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1 Introduction

With over one million described and up to 2.5 million estimated species (Stork, 2018; Zhang,
2011), insects are the most diverse animal group on earth. They are abundant on all continents
and oceans of the world and appear in most diverse habitats, such as the glaciers streams of
the Alps (Fuereder et al., 2001), the canopy trees of New Guinea (Novetny et al., 2002) up to
the shores of Japan (lkawa et al., 2004). But it is not only their taxonomy and behaviour that
have been research topics for decades, also the interest in their economic importance has
strongly increased and spread throughout various topics.

The fact that edible insects have been stated to be a potential source to reach the first three
United Nations Sustainable Development Goals (no poverty, zero hunger, good health and
well-being) (FAO, 2009) has boosted scientific interests regarding not only farming and
processing, but also consumer acceptance, nutritional value and safety aspects (Imathiu,
2019; Montowska et al., 2019). However, whereas insects as food are already well known and
part of the local diet in regions of Africa, South America and Asia, entomophagy is quite
unfamiliar in Europe and North America and can be met with refusal (Elhassan et al., 2019;
Raheem et al., 2019; Tan et al., 2015). Especially in Europe, concerns about appearance and
safety of insect products lead to refusal or even disgust (Bednarova et al., 2013; Hartmann et

al., 2015; Yen, 2009).

The economic value of insects has highly increased, particularly in Europe. As a result, some
species such as the Black Soldier Fly (Hermetia illucens) and the Yellow Mealworm
(Tenebrio molitor), formerly seen as pests, are now recognised as products of high value for
food and feed (Tomberlin and van Huis, 2020; Tomberlin et al., 2015) and their economic and
ecological value is part of ongoing research (Kieroriczyk et al., 2019; Manzano-Agugliaro et al.,

2012; Yen, 2015).

In order to dissipate these existing concerns various food safety aspects, such as
microbiological hazards (Klunder et al., 2012) or unwanted residues, for instance pesticides or
heavy metals (Poma et al., 2017) have been intensively investigated within the last decade. As
a result, safety schemes for farming and processing were derived and implemented into

European guidelines (IPIFF, 2019).
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Recent studies indicated that insects — if kept on rotten and/ or mouldy substrates — may
render hazardous metabolites harmless via their own metabolism or largely excrete them,
especially mycotoxins, such as zearalenone or type B trichothecenes (Niermans et al., 2019;
Ochoa Sanabria et al., 2019; Van Broekhoven et al., 2017). Based on these studies, there could
be the possibility to obtain a safe product for further use for food or feed through insects
reared on material no longer suitable for animal or human consumption. However, as shown
for zearalenone, metabolism in T. molitor may also result in formation of compounds of higher
toxicity, such as a-zearalenol (Niermans et al., 2019).

Various insects species appear to have different metabolisation and excretion pathways for
mycotoxins, as described for aflatoxin B1 (Bosch et al., 2017) or type B trichothecenes and
ochratoxins (Camenzuli et al.,, 2018). However, comprehensive investigations on the
metabolism and fate of trichothecenes in T. molitor, especially type A trichothecenes, are not
available so far. In general, type A trichothecenes show several adverse effects, e.g.
cytotoxicity and leukopenia in mammals (Bauer et al., 1989; Li et al., 2011), or apoptosis and
disturbed protein biosynthesis (Shifrin, 1999; Thompson and Wannemacher Jr, 1990).
Furthermore, the abundance of type A trichothecenes in various cereals for food and feed

have been investigated and several detection methods have been established (JECFA, 2001).

Therefore, edible insects could be a high-value and safe food or feed alternative, if not
accumulating trichothecenes. Especially as utilization of grains, containing high mycotoxin
amounts of natural origin affected the growth rate of T. molitor positively (Niermans et al.,

2019).

