher mortality rate (Nguyen et al., 2013). In addition to this, 
also the relative humidity plays an important role for the development of the larvae and 
their fertility. The higher the relative humidity is, the more the larvae will grow (Marzouk, 
2016) and the more fruitful they will be (Gobbi et al., 2013). Until 24 days after the hatch 
the only purpose of larvae is eating. This behaviour is strictly connected with the fact that 
adults tend to live exclusively on the fats stored at the larval stage (Oliveira et al., 2015). 
The just exposed behaviour of the larvae is of particular interest from the waste 
management point of view during the breeding of H. illucens. To recapitulate, the more they 
eat, the more they will grow (with particular incidence of plant waste), the more energy 
they store, the bigger the adult’s size will be and lastly the fertility will be higher (Gobbi et 
al., 2013). The great necessity of food can be also understood from the intraspecific and 
interspecific competition for food sources. Due to its ability to feed on large amount of 
organic matter, in recent years, H. illucens has been proposed as waste management tool; 
in this case, H. illucens biomass conversion starts when the young larvae of this dipteran 
are introduced into composting and waste disposal plants, in which they grow reducing the 
biomass of OFMSW up to 75% of its volume (Diener et al., 2011). Additionally, the larvae 
are able to decrease odours, nutrients content and heavy metals in the substrate (Purshke 
et al., 2017). Moreover, larvae can reach 27 mm of length and 6 mm of width. They are 
whitish and dull, the head is small with chewing mouthparts (Marzouk, 2016). The last larval 
instar is also called pre-pupa and has fundamental importance from the nutritional point of 
view, as the insect is intended to be processed as feed for livestock animals such as fish, 
pigs or poultry, which naturally feed on insects. Larvae reach their maximum size and protein 
and fat content at the pre-pupal stage. They reach a weight up to 220 mg (Salomone et al., 
2017), the protein content ranges from 36 to 48%, and the fat content ranges from 31 to 
33% (Diener et al., 2011). Additionally, to reduce the risk of carrying pathogenic 
microorganisms, pre-pupae empty their digestive tracts (Spranghers et al., 2017). In order 
to pupate, pre-pupae develop a particular behaviour, which is crucial in breeding conditions, 
as it allows the self-collection of pre-pupae that are intended to be processed to become 
feed for livestock animals. Pre-pupae start to migrate leaving the food source looking for 
dry areas where to pupate (Spranghers et al., 2017). In a rearing system, the self-harvesting 
of pre-pupae is favoured by this behaviour helped by ramps with a 30°-45° angle ending 
with collecting vessels (Diener et al., 2011) in order to collect the migratory pre-pupae. 
Unlike larvae of the 1°-5° instar, pre-pupae and pupae are darker because during the 
pupation they release the pigment melanin, which gives them the darker coloration, it 
hardens and increase the durability of the cuticle (Marzouk, 2016). Through the process of 
holometabolous metamorphosis, the pupae become adults in 1 to 3 weeks (Oliveira et al., 
2015) and the adults have a life expectancy of 5-8 days. BSF adults are able to live almost 
exclusively exploiting their body fat reserve, however may find nourishment in water and 
sugar (Marzouk, 2016). Indeed, they do not act as disease vectors. Their appearance, 
elongate antennae, black legs, white tarsi, resemble to wasps. This characteristic is defined 
as Batesian mimicry, physical evolution of harmless species to mimic the warning signals of 
a harmful species, in this case wasps, directed at a predator of them both (Marzouk, 2016). 
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For this reason, adults do not have any interspecific but only intraspecific competition during 
mating (Marzouk, 2016).  
Sexual maturation and mating starts 48 hours after emergence (Diener et al., 2011) and it 
is promoted by direct sunlight and relative humidity (Zhang et al., 2010; Homes et al., 2012).  
Regarding sunlight, considering the environmental conditions in North America, the mating 
activity starts at 8:30 with a peak at 10:00. It is lower during rainy days due to the 
considerable reduction of light (Zhang et al., 2010). Regarding the relative humidity, it has 
to be within 30 and 90% for the mating to occur (Holmes et al., 2012).  
BSF is sexually dimorphic, meaning that the two sexes of such species exhibit different 
sexual characteristics. Dimorphic traits are the frontal tubercles, wing size, hairs and body 
(Marzouk, 2016) but the difference in size allows a first detection, being females bigger than 
males. Additionally, the length of the adults ranges from 15 to 20 mm (Oliveira et al., 2015). 
However, the length and shape of genitalia, which are shorter in males, and the presence 
of two segmented cerci in females are the two most important morphological differences 
that allow an instant determination of the sex (Marzouk, 2016). As explained above with the 
nutritional behaviour of larvae, the size is an important parameter also for the fertility. Bigger 
females, which have larger wings and bodies, are more fertile in comparison to smaller ones 
(Gobbi et al., 2013). Furthermore, the size of both female and male adults plays an important 
role for the fly’s territorial behaviour. The bigger the females and males are, the better areas 
are able to appropriate for themselves and the higher the chance are for mating to occur 
(Marzouk, 2016). BSF has a “big bang reproduction”, defined as “semelparity”, where the 
reproductive event is large and often fatal for the organism leading to the death of females 
shortly after the oviposition (Tomberlin et al., 2009). In fact, BSFs are “reselected”, they 
reproduce fast because of the short life span (Marzuok, 2016). BSFs produce several 
generations per year, up to three in the southeast of the United States (Sheppard et al., 
1994). 
 
 
4.2. TENEBRIO MOLITOR LIFE CYCLE AND GROWING SUBSTRATE 
 
Tenebrio molitor, also called yellow mealworm, is native of South America (Park et al., 2014). 
It is a pest of stored grains but due to the high protein, fat, fibre and oleic acid content they 
represent a good food source for both humans and animals (Schroeckenstein et al., 1990; 
Cotton, 1927; Finke, 2002; Yoo et al., 2013). The taxonomy of T. molitor is shown in Table 
12. Tenebrio molitor optimally develops at 25-27°C in circa 80.0-83.7 days (Fiore, 1960; 
Park et al., 2014). The humidity degree plays an important role in insects’ survival in 
correlation with the temperature. In fact, at 25°C a decrease in humidity was proven to be 
harmless for adults, pupae and larvae. On the other hand, a decrease in humidity at a 
temperature equal to 10°C has led to an increase in mortality of adults, pupae and larvae 
(Punzo & Muchmor, 1980). Optimal relative humidity is around 50-70%, at this degree eggs 
have a higher survival rate, 70% over 50%. Additionally, at a certain size the yellow 
mealworms larvae are protected from drying out. As exposed by Andersen et al. "the larvae 
can downregulate their body temperature by evaporating water from their respiratory 
system". Larvae can lower their body temperature at the expense of their water balance in 
a condition of too high body temperature. On the other hand, in breeding conditions high 
humidity may lead to the development of microorganisms such as fungi. By carefully 
balancing the humidity with the wet feeding larvae can be farmed optimally, considering 
that at low humidity more wet feeding in required (Andersen et al., 2017). The feeding 
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substrate is made out of dry fodder and wet substrate. The dry feed is the primary source 
of energy and consists of residual products in the form of bran from various cereals. A varied 
feed such as peas, wheat, oats, rye flour leads to a faster growth of the larvae and 
consequently to a higher yield. Also, chicken feed has been selected as feeding substrate 
for yellow mealworm, being effective but also expensive, but specific feeding mixtures are 
now being developed for larvae and adult mealworms. The wet substrate acts as water 
source and it is very important for the larval growth and body temperature balance. 
Examples of wet substrate are fruits and vegetables. Wet food in form of a mash, such as 
waste product from berries, has a great potential in comparison to fruits alone, such as 
carrots (Andersen et al., 2017). 
Tenebrio molitor is holometabolous insect and its life cycle encompasses 4 main stages: egg, 
larva, pupae and adult (Park et al., 2014; Andersen et al., 2017) (Figure 9). The number of 
instars inside the larval cycle remains disputed (Park et al., 2014). 
 
Table 12: Taxonomy of Tenebrio molitor (ITIS, 2020). 

Kingdom Animalia 

Phylum Arthropoda 

Class Insecta 

Order Coleoptera 

Suborder Polyphaga 

Superfamily Tenebrionoidea 

Family Tenebrionidae 

Genus Tenebrio 
Specie T. molitor 

 
 

 

 
 
Females lay 5 to 8 eggs per day and about 300 eggs in a lifespan of 1-3 months. One egg 
can weight circa 0.6 mg and it is 1-1.5mm large. Factors influencing the eggs deposition are 
food availability, temperature, humidity in both the surrounding environment and in the 
breeding box and the density of insects per quadratic centimetre. In a box of width 40cm 
and length 60cm, 1,700 beetles can be placed with a male and females’ ratio equal to 1:1. 
Moreover, an increased presence of females will result in more eggs per box. On the other 
hand, a ratio of 1:1 will guarantee a higher genetic variation and competition among male 
beetles. After the deposition, eggs are glued on the surface of the box. The separation of 
eggs from adults can take place by manually removing the adults and placing them in 
another box, saving the eggs with the feed. In order to have a better control of the eggs, 
these can be sifted using a 0.5 mm sieve (Andersen et al., 2017). After an incubation period 
of 7-8 days larvae will hatch from the eggs (Park et al., 2014). As previously exposed, the 
number of larval instars of T. molitor remains disputed. A research conducted by Park et al. 
in 2014 has counted 11-15 instars. The main cause of difficulties defining the instars may 
probably be explained by Nijhout study of 1975. In fact, on Manduca sexta the number of 
instars increased when the larvae had a poor nutritional state. This phenomenon has to be 
proven true for T. molitor and further studies have to be conducted according the influence 
of poor nutritional status, pathogen activity and larval behaviour on the number of instars 
(Park et al., 2014; Nijhout, 1975). Moreover, the gregarious nature of the yellow mealworm 
can enhance its ability to resist pathogens (Barnes & Siva-Jothy, 2000). 

Figure 9: Life cycle of Tenebrio molitor (Ong et al., 2018). 
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According to Park, the 1st larval instar may last 3-4 days. The duration of the instars going 
from the 2nd to the 20th is not uniform among larvae. Moreover, few larvae were detected 
in the last two instars, probably due to malnutrition. More in detail, the poor food availability 
has probably led to an increase in moulting, hence to an addition of two more instars, the 
19th and 20th. This is a practical example of what has been already exposed with the study 
on Manduca sexta by Nijhout "the number of instars increased when the larvae had a poor 
nutritional state". According to Andersen, from egg to larvae before pupating 70 days are 
needed at 25°C or 50 days at 30°C, according to Park 7-12 weeks are needed, reaching a 
final weight of 150-200 mg. After the 14th instar occurred the pupation. Also, the starting 
instar of pupation varies according to larvae. The 69.69% of pupation was observed between 
the 15th and 17th instars. Furthermore, in the 17th instar the largest proportion of larvae, 
28.32%, have pupate (Park et al., 2014). Considering also larvae that have pupated after 
the 17th instar, generally most of the larvae have pupated before the 19th instar (Ludwig, 
1956). In conclusion, the definite number of instars ranges from 11 to 15 at a temperature 
of 25°C (Fiore, 1960). Differences among the larval instars are the colour and body length. 
White coloured larvae were observed at 1st instar, then they gradually turned brown. The 
body length increased gradually, reaching its maximum in the 17th instar. Thereafter the 
length started to decrease due to underdevelopment of larvae older than the 17th instar. 
Additionally, due to an insufficient number of larvae older than the 17th instar the length 
was impossible to be assessed. Between the 18th and 20th instar pupae and dead larvae 
were detected and only 1 larva has been observed in the 20th instar (Park et al., 2014). 
As well as the other instars, also the larval growth is influenced by temperature, humidity, 
feed availability and larvae density. The density varies between the larval instar and can 
influence the larval developmental rate, size, survival and tendency for cannibalism. In the 
first month, larvae grow better close together and at 25°C. Consequently, the older the 
larvae the more the space required. According to this, more breeding boxes of different sizes 
are needed in order to gradually move the larvae as they grow. For instance, small boxes of 
a width of 20 cm and a length of 30 cm can be used until the 4th week. Bigger boxes of 40 
cm width, 60 cm length and 8-15 cm height are later used towards harvesting of the larvae 
at the 7th-9th week. Grown larvae of 170 mg can be sorted from residues and grass by 
using sieves of different mesh sizes. A mesh size of 1.5-2 mm will sort leftovers of feed and 
feces from the larvae. A mesh size of 4 mm will sort largest lumps of feed, letting the larvae 
fall together with fine dried leftovers of wet substrate. Also pupae are sorted by sieving. 
Pupae are characterized by a large head compared to larvae; therefore, they cannot be 
collected with a sift of 4mm mesh size. Paper, egg tray or fabric may be used as grab material 
in the boxes in order to let the adult beetle stuck inside and collect the pupae that cannot 
hold onto the surface (Andersen et al., 2017). About 7 days at 25°C or 5 days at 30°C are 
needed for the development of pupae to adults. Freshly emerged adults are light. After a 
few days they become completely dark, as the change in colour stops, adult beetles are 
sexually mature (Andersen et al., 2017). Kidding and Fiore, in 1960, have reported that the 
age of the parents influences the development of the larvae. Moreover, the highest egg 
hatching rates is associated by the mating of young parents. Additionally, the pheromone 4-
methyl-1-nonanol is emitted by female beetles to attract males (Tanaka et al., 1986). 
Eventually, the residual product from the production of yellow mealworm such as frass can 
be used as fertilizer or in a biogas plant (Andersen et al., 2017). 
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4.3. ACHETA DOMESTICUS LIFE CYCLE AND GROWING SUBSTRATE 
 
Acheta domesticus, also called House cricket, is native of the southwestern Asia. It can be 
found world-wide. In the United States it is commonly found where it is sold, for instance in 
Florida.  Usually they can be found in places from where they escaped or have been released 
in order to be used as bait for fish, so on the shores where people fish. As already exposed, 
they can be found where they are sold but they do not survive very well in the wild in such 
parts of the United States (Ghouri, 1961). House crickets optimally develop in warm 
conditions, with temperatures ranging from 25 to 30°C, the lower are the temperatures the 
slower they develop. At temperatures lower than 10°C crickets become virtually immobile 
(Highfield Biological Consulting, 2019). They have omnivorous eating habits, ranging from 
vegetables to dry cereals. In large-scale cricket farms, commercial chicken feeds are used. 
In order to increase the mineral content of the insects so that they can be fed to reptiles, 
special feeds are available (Highfield Biological Consulting, 2019). Due to the environmental 
conditions that can be easily reproduced in breeding conditions and the food habits, house 
crickets are reared on industrial scale in order to be consumed by humans and animals 
(Highfield Biological Consulting, 2019). The taxonomy of A. domesticus is shown in Table 
13. 
The life cycle of A. domesticus encompasses 3 instars: egg, nymph and adults. They are 
hemimetabolous (FAO, 2014) (Figure 10). The life expectancy is of 2-3 months at 27-32°C. 
They lack of special overwintering stage, but are able to survive cold environmental 
conditions sheltering in buildings or dumps where the heat coming from fermentation can 
sustain them (Walker, 2014).  
 
Table 13: Taxonomy of Acheta domesticus (ITIS, 
2020). 

Kingdom Animalia 

Phylum Arthropoda 

Class Insecta 

Order Orthoptera 

Suborder Ensifera 

Superfamily Grylloidea 

Family Gryllidae 

Subfamily Gryllinae  

Genus Acheta 
Specie A. domesticus 

 
 
Females lay up to 3,000 eggs in the adult lifespan, which hatch after 13 days at 30°C 
(Highfield Biological Consulting, 2019; Clifford et al., 1978). The incubation period highly 
depends on the environmental conditions, lower temperatures cause a postponement of the 
hatching (Clifford et al., 1978). Eggs are 2-3 mm long but readily visible to the naked eye 
and are laid on damp material.  In rearing conditions crickets are kept in plastic storage 
tanks with some area cut and replaced by a fine mesh in order to allow air exchange. In this 
way it is possible to obtain ventilation, avoiding the production of humidity. Additionally, 
cardboard can be added to the tanks to give the insects more area to roost. Eggs will be 
laid on sand or soil which is placed in a different plastic pot or tub, in this way the collection 
can easily take place by removing the egg-pots (Highfield Biological Consulting, 2019). From 
the eggs will emerge the nymphs, also called pinheads due to the small size. The nymphal 
stage lasts 45-60 days and it comprehends a number of 8-9 moults until the adult stage is 

Figure 10: Life cycle of Acheta domesticus (Malinoshevskij, 
2019). 
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reached (Highfield Biological Consulting, 2019). The nymphs resemble the adults, except for 
the smaller size and the absence of wings (Walker, 2014).  Adult house crickets are 16-21 
mm long, with wings covering the abdomen that can be lost later in time. The colour is light 
yellow-brown, with 3 dark transverse bands in the top of the head and between the eyes 
(Walker, 2014). Crickets are sexual dimorphic; females are characterized by a long ovipositor. 
On the contrary to males, females will increase their weight after the final moulting due to 
the development of eggs, going from 0.4-0.5 g to 0.5-0.6 g (Highfield Biological Consulting, 
2019). Mature females are capable of mating within 2 days; hence they need mating in 
order to lay the eggs. On the 9th day of adulthood females will start to lay the eggs (Clifford 
& Woodring, 1990). As already said, adult females lay up to 3,000 eggs during the adult life 
of 70 days. Daily, 95 eggs can be deposited. Additionally, at the middle of egg laying period 
until death only 55 eggs can be laid, in other words, the egg laying efficiency decreases with 
age (Clifford & Woodring, 1990). 
 
 

4.4. INSECT-BASED AND COMMON FEED AND FOOD COMPARISON 
 
The aim of this chapter is to explain the aspects that have to be taken into account regarding 
the consumption of insects for humans and animals. 
 
1) Nutritional aspects:  
The evaluation and quantification of the nutritional composition of insects is difficult to 
assess due to the variety of species, stage of development considering also the possibility 
of metamorphosis, their habitat, diet/substrate and cooking methods (FAO, 2013). 
Considering those elements which promote a health and balanced diet it is possible to define 
the composition of insects from the nutritional point of view.  

 
Digestibility:  
The digestibility affects insects in their adult stage due to the chitin exoskeleton. A simple 
solution is suggested to us by the common consumption of crustaceans. Crustaceans are 
part of the Phylum Arthropoda, like insects and spiders, however the chitin exoskeleton is 
mechanically removed before consumption. It is interesting to understand whether humans 
may be able to digest chitin, a biopolymer similar to cellulose, as the gene acidic chitinase 
Chia is able to encode the enzyme able to digest chitin and was discovered in insectivorous 
mammals (acidic mammalian chitinase (AMCase)) (Janiak et al., 2017). Expression levels of 
Chia mRNA are lower in the stomachs of herbivores and carnivores such as cattle and dogs 
and higher the stomach of omnivores such as mouses, pigs and chickens. Thus, feeding 
behaviour seems to be directly linked to the Chia mRNA expression and consequently to the 
ability to digest chitin (Tabata et al., 2018). As a consequence, in the stomach of an 
insectivorous nonhuman primate, the common marmoset (Callithrix jacchus), high 
expression levels of Chia and thus chitin digestibility have been detected (Tabata et al., 
2018). In humans, the gene Chia was reported to be present in sub-Saharan populations. 
On the contrary, in Caucasian populations Chia is subjected to polymorphisms, which are 
associated with asthma (Belluco, 2009; Tabata et al., 2018). Taking as an example the 
nonhumans primates, the evolution of Chia may be related to their insect-based diet. For 
instance, the monkey species of black-and-white colobus is herbivorous and does not have 
protein-coding Chia gene, whereas Tarsius syrichta, with insectivorous eating habits, have 
five protein-cording Chia genes in the genome (Tabata et al., 2018). Hence, we can suppose 
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that due to adaptation to dietary environments of primates at molecular levels, the digestive 
enzymes have been subjected to natural selection (Janiak, 2016). 
In conclusion, greater is the consumption of insects, hence the intake of chitin, higher will 
be the number of genes coding for the chitinase. This might be true for both animals and 
humans. The search for these genes can provide valuable information on the transition to 
an insect-based diet with respect to the problem of digestibility. 
 
Energy:  
The majority of edible insects are characterized by a high calorie content. In 2005 in Oaxaca, 
Mexico, Ramos-Elorduy has analysed 78 species concluding that the calorie content was 
about 293-762 kilocalories per 100 g of dry matter. We could mention the kcal/100 g of the 
insect orders previously described as mean of comparison: Orthoptera 336-438 kcal/100 g, 
Coleoptera 283-653 kcal/100 g, Diptera 217-499 kcal/100 g, Cereals 330-370 kcal/100 g, 
Legumes 388-421 kcal/100 g, Meat 165-705 kcal/100 g (Ramos-Elorduy, 2005). 