The aim of present study was to examine the ability of T. molitor larvae as safe utilizers of oats
contaminated with T-2 and HT-2 toxins. In order to investigate possible effects of
mycotoxigenic fungi and type A trichothecenes on the growth and health of T. molitor, larvae
were kept on naturally moulded and artificially contaminated oats. Additionally, the
occurrence of T-2, HT-2, T-2 triol and T-2 tetraol in the larvae and their residues was

determined via LC-MS/MS analysis.
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2 Literature

2.1 Edible Insects as Food

2.1.1 Entomophagy and nutritional values of insects

Insects are the most diverse animal groups on earth, with over one million described and up
to 2.5 million estimated species (Stork, 2018; Zhang, 2011). According to Jongema (2017)
entomophagy, the use of insects as food, is practised worldwide (see. Fig. 1) and for about 2
billion people insects are part of their diets (Van Huis et al., 2013). In many countries, such as
Zimbabwe, Mexico and Thailand, edible insects are well known, whether as basic food or as

delicacy (Raheem et al., 2019).
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Figure 1 Recorded edible insects species, by country. Grenisch levels indicate number of edible
insects in respective country. (Jongema, 2017)

However, whereas edible insects are part of the local diet in regions of Africa, South America
and Asia, entomophagy is quite unfamiliar in Europe and North America and can be met with
refusal (Elhassan et al., 2019; Raheem et al., 2019; Tan et al., 2015).

Also in countries like Australia, where entomophagy is known through native culture, concerns
about appearance and safety of insect products are leading to refusal or even disgust in parts
of the society (Yen, 2009). Especially in Europe, edible insects are generally not considered as
appropriate food and so food neophobia and disgust can lead to an indefinite refusal of novel
foods (Hamerman, 2016; Tan et al., 2016). However, as stated by Bednarova et al. (2013) and

Hartmann et al. (2015) the European consumer acceptance can be increased by the usage of
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known edible insects species, like T. molitor or Locusta migratoria and if insects are
incorporated into familiar food items, such as burgers or noodles. Therefore, it could be
helpful to adapt insect-based food to European preferences concerning flavour, texture, and
appearance.

Nowadays more than 2100 species are referred as edible (Jongema, 2017) and nearly 1700
insect species are documented as being used as human food (Ramos-Elorduy, 2006). The most
commonly eaten are insects from the orders Coleoptera (31%), Lepidoptera (17%),
Hymenoptera (15%), Orthoptera (13%) or Hemiptera (11%) (see. Fig. 2).

Blattodea Arachnida

Diptera 2% 1%
2% Others

v 2%

Isoptera
3%

Odonata
3% y

Coleoptera

Hemiptera 31%

11% _\
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13%

\. Lepidoptera

/ 17%

Hymenoptera
15%

Figure 2 Worldwide percentage of edible insects and spiders (Adopted to: Jongema, 2017)

The Food and Agriculture Organization of the United Nations (FAO) stated edible insects to be
a potential product or diet to reach the first three United Nations Sustainable Development
Goals (no poverty, zero hunger, good health and well-being) (FAO, 2009).

Therefore, several insect species have been closely investigated and the results indicate that
they meet the requirements for an adequate vertebrate diet, either to be used in human food
or animal feed (e.g. for fish or chicken). For instance, crickets (Acheta domesticus,

Gryllodes sigillatus), mealworm larvae (T. molitor) and adult locust (Schistocerca gregaria)
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were demonstrated to be rich in energy, fat and protein as well as high levels of minerals such
as calcium (Ca), magnesium (Mg), iron (Fe), copper (Cu), manganese (Mn), and zinc (Zn) (see.
Table 1) (Montowska et al., 2019; Zieliriska et al., 2015).

Also Nowak et al. (2016) stated that the nutrient composition of T. molitor is sufficient for
human consumption and could possibly reduce undernourishment. An important fact, as
undernourishment still affects more than 800 million people worldwide according to FAO et
al. (2019). Moreover, also the usage of insects as an alternative protein source is conceivable

in animal feed, e.g. in fish aquaculture (Barroso et al., 2014) or for insectivores (Finke, 2002).

However, it remains crucial to take the specific requirements of the various vertebrate species
into account. Additionally, the evaluation of the protein content of edible insects, usable as
food and feed, is discussed controversially. Whereas the protein content of several insects
ranges from 52 % to 76 % according to Zielinska et al. (2015), Jonas-Levi and Martinez (2017)
state that these amounts could be overestimated due to the lack of appropriate measurement

methods.