 
Proteins: 
Proteins are compounds made by amino acids chains bound together by a peptide bond, 
between the amidic group of one amino acid and the carboxylic group of the following one. 
They differ from each other in their amino acid sequence. Proteins carry out energetic, 
structural and enzymatic functions. Essential amino acids are those which cannot be 
synthesized by humans and have to be introduced with the diet: histidine, isoleucine, 
leucine, lysine, methionine, phenylalanine, threonine, tryptophan and valine (Ferraresi, 
2020). Generally, insects have a high protein content, between 13 and 77% of dry matter 
(Xiaoming et al., 2010) and between 7 and 48 g/100 g in fresh insects (FAO, 2013). These 
wide ranges are due to the fact that the percentage depends on the substrate, stage of 
development and cooking methods. For instance, adults and nymphs of the order Orthoptera 
contain 23-65% of proteins, adult and larvae of the order Coleoptera 23-66% (FAO, 2013). 
Furthermore, a study conducted in 2016 shows how the nutritional value of an insect can 
vary also with respect to the diet administered. The protein content of H. illucens prepupae 
was measured for larvae grown on chicken feed, vegetable waste, biogas digestate and 
restaurant waste. Among the treatments, the value varied between 399 and 431 g/kg of dry 
matter (Spranghers et al., 2017). According to Finke, the protein content of the last larval 
instar of the beetle T. molitor is 186 g/kg (Finke, 2015). Moreover, these proteins have also 
a high content of essential amino acids ranging from 46 to 96%, are very digestible and 
nutritious (Calliera et al., 2015). Being insects very rich in proteins and essential amino acids, 
they may be a useful resource to heal nutritional deficiencies. To achieve this goal, it is 
important to consider the diet of the region and its nutritional values in order to define the 
specific deficiencies and avoid excessive consumption of proteins (FAO, 2013). 

 
Lipids: 
Lipids are organic compounds made by carbon and hydrogen atoms bind together by slightly 
polar covalent bonds. They are important to produce and store energy, for the cellular 
metabolism, to carry out antioxidant and hormonal regulation functions, thermal insulating 
and transport of fat-soluble vitamins A, D, E, K (Tesi, 2016; Belluco, 2009). It is important 
to distinguish two types of lipids: i) saturated fatty acids, chain of carbon atoms bind 
together by singe bonds, which increase the risk of coronary pathologies and ii) unsaturated 
fatty acids, chain of carbon atoms bind together by single and double bonds (Belluco, 2009), 
also called the “good” fatty acids. Insects are rich in lipids, the percentage can vary due to 
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species, diet, sex, environmental temperatures, diapause and migratory flight.  Female 
insects have a higher lipid content than males, probably due to the necessity of fats serving 
for eggs production (Beenakkers et al., 1985). The most common fats found in insects are 
polyunsaturated fatty acids: linoleic and α-linoleic acid, also linolenic acid is present (Belluco, 
2009; Womeni et al., 2009). Moreover, the high content of omega-3 and omega-6 in insects 
means that they can be very useful to overcome nutritional deficiencies (Womeni et al., 
2009). Insects do not synthesize sterols, meaning that they have to obtain it through the 
diet in order to achieve normal growth, development and reproduction. Insects can utilize a 
range of sterols with different abilities regarding to the species. Generally, insects are able 
to convert other sterols in cholesterol, in fact cholesterol is the major sterol in insect tissues 
(Beenakkers et al., 1985). As a mean of comparison, some numerical examples of insects 
and other food are reported in Table 14.  
 
Table 14: FA= fatty acids, SFA= saturated fatty acids, MUFA= monounsaturated fatty acids, PUFA=polyunsaturated fatty 
acids % on total lipids different insects’ orders/species and common food (Bukkens 2005; Giaccone, 2005). 

Order Species FA SFA MUFA PUFA 

Coleoptera  3-55 36-44 48 6.5 

 Tenebrio molitor 30 28.8 39.7 28.8 

Orthoptera  3-22 / / / 

 Acheta domesticus 21 33.8 25.8 35.2 

Diptera  4-10 / / / 

Other      

Beef  21 / / / 

Eggs  10 / / / 

 
Carbohydrates and fibre content: 
Carbohydrates are substances made by carbon, hydrogen and oxygen atoms. They play two 
main roles: energy reserve and structural function like cellulose or chitin (Valitutti et al., 
2018). The carbohydrate content of insects is not well known, studies assess that the 
percentage may vary between 0 and 86% of dry matter (EFSA, 2015). 
The main substance of insects is chitin, homopolymer of N-acetyl-β-D-glucosamine, in which 
the monosaccharides units are bind together by 1,4-glucosidic bonds forming chains free 
from ramifications (Valitutti et al., 2018). As exposed previously, the digestibility of chitin is 
still a reason for study. Furthermore, it is possible that chitin may be useful as defence 
against parasitic infections but it may also cause allergic episodes (EFSA, 2013). 

 
Micronutrients: 
Micronutrients are elements needed only in minuscule amounts, the daily dose has been 
defined and are less than one gram per day. Even if the daily dose is low, their lack in the 
diet leads to severe consequences especially to children and pregnant women in low-income 
countries. They are divided in minerals and vitamins, the most important are iodine, vitamin 
A and iron. Micronutrients play an important role in the production of enzymes, hormones 
and other substances for growth and development (World Health Organisation, n.d.). 
As well as the other nutritional aspects previously reported, the micronutrient content in 
insects depends on stage of development, metamorphosis, diet, species and order (FAO, 
2013).  
The main mineral linked with nutritional deficiencies all over the world is iron. Iron deficiency 
lead to the development of anaemia in children and pregnant women. In developing 
countries one pregnant woman of two and about 40% of preschool children are anaemic. 
In fact, the World Health Organisation has flagged iron deficiency as the world’s most 
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common nutritional disorder (FAO/WHO, 2001b). In Table 15 the recommended intake of 
minerals by FAO and the mineral content of the mopane caterpillar and black soldier fly are 
reported. 
 
Table 15: Comparison of recommended intake of some minerals compared with the mopane caterpillar (Imbrasia belina) 
and two stages of black soldier fly (Hermetia illucens) (FAO, 2013; Liu et al., 2017). 

Mineral 

Intake 

recommendation for 

25-year-old males 
(mg/day) 

Mopane 

caterpillar 

(mg/100 g 
dry weight) 

Black soldier fly 

mature larvae 

(14thday) (mg/100 
g dry weight) 

Black soldier fly 

prepupae 
(2ndday) 

(mg/100 g dry 
weight) 

Iron 8 31 200.0±4.27 7.5±0.95 

Zinc 11 14 61.4±1.71 3.3±0.29 

Phosphorous 700 543 350.0±6.11 620.0±9.85 

Calcium 1000 174 2900.0±13.57 3000.0±18.45 

Sodium 1500 1024 100.0±2.48 50.1±1.41 

 
Generally, insects are rich in vitamin B1 (thiamine), B2 (riboflavin), B12 and E. Tenebrio 
molitor and Acheta domesticus are very rich in vitamin B12, with the following values, 
respectively: 0.47 µg/100 g, and 8.7 µg/100 g in nymphs and 5.4 µg/100 g in adults 
(Bukkens, 2005). Hermetia illucens has a content of vitamin E equal to 6.7±0.64 mg/100 g 
in 14-days-old mature larvae and 3.3±0.42 mg/100 g in 2-days-old prepupae (Liu et al., 
2017). 
 
Nutraceutical properties: 
In 1989 Stephen DeFelice coined the term “nutraceutical” by binding together the word 
“nutrition” and “pharmaceutical”. It is important to not confuse the purpose of nutraceutical 
foods with functional foods. Functional foods provide the body with the required amount of 
proteins, lipids, carbohydrates, minerals and vitamins in order to guarantee a health 
assumption of nutrients and to treat anaemia. On the other hand, functional foods that aim 
to prevent and/or treat other diseases are nutraceutical. Hence, a functional food may be 
seen as nutraceutical depending on the necessity of the consumer (Kalra, 2003). 
Additionally, studies found the presence of bioactive compounds in insects, with the potential 
to reduce health risks and strengthen the immune system (Roos & van Huis, 2017). Most 
desired compounds are hypertension inhibitors, antioxidants, weight control compounds 
against obesity and type 2 diabetes, immunitostimulanting against infections, vitamin B12 
for brain, nervous system and red blood cell functioning, protecting molecules against 
Parkinson’s disease. Most of the points just listed are based on little evidence that need 
further accurate research (Roos & van Huis, 2017). 
For example, hypertension is characterized by high blood pressure and it is one of the main 
worldwide risk factors for premature death and disability (Mills et al., 2016). Hypertension 
is caused by the blood vessel constructor Angiotenis Converting Enzyme (ACE). In fact, ACE 
inhibitors are used as pharmaceutical drugs to treat such cardiovascular disease (Roos & 
van Huis, 2017). ACE inhibitory activity is found in mammalian tissues and has also been 
identified in some insects. For instance, in hydrolysed extracts of T. molitor proteins ACE 
inhibitory activity has been detected, which is comparable with other food sources but this 
aspect should be assessed in vivo (Cito et al., 2017). 
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2) Evaluation of risk:  
Farmed insects are included in the definition of “farmed animals” in the regulation on animal 
by-products 1069/2009, Article 3, and for this reason, insects cannot be fed on animal by-
products or derived products, otherwise, there is a risk to cause public or animal health 
hazard (Lähteenmäki-Utela & Grmelová, 2016).  
 
Microbiological safety: 
The microbiological composition of insects, as well as the nutritional composition, highly 
depends on feeding, species and habitat. Possible microbiological contaminations regarding 
insects are mainly due to environmental contamination during breeding or processing, or to 
insect microbial communities, necessary for insects’ growth and development (EFSA, 2015). 
 
• Bacteria: 
Bacteria present in insects’ flora are Staphylococcus, Streptococcus, Bacillus, Proteus, 
Pseudomonas, Escherichia, Micrococcus, Lactobacillus and Acinetobacter (EFSA, 2015). 
From the phylogenetic point of view, insects and humans/livestock animals are very 
different, thus insects’ pathogenic bacteria are considered to be harmless for both humans 
and animals (FAO, 2013). Furthermore, the main risk regards environmental contamination 
such as the substrate of breeding or during processing and storage (EFSA, 2015). 
For instance, Campylobacter was found in insects in strict contact with poultry, mainly flies 
able to transmit the bacteria. Also, Salmonella was found in flies and larvae of Lucilia sericata 
and transmitted to poultry (EFSA, 2015). All bacteria have their own optimum environmental 
temperatures for developing. Thus, in order to reduce possible pathogenic risks, cooking 
methods may help. For instance, T. molitor and A. domesticus may be boiled at 100°C for 8 
minutes to reduce the total microbial load and the Enterobacteriaceae at levels lower than 
10 CFU/g (Colony Forming Units). On the other hand, roasting was not so effective for the 
same purpose, so it must be coupled with a boiling step (Belluco et al., 2015). 
 
• Fungi: 
Insects are subjected to toxins produced by entomopathogenic fungi, which are mainly used 
in agriculture against parasites. Not enough data are available regarding health risks of these 
fungi to humans and animals (EFSA, 2015). Insects can spread dangerous fungi and yeasts. 
In fresh, freeze-dried and dried T. molitor, some fungi were identified (FASFC, 2014). By 
following the adequate hygienic rules during the processing, the problem of fungi may be 
overcome (EFSA, 2015). 

 
• Parasites: 
No data are available regarding parasites in insect breeding. Thus, it is possible that in 
controlled breeding conditions, the elements needed by parasites to complete their life cycle 
are missing. Additionally, freezing, cooking and adequate sanitary conditions during the 
processing might help to overcome the problem of parasites (EFSA, 2015). 
 
• Viruses: 
Insects’ viruses are specifically infectious for invertebrates. Thus, they do not represent a 
problem for humans but mainly for insects itself. For instance, the spread of a virus inside a 
rearing facility may cause the death of entire colonies leading to economic losses for 
manufacturing companies. On the other hand, arboviruses, which are viruses that can 
replicate in insects such as flies, mosquitoes and ticks and use them as vectors of diseases, 
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could represent a source of infections for both humans and animals. Examples of such 
diseases are haemorrhagic fever (West Nile Disease) for humans and Schmallenberg virus 
for animals. No data report the presence of these viruses in species intended for human and 
animal consumption other than flies, mosquitoes and ticks. Furthermore, arboviruses are 
composed by a lipid envelope which makes them easily deactivated though cooking and 
processing methods (EFSA, 2015; Belluco et al., 2015). 
 
• Prions: 
Prions are types of proteins that can trigger normal proteins in the brain to fold abnormally. 
Prions are not microorganisms because they lack of nucleic acid. Diseased caused by prions 
may be spread through infected meat products and can affect both humans and animals 
(Johns Hopkins Medicine, n.d.; Tesi, 2016). Prions are not able to develop in insects. 
Consequently, insects cannot be vector of prions’ diseases as they are for viruses. 
Contamination of prions regarding insects may be a problem when the substrate in which 
insects live is infected. In this case, insects are not biological vectors but mechanical vectors 
(Tesi, 2016). Mechanic vectors are able to spread the infectious agent passively, for instance 
on its surface. The infectious agent is transmitted via contact when the vector moves to a 
new host, like flies (Medicina Online, 2017). 

 
Chemical safety: 
Chemical contamination is mainly due to the presence of environmental contaminants. Such 
contaminants may be present in the substrate in which insects live and feed, and become 
toxic if taken in abundant quantities. In contrast to wild insects, in rearing facilities, it is rare 
to face the problem of contaminants thanks to strict controls on the whole process (EFSA, 
2015).  

 
• Heavy metals: 
Insects can bioaccumulate heavy metals in different quantities according to their stage of 
development. For example, nymphs of grasshoppers contain more cadmium respect to 
adults (EFSA, 2015). A study conducted with H. illucens larvae grown on voluntarily 
contaminated substrate showed a significant bioaccumulation of cadmium and lead in 
immature instars of this species. In the residual substrate, the two heavy metals 
concentrations were fairly corresponding to the initial quantity. On the other hand, chrome 
and nickel concentrations in larvae were four time less than in the initial substrate and the 
initial substrate showed a slightly higher concentration. Mercury was detected in a higher 
concentration in the residual substrate than in the initial one (Purschke et al., 2017). In 
conclusion, insects accumulate heavy metals differently according to the type of metal, the 
insect species and the stage of development. European regulations regarding the maximum 
levels authorized in feedstuffs are present, but not regarding edible insects feed (EFSA, 
2015). Therefore, it is necessary to implement a directive for the possible presence of heavy 
metals, and consequently their maximum levels, in substrate intended for insect’s 
development.  

 
• Mycotoxins: 
Mycotoxins have been widely presented in the chapter dedicated to them. As well as heavy 
metals, mycotoxins can be present in the substrate and can be accumulated in the body of 
the insects and probably also metabolized. This aspect will be deepened later. 
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• Hormones and veterinary drugs: 
In farming conditions, insects may need pharmaceutical treatments against infections, such 
as antibiotics and fungicides, or hormones that can bioaccumulate and then be transferred 
to human and animals. No data are present regarding the maximum levels authorized to 
coordinate their administration on farmed insects (EFSA, 2015). Also, the possible 
consequent problems such as insects processing and accumulation of these substances and 
effects on human and animals’ health require additional studies (Belluco et al., 2015). 
 
• Pesticides: 
Some insects feed on fresh vegetables that may have residuals of pesticides. The levels of 
pesticides are defined according to the human consumption; therefore, they may be 
dangerous for insects. It is important to remember the issue of non-target insects regarding 
pesticides. However, not many data are currently present. A screening procedure conducted 
in Belgium in 2016 by Poma et al. with a qualitative approach, confirmed the presence of 
some pesticides in edible insects and insect-based food intended for human consumption. 
The insects used for the analysis were greater wax moth, migratory locust, mealworm 
beetle, buffalo worm. Examples of pesticides detected are vinyltoluene, tributylphosphate, 
pentafluoropropionic acid, methoprene, pirimiphosmethyl. Vinyltoluene and 
tributylphosphate presence may be connected to their common industrial application in the 
sector of insect rearing for insect-based food preparation. Additionally, tributylphosphate is 
commonly used as herbicide and fungicide. Pirimiphosmethyl, which is widely used against 
pests and mites of stored grains, vegetables, stables, domestic and industrial premises (FAO, 
2004), was the only compound identified at the highest level of confidence in 50% of the 
samples, mostly in the insect-based food.  
However, the identification of a clear contamination pattern between the insects and the 
insect-based food was not possible. Nevertheless, the study conducted by Poma et al., also 
expanded to heavy metals and other contaminants, ends with a positive prospect “our 
results support the possibility to consume these insect species with no additional hazards in 
comparison to the more commonly consumed animal products” (Poma et al., 2016). 

 
• Substrate/diet: 
As we have already seen, the substrate on which insects feed can be contaminated by 
pathogens, chemical substances, but also plastics coming from packaging materials. 
The Regulation (EC) 767/2009 defines the substrates that can be used in European farms. 
Substrate for livestock feeding have to be made by safe and healthy materials; waste, 
manure, foods containing meat and/or fish are not authorized. On the other hand, non-
European countries have less restrictive laws that allow waste, manure and foods containing 
meat and/or fish after heat-treatment (EFSA, 2015). 

 
• Toxins: 
Insects can produce toxins as defence mechanism. Toxic insects can be classified in 
cryptotoxics and phanerotoxics. The first class encompasses insects able to trigger 
gastrointestinal reactions. They do not contain organs for the inoculation of the poison but 
the poisonous substances can be located in precise structures or spread over the body. The 
second class encompasses insects with organs for the synthesis and inoculation of poison 
such as bees (Belluco et al., 2015). Anyhow, many toxins can be deactivated through cooking 
processes (EFSA, 2015). More studies are required. 
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Allergies: 
Allergens present in food products have to be reported. Insects may possibly cause allergic 
reactions, especially their main component chitin. 
Firstly, there are four types of allergies: allergy by contact typical in farms and leading to 
dermatitis and eczema, allergy from puncture regarding the poison of bees, wasps and ants, 
inhalation allergy and food allergy (Belluco, 2009). Subjects in daily contact with insects 
such as entomologists or industrial workers are those most prone to the development of 
insect allergies (EFSA, 2015). For instance, the food colouring E120 cochineal red, largely 
used in food industry, could also been associated to allergic reactions and anaphylactic 
shock. Another example is related to grasshoppers which may play an important role as 
allergens. Ji K. et al. conducted an analysis of anaphylactic shocks in China between 1980 
and 2009, assigning to locusts and grasshoppers the third and fourth place as allergic agents 
after pineapple, short-shelled turtles and crabs. 

 
3) Sustainability: 
As the number of people increases in the world, there will be a greater need for food and 
feed. In order to efficiently fulfil the nutritional requirements, soil, oceans, energy and water 
will be exploited, leading to the increase of pollution and deforestation. Thus, more 
sustainable alternative food and feed resources, such as insects, have to be taken into 
account (FAO, 2013).  
 
Soil exploitation: 
With the demographic increase there will be the necessity to increase the production of food 
and feed. This will lead to soil misuse and deforestation. The farming of insects could be an 
optimal starting point to lower the environmental exploitation of resources. Insects 
reproduce rapidly, have a short lifespan and need much lower space on the contrary of 
livestock. According to FAO in 2013, 70% of agricultural lands and 30% of earth surface are 
used for livestock production, resulting in 229 million tons of livestock products (FAO, 2013). 
As already seen with the evaluation of chemical risks coming from the substrate, Europe 
does not allow the use of waste, manure and food containing meat and/or fish, on the 
contrary to non-European countries. If in the future, studies will assess more regulations 
regarding insects and all the safety issues linked to them, Europe will perhaps authorize the 
use of waste as substrate and a circular economy could be implemented, further reducing 
the soil exploitation (FAO, 2013; Lähteenmäki-Utela & Grmelová, 2016).  

 
Water consumption: 
Agriculture exploits more than 70% of the available water. To produce 1 kg of chicken meat 
2,300 liters of water are needed, for 1 kg of pork meat 3,500 liters, for 1 kg of beef meat 
22,000 liters. For 1 kg of animal protein, the water required is more than 5-20 times the 
amount needed to produce 1 kg of wheat (Chapagain & Hoekstra, 2003). According to 
Miglietta et al., the average annual water footprint of one broiler chicken is 25,566 
m3/year/animal, of one pig is 521,016 m3/year/animal, of one beef cattle 630,560 
m3/year/animal and of one mealworm is 0.003 m3/year/animal. If the ratio per single animal 
seems misleading, their water footprint per edible ton is respectively: 4,325, 5,988, 15,415 
and 4,341 m3/t (Miglietta et al., 2015). 
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Nutritional conversion: 
Insects are cold-blooded animals; hence, they do not need to spend metabolic energy to 
maintain their body temperature. This means that insects can efficiently convert feed into 
an increment of 1 kg of weight (Tesi, 2016). For instance, broiler chicken needs 2.5 kg of 
feed to build-up 1 kg, pigs need 5 kg, beef cattle 10 kg and insects such as crickets need 
only 2 kg (FAO, 2013). 
 
Substrate/diet: 
As exposed with the soil exploitation, some insects such as H. illucens can develop on waste 
or manure, producing high quality proteins that can be potentially used for animal nutrition 
(FAO, 2013). 
 
Pollution: 
Considering that livestock produces 18% of green-house gases emissions, 35-40% of global 
emissions is of methane and 65% of ammonia, the livestock sector is the major polluting 
one. On the other hand, the set of termites, cockroaches and beetles produce about 10-100 
times less green-house gases per kg of weight in comparison to pigs. Moreover, other 
pollutants, such as urine and manure, are odourless, less humid and can be dried to be used 
as fertilizers. Additionally, thanks to the possibility to implement a circular economy, insects 
may be placed on waste or manure of livestock to develop (FAO, 2013).  

 
4) Insect Welfare:  
Insects are non-vertebrates, consequently the European animal welfare directive 98/58/EC 
for animal farming, the Regulation 1/2005 on transport and the Regulation 1099/2009 on 
slaughtering do not regulate their farming. Hence, the living and killing conditions of insects 
need to be regulated. As well as animals, also insects should be kept free from hunger, 
thirst, discomfort, pain, injury, disease, fear and distress in order to allow them to express 
their normal behaviour. Adequate nutrition and space should be also provided, taking into 
account their natural behaviour and methods of interactions between each other (crowing 
or clustering tendencies) (Lähteenmäki-Utela & Grmelová, 2016).  
Another important aspect is the pain, intended as the feeling of pain, and its relation with 
killing methods. How insects feel pain is not yet clear, consequently the FAO suggests to 
give the benefit of the doubt to their cognitive capacities. Therefore, insects should be killed 
in a way that reduces pain and suffering, for instance freezing or instantaneous techniques 
such as shredding (Lähteenmäki-Utela & Grmelová, 2016; FAO, 2013). 

 
5) Economy and marketing rules: 
No specific marketing rules on insect-based food are present yet. Allergens, nutritional 
claims and health claims compatible with the Regulation 1169/2011 on the provision of food 
information to consumers and Health and Nutrition Claims Regulation 1924/2006 have to be 
considered in the making process of marketing rules. 
Insects are multifunctional products. Their farming and production for food and feed will 
create job occupations, especially in developing countries (FAO, 2013). 
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5. METABOLIZATION PROCESS OF MYCOTOXINS BY INSECTS 
 

Insects may assume mycotoxins when they consume fungus-infected products. The species 
that naturally encounter mycotoxins in their environment display some degree of adaptation 
to them and are able to metabolize these compounds by breaking them down into nontoxic 
products (Niu, 2010). Effects of mycotoxins on insects depend on the species and growth 
stage of the insects. For instance, aflatoxins assumption increased the mortality rate on 
larvae of Heliothis virescence, decreasing their sensitivity to mycotoxins with the aging of 
the larvae (Gudauskas et al., 1967). A lot of studies with controlled mycotoxin spiked 
substrates have been conducted in order to understand whether insect can retain 
mycotoxins in their body. Generally, the survival of insects is hindered by higher 
concentrations of mycotoxins and the growth performances reduced by lower concentrations 
(Schrögel & Wätjen, 2019). 
Tenebrio molitor was studied in relation to three commonly encountered mycotoxins: 
zearalenone, ochratoxin A and T-2 toxin. Each mycotoxin was spiked in diets at the high 
concentration of 500µg/kg so that they can be measured above the limit of detection by LC-
MS/MS. At the end of the study, no significant detrimental effects on larval growth and 
survival were observed. Low concentrations of mycotoxins were detected in the larvae 
directly after harvesting: 42 µg/kg dry weight of ZEN and 45 µg/kg dry weight of T-2 toxin 
were detected in contrast to 500 µg/kg. In the case of ZEN, authors expected its decrease 
with larval faeces excretion. This was demonstrated by studies on Helicoverpa zea and 
Ostrinia nubilalis. In fact, in pupae and adults no ZEN was detected (Bily et al., 2004; van 
Broekhoven et al., 2014). Additionally, ochratoxin A concentration decreased after a fasting 
period. In conclusion, low levels of mycotoxins could be found in the larvae after their 
ingestion. Thus, a sort of co-evolution may have developed between mycotoxigenic fungi 
and insects (Niu, 2010). 
The mechanisms of insects developed to deal with plant toxins and also insecticides are 
different, but the most important mechanisms of metabolic detoxification involve two phases 
(Niu, 2010). Firstly, a functional group is added to the original compound. Secondly, the 
compound with the functional group is conjugated to a water-soluble moiety such as 
glucuronic acid, sulphate, glutathione and others in order to transform the lipophilic toxin 
into a more hydrophilic compound and excreted. Additionally, in 1990 Dowd showed the 
presence of detoxifying enzymes, induced right after the exposure to trichothecenes (Dowd, 
1990). The midgut enzymes isolated from larvae of H. zea were used in an in vitro 
experiment in which larvae had previously consumed feed containing xanthotoxin, coumarin 
or indol-3-carbinol, plant toxins associated to co-occur with AF B1 in plants infested with 
Aspergillus species. AF B1 was metabolized to aflatoxin P1 (AFP1) and an O-demethylated 
product of AF B1. Furthermore, CYP 450 enzymes, such as CYP 321A1, induced by those 
plant toxins were detected. CYP 321A1 was able to form the metabolite AF P1 (Niu et al., 
2008), thus to detoxicate the aflatoxin. It was demonstrated that CYP 450 might be involved 
in both detoxification and bioactivation of aflatoxin in H. zea (Zeng et al., 2006). As 
previously said, effects of mycotoxins on insects depend on the species and growth stage 
of the insects. The yellow mealworm is highly tolerant to AF B1, hence the conversion of AF 
B1 to the metabolites aflatoxicol, and in minor amounts aflatoxin B2a (AF B2a) as well as 
aflatoxin M1 (AF M1), was efficient, while no epoxidation product could be detected (Lee & 
Campbell, 2000). In addition to this, a study proved that the toxicity of AF B1 against larvae 
of H. zea is mediated by the same metabolic bioactivation mechanism known for vertebrates. 
AF B1-contaminated diet was co-incubated with piperonyl butoxide (PBO), inhibitor of CYP 
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450. As a result, the pupation rate was significantly recovered (Zeng et al., 2013). On the 
contrary, the inhibition of CYP 450 enzymes resulted in higher toxicity of AF B1 on honeybees 
fed with AF B1 and OTA (Niu et al., 2011). 
In conclusion, depending on the concentration of mycotoxins, the insects’ species and its 
growth stage may be adversely affected by mycotoxins assumption. 
However, in spiked feeding trials with several insect species no accumulation of various 
mycotoxins was observed, even with concentrations higher than the maximum EC limits 
(Camenzuli et al., 2018). The mechanisms of insects developed to deal with mycotoxins aims 
to transform a lipophilic toxin into a more hydrophilic compound and to excrete it (Niu, 
2010). The enzyme CYP 450 might be involved in both detoxification and bioactivation of 
aflatoxins and piperonyl butoxide (PBO), whereas inhibitor of CYP 450 may play a different 
role according to the insect (Zeng et al., 2006; Zeng et al., 2013; Niu et al., 2011). It is 
important to remember that it is impossible to completely avoid/reduce mycotoxins 
contamination in food, monitoring and controlling the development of such substances in 
every stage of food production (growth, harvest, processing, delivery, storage) (Niu, 2010; 
Cabras & Tuberoso, 2013).  At the moment, rearing substrates for insect farming that follow 
the current EU limits for AF B1, DON, ZEN, FUM B1 and FUM B2, and OTA should be assumed 
suitable. A procedure that should become common practice in the industrial insect rearing 
is a fasting period for the insects. In fact, mycotoxins are not going to be retained in their 
non-metabolized form by insects which have been subjected to a fasting period of at least 
24 hours prior to the harvesting (Bily et al., 2004; Niu, 2010). However, a substantial part 
of the ingested mycotoxin cannot be recovered in the larvae or in the residues. Since this 
loss of mycotoxins cannot be clearly explained, further in vitro and in vivo studies on 
potential metabolic pathways in insects need to be conducted to obtain more information. 
 
 
6. WASTE REDUCTION AND FEED PRODUCTION WITH HERMETIA ILLUCENS 
 
As previously described, the black soldier fly H. illucens is an insect with saprophagous food 
habits and it is intended to be used as a new tool for the processing of organic wastes, and 
among them the OFMSW, Organic Fraction of Municipal Solid Waste (Wang & Shelomi, 
2017). As shown in Figure 11, H. illucens biomass conversion starts when the young larvae 
of this dipteran are introduced into composting and waste disposal plants, in which they 
grow reducing the biomass of OFMSW and the polluting load. At the end of the production 
process, each larva or pre-pupa can reach a wet weight of 100-150 mg, with a high crude 
protein and lipid of manly unsaturated fatty acids of 42-63% and 32-40%, respectively 
(Wang & Shelomi, 2017). Therefore, the process shows an efficient conversion of organic 
waste into high-quality protein biomass. Because of their important energy and nutritional 
contribution, H. illucens larvae can be processed as feed for animals such as fish or poultry.  
To conclude, this approach will not only be useful for the production of an insect-based feed, 
but especially to the development of a system focused on the concept of a circular economy 
for the disposal of organic waste. This idea was the base of an EFRE-FESR Project, 
PROINSECT, developed at the Free University of Bolzano. 
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Figure 11: Production cycle of the insect-based feed and consequent reduction of the waste (modified from Feeds-
project, n.d.). 

 
 

6.1. POSSIBLE PROBLEMATICS 
 
Despite of the previously explained advantages of the introduction of the BSF into 
composting and waste disposal plants, an issue has to be considered. By feeding BFS larvae 
on decaying vegetable and animal material, it is unavoidable to come across mycotoxins. As 
previously seen, mycotoxins are toxic metabolites produced by fungi, strictly regulated by 
Europeans Directives and Recommendations. The presence of mycotoxigenic strains in 
OFMSW has been demonstrated (Déportes et al., 1997; Rundberget et al., 2004), but their 
presence in the body of the larvae should be deeply investigated to understand if mycotoxins 
can be present in the larvae and accumulate in the final flour constituting the animal feed. 
As described previously, BSFs have saprophagous food habits and feed on complex and 
unfavourable substrates. Therefore, it is reasonable to hypothesize that these larvae may 
be able to metabolize toxic compounds, to be able to survive in such extreme conditions. In 
fact, previous studies confirm the ability of H. illucens to metabolize mycotoxins from 
voluntarily contaminated flours substrates (Purschke et al., 2017; Camenzuli et al., 2018; 
Bosch et al., 2017; Niu, 2010), but no studies have been conducted with the OFMSW as a 
substrate, thus without knowing the initial quantity of mycotoxins present in a very 
heterogeneous product. 
Organic waste is a heterogeneous substrate, unlike flours, which are the typical substrates 
where mycotoxins proliferate and indeed analysed to quantify the mycotoxins concentration. 
Unfortunately, there are no analytical devices designed for the analysis of mycotoxins in 
organic waste, being precisely waste. Hence, the devices used in this project are those 
designed for the analysis of flours and food derivatives (grains, silages, feed, food).  
The diet used to feed H. illucens in laboratory conditions is a mixture of flours given to the 
larvae during the first stages of life. The mixture is made of wheat bran, alfalfa meal and 
corn flour, representing a typical substrate for mycotoxigenic fungi proliferation, therefore it 
would be easier to analyse it, in terms of qualification and quantification, with commercial 
kits. As previously described, foods most prone to mycotoxin contamination are products of 
plant origin, in particular cereals such as wheat, corn, barley, oats, sorghum, rice, fodder 
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species and animal feed. Hence, it is highly possible for BSF diet to develop some moulds 
that could be mycotoxigenic, especially under warm and humid conditions, as the BSF 
rearing requires.  
A primary hypothesis of both the ability of the analytical columns, developed to detect 
mycotoxins in OFMSW, larvae and standard diet, and of BSF to metabolize mycotoxins would 
be investigated.  
 
 

6.2. AIM OF THE STUDY 
 
This research project was born with the aim of assessing the contamination from some of 
the most important mycotoxins in an H. illucens-based feed in order to produce a safe 
product. Due to the sanitary difficulties encountered this year with the epidemiological 
emergency of Covid-19, this thesis project has been converted into a literature review 
regarding the totality of the problem of mycotoxins in insect-based feed and food. 
If there was the possibility of conducting an experimental thesis, particular attention would 
have been paid to the analysis of the diet before and after the digestion of the larvae. In 
this way, the initial and final mycotoxin quantity could be precisely defined. If the final one 
was lower than the initial one, the quantity of mycotoxins processed by the insect could 
have been defined by subtraction. Subsequently it would have been determined whether 
this quantity is actually present in the insect or not. If it was not present or was present in 
lower quantities, the insect would have metabolized it totally or partially. A similar process 
would have taken place with the OFMSW. 
Nevertheless, it was possible to carry out minor laboratory analysis in order to assess the 
extraction capacity of the commercial columns used and consequently to define the presence 
or absence of mycotoxins. The production chain of the flour encompasses three main phases 
that have to be analysed: the OFMSW collected in the province of Bolzano, a diet in which 
moulds have developed and produced in order to understand whether such moulds are 
mycotoxigenic, and lastly the larvae placed on the diet. 
In particular, attention has been paid to the search for: 

• Aflatoxin B1, B2, G1, G2, M1, M2 
• Ochratoxin A 

• Zearalenone  
• Fumonisins 
• Trichothecenes (DON and T-2 toxin) 

 
 
 
 
 
 
 
 
 
 
 
 



 

33 
 

6.3. MATERIALS AND METHODS 
 
1. OFMSW preparation: the collection of samples starts with the collection of 1 kg of 

OFMSW, which were frozen until ready to be processed.  
2. Standard Diet preparation: 12 kg of Standard Diet were arranged by mixing the three 

flours in different amounts: 50% of wheat bran, 30% of alfalfa and 20% of corn flour. 
Consequently, 6 kg of bran, 3.6 kg of alfalfa and 2.4 kg of corn flour were used. 
The three diets were mixed together and separated in 10 aliquots of 1 kg each. After the 
separation in aliquots, in each sample was added some tepid water, to avoid a thermal 
shock to the larvae that will be consequently placed on it. Five replicates were placed in 
controlled conditions. 

3. Larvae placing: on the other five replicates containing the standard diet were placed the 
larvae. 600 larvae placed were placed on each kilogram of standard diet sample, and 
were of the 3°-4° instar. The collection was estimated on the weight of a single larva 
(0.07 g), consequently 50 g were weighted to obtain 600 larvae. The remaining 2 kg of 
the total amount of 12 kg of standard diet were frozen for further analysis.  

4. Environmental conditions: the 10 replicates were left in a climatic chamber for 9 days. 
The environmental conditions inside the breeding were a temperature of 27±0.5°C and 
a relative air humidity between 60 and 70%. The aliquot containers had an opening on 
the lid, which enables the larvae to breathe and additionally prevents their escape (Figure 
12, A). 

5. Development of moulds: after 9 days in the samples without larvae some moulds have 
developed (Figure 12, B), on the other hand the other five samples were cleaner. 

6. Collection: each sample was decanted in plastic bags. The larvae in the samples, which 
have reached the 5° and 6° larval instar, has been manually collected in order to separate 
the diet from the larvae (Figure 12, C). 

7. Freezing and drying: the OFMSW, the standard diet with moulds and the standard diet 
on which larvae were placed were dried in a dryer at 60°C for 48 hours. The larvae were 
firstly frozen for 24 hours in the University freezer and then dried. 

 
 
 
 
 
 
 
 
 
 
Figure 12: (A) Aliquot containers of standard diet in which larvae were placed. The opening on the lid enables the 
larvae to breathe, preventing their escape. On the other hand, for the sample of standard diet without larvae, the 
opening on the lid enables to verify the development of moulds, as shown in (B) after 9 days. In order to separate the 
larvae from the standard diet, larvae were manually collected using (C) tweezers and sieve (Pagano, 2020). 
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6.4. EVALUATION OF THE BEST MYCOTOXIN EXTRACTION METHOD 
 

To detect mycotoxins in the 3 substrates, 3 types of columns were used (Table 16): 
• MycoSep AflaZon+ (AF and ZEN);  
• MycoSep Trich+ (DON, T-2, HT-2),  
• MycoSpin Multitox (AF, ZEN, DON, FUM B1, FUM B2, OTA). 

 
Table 16: Clear display of the columns used and their respective samples. 

Columns AflaZon+ Trich+ Multitox 

 

Samples 

OFMSW OFMSW OFMSW 

Standard Diet Standard Diet Standard Diet 

Larvae Larvae Larvae 

Total of 9 samples. 

 
Procedures: 

MycoSep 
(Figure 13, A) 

 

MycoSpin 
(Figure 13, B) 

1. 25 g of sample (OFMSW, Standard Diet, 
Larvae) are obtained by grinding the 
dryed and frozen samples 

1. 25 g of sample (OFMSW, Standard Diet, 
Larvae) are obtained by grinding the 
dryed and frozen samples 

2. Add 100 mL 84:16 of acetonitrile:water 2. Add 100 mL 50:50 of acetonitrile:water 

3. Shake for 30 minutes 3. Shake for 30 minutes 

4. Filter supernatant  4. Filter supernatant 

5. Transfer 8 mL to the glass tube 5. Transfer 10 mL to a glass tube 

6. For MycoSep AflaZon: Acidify with 80 µL 
of acetic acid for ZEN 

6. Add 500 µL of acetic acid 

7. Push through MycoSep AflaZon+ or 
Trich+ 

7. Transfer 750 µL in the MycoSpin 

8. Remove 4 mL 8. Cap MycoSpin column 

9. Evaporate to dryness 9. Vortex for 1 minute 

10. Re-dissolve in 400 µL of mobile phase 
(we have done it with 1 mL) 

10. Break bottom tip off of the MycoSpin 
column 

11. Inject in LC-MS/MS 11. Place it into a centrifuge for 30 sec. at 
10,000 rpm. 

 12.  Inject in LC-MS/MS 
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Figure 13: (A) MycoSep procedure at step 4, 5, 7. After the filtration of the supernatant 8 mL are transferred to the 
glass tube. The column is then pushed. All the substances, except for the mycotoxins related to the column, are retained 
by the grey-coloured filter. Mycotoxins are found in the filtered solution above the filter.  
(B) MycoSpin procedure at step 8, 9, 10, 11. The column is plugged and vortexed. The bottom tip is broken and the 
column placed into the centrifuge. All the substances, except for the mycotoxins related to the column, are retained by 
the white-coloured filter. Mycotoxins are found in the filtered solution below the filter (Pagano, 2020). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 
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6.5. RESULTS AND DISCUSSION 
 

Mycotoxins develops in very small quantities, in the order of ppm (mg/kg), ppb (µg/kg) or 
ppt (ng/kg). In addition to this, mycotoxins are not evenly distributed, in fact it is necessary 
to perform different withdrawals in different areas of the lot in order to obtain a final sample 
which can be considered representative of the entire lot. The sampling is therefore of 
fundamental importance for the correct evaluation of the concentration of the mycotoxin in 
the product. The final sample was dried and homogenized so that the aliquot taken for 
subsequent operations was also representative. 

Samples were analysed through an LC-MS/MS, data of which were detected in ppt. 
Afterwards, data were arranged in two tables, Table 17 for the data in ppt, Table 18 in ppb. 
Data in ppb were organized in a graph (Figure 14). 
 
Table 17: Concentration of mycotoxins in ppt (ng/kg) given by the LC-MS/MS. Data are shown for the three samples 
with respect to the columns associated.  

 
Table 18: Concentration of mycotoxins of Table 17 transformed in ppb (µg/kg). Data are shown for the three samples 
with respect to the columns associated.  

 
 
 
 
 
 
 
 
 
 
 
 
  

  (ppt) 

  AF ZEN DON T-2 HT-2 FUM B1 FUM B2 OTA 

AflaZon+ 

OFMSW         

Diet  1,269.5 192,008.3      

Larvae         

Trich+ 

OFMSW         

Diet   202,607.3      

Larvae         

Spin 

OFMSW         

Diet  1,793.7 29,844.1   74,066.5 21,747.8 1,302.8 

Larvae         

  (ppb) 

  AF ZEN DON T-2 HT-2 FUM B1 FUM B2 OTA 

AflaZon+ 

OFMSW         

Diet  3.2 480.0      

Larvae         

Trich+ 

OFMSW         

Diet   506.5      

Larvae         

Spin 

OFMSW         

Diet  4.5 74.6   185.2 54.4 3.3 

Larvae         
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Figure 14: Graphical representation of the data in Table 18 (Pagano, 2020). 
 
Out of the three samples, mycotoxins were detected only in the Standard Diet (Diet) and 
out of the researched mycotoxins, only ZEN, DON, FUM B1, FUM B2 and OTA were detected 
in the Standard Diet. Generally, no AFs were detected. For a better ZEN detection, during 
the procedure of MycoSep AflaZon+ the sample was acidified with acetic acid (Step 6). The 
analysis was conducted a second time avoiding this acidification in order to guarantee the 
detection of AFs if present, but again no AFs were detected. Additionally, no T-2, HT-2 toxins 
have been detected. It is important to evidence the fact that MycoSep AflaZon+ and Trich+ 
are the two columns with a higher sensitivity in the detection of the respective mycotoxins. 
MycoSpin Multitox, despite the advantage of being able to detect a broad spectrum of 
mycotoxins, has a lower sensitivity. The Standard Diet is composed by a 50% of wheat bran, 
30% alfalfa and 20% cornflour. One of the first reasons for the absence of AF in the Standard 
Diet is its composition. AF may potentially contaminate cereals such as oily seeds, cotton 
seeds, dairy products and in particular cereals such as wheat. It is therefore likely to 
hypothesize that AF are not present, or present in a very low concentration not detectable 
by the instrument, due to the presence of only 50% of potentially contaminable material. 
Additionally, it has been demonstrated a relationship between OTA and AF B1. According to 
Zain, the two toxins may be in competition either at the production level in foodstuffs or in 
their rate of absorption in the gastrointestinal tract. In detail, whenever OTA was detected 
in high levels, AF B1 was absent or at very low concentrations and vice versa (Zain, 2010). 
Moreover, if the first hypothesis is correct, the presence of OTA, even if not at high 
concentrations, may have inhibited the development of AF B1. Furthermore, OTA mainly 
develops on cereals such barley and corn, ZEN on corn, silomais and flours, FUM on corn 
and Trichothecenes on corn, wheat, barley and wet grains left in the field in autumn or for 
winter varieties. 
As already mentioned in the chapter “Possible problematics”, there are no analytical devices 
designed for the analysis of mycotoxins in organic waste, being precisely waste. Similarly, 
these are absent for the analysis of mycotoxins in larvae. Hence, in this project are used 
columns designed for the detection of mycotoxins in flours and food derivatives (grains, 
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silages, feed, food). No mycotoxins were detected in the larvae. Reasons may be either that 
the larvae have completely metabolized the substances or that the columns were not able 
to detect the mycotoxins in a substrate made from larvae. Similarly, no mycotoxins have 
been detected in the OFMSW. This result could be due to either the presence of non-
mycotoxigenic fungi strains in the OFMSW or, as already mentioned, the low capability of 
these columns to detect the mycotoxins in a complex substrate made from waste products. 
As said before, mycotoxins have been detected only in the diet. In this case, the diet was 
given as a feed to insects, hence we have to consider its values with reference to the legal 
limits of the feedstuffs intended for animal consumption, such as insects. The guidance 
value on the presence of deoxynivalenol, zearalenone, ochratoxin A, T-2 and HT-2 and 
fumonisins in products intended for animal feeding are listed by the Recommendation 
2006/576/EC (Table 9, page 11). Moreover, to be precise even if no AF has been detected, 
Aflatoxin B1 values are listed by the Directive 2002/32/EC, modified by the subsequent 
Directive 2003/100/EC (Table 8, page 11). The concentrations of the mycotoxins detected 
are highly under the legal limits. 
In conclusion, legally this diet can be fed to farmed insects. On the other hand, publications 
such as one by Purschke et al. conducted on voluntarily contaminated substrates made from 
corn semolina, solid corn inoculum, aqueous inoculum and water have detected 
concentrations of mycotoxins equal to: 697.7±212.3 ppb of DON; 13.3 ppb of AF B1, 2.6 
ppb of AF B2, 7 ppb of AF G2, 39.4 ppb of OTA and 130.4±39.4 ppb of ZEN (Purschke et al., 
2017). The concentrations detected for AF B1 and ZEN were above the guidance values 
defined by the abovementioned regulations. Moreover, AF B1 exceeds the limits defined for 
complete feed for dairy animals, calves and lambs, other complete feedingstuffs and other 
complementary feed. While ZEN exceeds the limits for complementary complete feed for 
piglets and gilts (young sow). In addition to this, the analysis conducted by Purschke has 
obtained results for the analysis of metabolization capacity of mycotoxins by H. illucens. All 
the above-mentioned mycotoxins have not been detected in the larvae. Furthermore, the 
residual substrate, after the feeding of larvae has been analysed and quantified. Due to the 
sanitary difficulties encountered this year this thesis project has been converted into a 
literature review, therefore some important steps have not been conducted, such as the 
quantification of the residual substrate. Mycotoxins detection by Purschke has been 
conducted with an “HPLC with an Agilent 1290 Infinity-separation system (Agilent 
Technologies, Santa Clara, CA, USA) with a liquid-column Phenomenex C18 ‘Gemini’ 150 4.6 
mm 5 µm particle (Phenomenex Inc., Torrance, CA, USA) using a triple-quadrupole mass 
spectrometer AB Sciex 5500 QTRAP with ‘Turbo ion spray’; ESI source (SCIEX, Framingham, 
MA, USA)” (Purschke et al., 2017). Moreover, medical procedures may be applied for the 
search of mycotoxins in larvae. Examples include a liquid-liquid extraction from organs and 
tissue. In fact, mycotoxins such as OTA may be extracted from pig and rat samples with 
CH2Cl2, whereas plasma, liver and kidney using solvent mixture of ice-cold absolute 
ethanol/trichloroacetic acid (Escrivá et al., 2018). 
Eventually, the OFMSW is a heterogeneous product because it is a waste and additionally, 
food waste may change with respect to the geographic region, season and holiday events. 
Weekly microbiological analysis can be carried out in support of chemical analysis. 
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7. CONCLUSIONS 
 
The understanding of insects’ food safety, with the interest towards mycotoxins, can be a 
first input to solve the problem of food shortages and environmental pollution in a future 
scenario of demographic increase. Generally, insects are characterized by a high calories, 
proteins and amino acids, polyunsaturated fatty acids, carbohydrates, minerals and vitamins 
content in comparison to common food. In fact, the insects studied in this thesis, H. illucens, 
T. molitor and A. domesticus, represent a new sustainable source of proteins and nutrients, 
as they are able to convert several organic substrates in valuable raw material, for human 
and animal nutrition. Most of the microbiological risks such as bacteria, parasites, fungi, 
viruses and prions may be avoided thanks to cooking methods, freezing conditions and 
adequate sanitary conditions during the processing. On the contrary, from the chemical point 
of view mycotoxins, heavy metals, hormones and pesticides bioaccumulation are aspects 
that need to be deepened in order to assess the safety of insects’ consumption.  
Mycotoxins are toxic metabolites produced by fungi and represent one of the main causes 
of post-harvest disease in the supply food chain, affecting the food safety for both humans 
and animals through the development of mycotoxicosis. Insects may assume mycotoxins 
when they consume fungus-infected products. The effects of mycotoxins on insects depend 
on the species and growth stage of the insects but insects’ species that naturally encounter 
mycotoxins in their environment display some degree of adaptation to them, being able to 
convert them into nontoxic products. The mechanisms of metabolic detoxification involve 
the addition of a functional group to the original compound. Consequently, the compound 
with the functional group is conjugated to a water-soluble moiety such as glucuronic acid in 
order to transform the lipophilic toxin into a more hydrophilic compound and excreted. In 
addition to this, an important role is played by midgut enzymes, isolated from larvae of H. 
zea, CYP 450 enzymes, such as CYP 321A1, which was demonstrated to be involved in both 
detoxification and bioactivation of the mycotoxin aflatoxin. At the moment, rearing 
substrates for insect farming that follow the current EU limits for AF B1, DON, ZEN, FUM B1 
and FUM B2, and OTA should be assumed suitable. A procedure that should become common 
practice in the industrial insect rearing is a fasting period for the insects. In fact, mycotoxins 
are not going to be retained in their non-metabolized form by insects which have been 
subjected to a fasting period of at least 24 hours prior to the harvesting. 
The black soldier fly H. illucens is an insect with saprophagous food habits and it is intended 
to be used for the processing of organic wastes, such as the OFMSW, Organic Fraction of 
Municipal Solid Waste. The process shows an efficient conversion of organic waste into high-
quality protein biomass, thus, H. illucens larvae can be processed as feed for animals such 
as fish or poultry. It was not possible to determine the mycotoxin concentration in the H. 
illucens-based feed because no mycotoxins were detected in the larvae, whether because 
the larvae have completely metabolized the substances or the columns were not able to 
detect the mycotoxins in a substrate made from larvae. The use of immunoaffinity columns 
or the development of new special columns for insects’ flours could be a useful, easy and 
quick solution to detect mycotoxins in insects-based products in order to avoid wrong 
speculations. Similarly to the larvae, no mycotoxins were detected in the OFMSW.  
In the Standard Diet ZEN, DON, FUM B1, FUM B2 and OTA were detected in concentrations 
highly under the legal limits. In conclusion, legally this diet can be fed to farmed insects but 
regarding the insect-based feed and the OFMSW we have no reliable data to affirm its safety. 
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9. SUMMARIES 
 
 
9.1. SUMMARY 
 

In a future scenario of demographic increase, food shortages and environmental pollution 
insects such as H. illucens, T. molitor and A. domesticus, represent a new sustainable source 
of proteins and nutrients, as they are able to convert several organic substrates in valuable 
raw material, for human and animal nutrition. Regarding their nutritional aspects, insects 
are characterized by a high calorie, protein and amino acids, polyunsaturated fatty acids, 
carbohydrates, minerals and vitamins content in comparison to common food. Most of the 
microbiological risks such as bacteria, parasites, fungi, viruses and prions may be avoided 
thanks to cooking methods, freezing conditions and adequate sanitary conditions during the 
processing. On the contrary, from the chemical point of view mycotoxins, heavy metals, 
hormones and pesticides bioaccumulation are aspects that need to be deepened in order to 
assess the safety of insects’ consumption.  
Mycotoxins are toxic metabolites produced by fungi and represent one of the main causes 
of post-harvest disease in the supply food chain, affecting the food safety for both humans 
and animals through the development of mycotoxicosis. Insects may assume mycotoxins 
when they consume fungus-infected products. The effects of mycotoxins on insects depend 
on the species and growth stage of the insects, but insects’ species that naturally encounter 
mycotoxins in their environment display some degree of adaptation to them and are able to 
metabolize them by breaking them down into nontoxic products. The mechanisms of 
metabolic detoxification involve the addition of a functional group to the original compound.  
Consequently, the compound with the functional group is conjugated to a water-soluble 
moiety such as glucuronic acid in order to transform the lipophilic toxin into a more 
hydrophilic compound and excreted. A procedure that should become common practice in 
the industrial insect rearing is a fasting period for the insects. In fact, mycotoxins are not 
going to be retained in their non-metabolized form by insects which have been subjected to 
a fasting period of at least 24 hours prior to the harvesting. 
The black soldier fly H. illucens is an insect with saprophagous food habits and it is intended 
to be used as a new tool for the processing of organic wastes, and among them the OFMSW, 
Organic Fraction of Municipal Solid Waste. The process shows an efficient conversion of 
organic waste into high-quality protein biomass and because of their important energy and 
nutritional contribution, H. illucens larvae can be processed as feed for animals such as fish 
or poultry. This species was used to test commercial columns for the detection of 
mycotoxins, in addition to Standard Diet and OFMSW. It was not possible to determine the 
mycotoxin concentration in the H. illucens-based feed because no mycotoxins were detected 
in the larvae, whether because the larvae have completely metabolized the substances or 
the columns were not able to detect the mycotoxins in a substrate made from larvae. 
Similarly, no mycotoxins were detected in the OFMSW. In the Standard Diet ZEN, DON, FUM 
B1, FUM B2 and OTA were detected in concentrations abundantly under the legal limits. In 
conclusion, legally this diet can be fed to farmed insects but regarding the insect-based feed 
and the OFMSW we have no reliable data to affirm its safety. 
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9.2. RIASSUNTO 
 
In un futuro scenario di aumento demografico, carenze alimentari ed inquinamento 
ambientale, gli insetti, come H. illucens, T. molitor ed A. domesticus, rappresentano una 
nuova e sostenibile fonte di proteine e nutrienti, essendo capaci di convertire diversi substrati 
di matrice organica in preziose materie prime adatte al consumo sia umano che animale. 
Per quanto riguarda gli aspetti nutrizionali, in confronto ad alimenti comuni, gli insetti sono 
caratterizzati da un alto contenuto calorico, proteine ed aminoacidi, acidi grassi polinsaturi, 
carboidrati, minerali e vitamine. La maggioranza dei rischi microbiologici, come per esempio 
batteri, parassiti, funghi, virus e prioni, possono essere facilmente evitati grazie a metodi di 
cottura, congelamento e mantenendo delle adeguate condizioni sanitarie durante il 
processamento. Contrariamente, dal punto di vista chimico il bioaccumulo di micotossine, 
metalli pesanti, ormoni e pesticidi sono aspetti che necessitano ulteriori studi approfonditi 
prima di poter definire la salubrità derivante dal consumo di insetti.  
Le micotossine rappresentano una delle principali cause di malattie post-raccolta della 
catena alimentare, causando lo sviluppo di micotossicosi che influenzano la sicurezza 
alimentare di esseri umani e animali. Gli insetti possono assumere micotossine quando 
consumano prodotti infettati da funghi. Gli effetti delle micotossine sugli insetti dipendono 
dalla specie e dallo stadio di crescita degli insetti, ma le specie di insetti che incontrano 
micotossine nel loro ambiente naturale mostrano un certo grado di adattamento ad esse e 
sono quindi in grado di metabolizzarle scomponendole in prodotti non tossici. I meccanismi 
di disintossicazione metabolica implicano l’aggiunta di un gruppo funzionale al composto 
originale. Di conseguenza, il composto con il gruppo funzionale viene coniugato ad una 
frazione idrosolubile come acido glucoronico, solfato, glutatione e altri. Quindi, una tossina 
lipofila viene trasformata in un composto più idrofilo ed espulsa.  
Un periodo di digiuno di almeno 24 ore prima della raccolta degli insetti viene fortemente 
raccomandato e dovrebbe diventare pratica comune nell’allevamento industriale degli insetti, 
in questo modo questi non tratterranno le micotossine in forme non metabolizzate. 
La mosca soldato nera H. illucens è un insetto saprofago destinato ad essere utilizzato come 
nuovo strumento per la lavorazione dei rifiuti organici, tra cui la FORSU, Frazione Organica 
dei Rifiuti Solidi Urbani. Il processo mostra un'efficiente conversione dei rifiuti organici in 
biomassa proteica di alta qualità e, grazie al loro importante contributo energetico e 
nutrizionale, le larve di H. illucens possono essere lavorate come mangime per animali come 
pesci o pollame. Questa specie di insetto è stata utilizzata, assieme alla Dieta Standard e la 
FORSU, per testare delle colonne commerciali per la rilevazione di micotossine. Non è stato 
possibile determinare la concentrazione di micotossine nel mangime a base di H. illucens 
perché non sono state rilevate micotossine nelle larve. I motivi alla base dell’assenza di 
micotossine nelle larve possono essere duplici: le larve potrebbero aver completamente 
metabolizzato le sostanze oppure le colonne non sono state in grado di rilevare le 
micotossine in un substrato a base di larve. Allo stesso modo, non sono state rilevate 
micotossine nella FORSU. Nella Dieta Standard ZEN, DON, FUM B1, FUM B2 e OTA sono state 
rilevate in concentrazioni abbondantemente al di sotto dei limiti di legge. In conclusione, 
legalmente questa dieta può essere somministrata agli insetti d'allevamento ma per quanto 
riguarda i mangimi a base di insetti e la FORSU non abbiamo dati affidabili per affermarne 
la sicurezza. 
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9.3. ZUSAMMENFASSUNG 
 

In einem zukünftigen Szenario des demografischen Anstiegs, der Nahrungsmittelknappheit 
und der Umweltverschmutzung, stellen Insekten wie H. illucens, T. molitor und A. 
domesticus eine neue nachhaltige Quelle von Proteinen und Nährstoffen dar, da sie in der 
Lage sind, mehrere organische Substrate in wertvolle Rohstoffe für die Ernährung von 
Menschen und Tieren umzuwandeln.  In Bezug auf ihre Ernährungsaspekte, sind Insekten 
durch einen hohen Kalorie-, Protein- und Aminosäuren-, polyungesättigten Fettsäuren-, 
Kohlenhydraten-, Mineralien- und Vitamin- Gehalt im Vergleich zu herkömmlichen 
Lebensmitteln gekennzeichnet. Die meisten von den mikrobiologischen Risiken, wie 
Bakterien, Parasiten, Pilze, Viren und Prionen, können Dank Kochmethoden, 
Gefrierbedingungen und angemessenen sanitären Bedingungen während der Bearbeitung 
vermieden werden. Im Gegenteil, aus chemischer Sicht, sind die Bioakkumulation von 
Mykotoxinen, Schwermetallen, Hormonen und Pestiziden Aspekte, die vertieft werden 
müssen, um die Sicherheit des Insektenkonsums zu bewerten. Mykotoxine sind toxische 
Metabolite, die von Pilzen produziert werden und stellen eine der Hauptursachen für 
Krankheiten nach der Ernte in der Nahrungskette dar, die die Lebensmittelsicherheit von 
Menschen und Tieren durch Mykotoxikose beeinträchtigen. Insekten können Mykotoxine 
aufnehmen, wenn sie Pilz-infizierte Produkte konsumieren. Die Auswirkungen von 
Mykotoxinen auf Insekten hängen von der Art und dem Wachstumsstadium der Insekten 
ab. Jedoch können einige Insektenarten, welche in ihrer natürlichen Umgebung Mykotoxinen 
begegnen, einen gewissen Anpassungsgrad an diese Metabolite aufweisen und sind in der 
Lage sie zu metabolisieren, indem sie die Mykotoxine in ungiftige Produkte zerlegen. Die 
Mechanismen der metabolischen Entgiftung beinhalten die Zugabe von einer funktionellen 
Gruppe zur ursprünglichen Verbindung. Folglich, ist die Verbindung mit der funktionellen 
Gruppe an eine wasserlösliche Einheit wie Glucuronsäure, Sulfat, Glutathion und andere 
konjugiert. Daher wird ein lipophiles Toxin in eine hydrophilere Verbindung umgewandelt 
und ausgeschieden. Eine Fastenzeit von mindestens 24 Stunden vor der Ernte der Insekten 
ist stark empfohlen und sollte in der industriellen Insektenaufzucht üblich werden, damit die 
Insekten keine Mykotoxine in nicht-metabolisierter Form mehr enthalten werden. 
Die schwarze Soldatenfliege H. illucens ist ein Insekt, welches zu den Saprophagen 
zugeordnet wird und es ist als neues Werkzeug für die Verarbeitung organischer Abfälle 
beabsichtigt, darunter gehört auch die OFS, Organische Fraktion von Siedlungsabfällen. Der 
Prozess zeigt eine effiziente Umwandlung der organischen Abfälle in eine hochwertige 
Proteinbiomasse und Dank des wichtigen Energie- und Ernährungsbeitrages, können die 
Larven von H. illucens als Futtermittel für Tiere, wie Fische oder Geflügel, verarbeitet 
werden. Diese Insektenart wurde zusammen mit der Standard-Diät und der OFS verwendet, 
um kommerzielle Säulen auf den Nachweis von Mykotoxinen zu testen. Es war nicht möglich, 
die Mykotoxin-Konzentration im Futter auf H. illucens-Basis zu bestimmen, da keine 
Mykotoxine in den Larven nachgewiesen wurden. Dies könnte darauf zurückzuführen sein, 
dass die Larven die Substanzen vollständig metabolisiert haben, oder die Säulen keine 
Mykotoxine im Larven-Substrat nachweisen konnten. In ähnlicher Weise wurden im OFS 
keine Mykotoxine nachgewiesen. In der Standarddiät, wurden ZEN, DON, FUM B1, FUM B2 

und OTA in Konzentrationen, die reichlich unter den gesetzlichen Grenzwerten lagen, 
nachgewiesen.  
Im Fazit, kann diese Diät legal an gezüchtete Insekten verfüttert werden, jedoch haben wir 
keine verlässlichen Daten in Bezug auf das Futter auf Insektenbasis und der OFS, um seine 
Sicherheit zu bestätigen.  
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