Table 1 Nutritional composition and energy content? of four edible insect speciesreared in
the EU (compiled from Montowska et al. (2019); Zieliriska et al. (2015))

Species
Analytical
Parameters Gryllodes Acheta Tenebrio Schistocerca
sigillatus domesticus molitor gregaria
Protein [%] 70+£1.7 44.2 £+ 0.5 52.3+1.1 76.0+0.9
Fat [%] 18.2+0.7 25.5+0.5 24.7+15 13.0+0.7
Fiber [%] 3.7+0.5 5.9+0.3 2.0+0.3 2.5+0.3
Ash [%] 47+0.4 4.0+0.3 3.6+0.6 3.3+0.5
Carbohydrates [%)] 0.1+£0.0 20.5+0.7 2.2+03 1.7+0.2
Energy [kJ/100g] 1896 +£12.5 2090 + 89.1 1857 +£15.2 1821 +11.2

@ Based on dry matter; Ash corresponds to the mineral content of the sample

2.1.2 European Regulations and Guidelines

The Regulation (EU) 2015/2283 of the European Parliament and of the Council on novel foods
(Novel Food Reg.) entered into force in January 2018. This so-called “Novel Food Regulation”
acting in accordance with the existing Regulation (EU) No 1169/2011, (European Union 2015).
Article 3 paragraph 2 point a defines Novel Food, as any food that was not used for human

consumption to a significant degree within the Union before 15 May 1997.
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According to recital No. 8 of the Novel Food Reg. it is appropriate to review, clarify and update
the categories of food, which constitute novel foods. In accordance to this stipulation the
category "food from animals or their parts" (article 3 paragraph 2 point a (v)) is now
considered to cover whole insects and their parts. Therefore, the Novel Food Reg. provides
the legal basis for the placing of edible insects as food on the market within the European
Union (EU). Insects currently reared within the EU should not have any adverse effects on
plant, animal, or human health; they should not be pathogenic vectors for animals or plants
and should not be under protection status or be defined as invasive alien species.

The following insect species are currently reared in the Union and comply with the above-
mentioned safety conditions for insect production for feed use: Black soldier fly
(Hermetia illucens), common housefly (Musca domestica), yellow mealworm (T. molitor),
lesser mealworm (Alphitobius diaperinus), house cricket (Acheta domesticus), banded cricket
(Gryllodes sigillatus) and field cricket (Gryllus assimilis). Furthermore, according to Annex X of
Regulation (EG) No. 142/2011 (European Union, 2011) as amended by Regulation (EU)
2017/893 (European Union, 2017) they have been authorised for the use as raw materials for
feed for farmed animals.

Additionally, Annex XIV of Regulation (EG) No. 142/2011 (European Union 2011) states the
conditions under which insect derived proteins may be imported into the EU, e.g. the
substrates allowed for the feeding of the insects. These substrates may only contain products
of non-animal material or category 3 material of animal origin, e.g. fishmeal, blood products
from non-ruminants, eggs and egg products, honey or rendered fat.

Any kind of manure, catering or other waste may not be content of the substrate. The use of
faeces and intestinal tract content as feed is also prohibited according to Annex Il Regulation
(EC) 767/2009.

Although some edible insects are considered as Novel Food already since 2018, concrete
regulations regarding food safety and process hygiene criteria of edible insects have not been
established by the EU yet.

A guide on good hygiene practices has been published 2019 by the International Platform of
Insects for Food and Feed (IPIFF), referring to existing European legislation (IPIFF, 2019),
including food safety and process hygiene criteria as well as recommendations for HACCP

implementation into insect production.
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In Switzerland, guidelines have been published through an information letter in 2017 (Beer,
2017). In these guidelines food safety and process criteria have been implemented for the
three insect species Mealworm larvae (T. molitor), adult house cricket (A. domesticus) and
adult migratory locust (Locusta migratoria), which are in Switzerland permitted for human
consumption as whole animals as well as crushed or grounded state.

Thus, to ensure food safety of edible insect products, according to Regulation (EC) No
2073/2005 (European Community, 2005) as well as Article 3 (3) of the swiss hygiene regulation
(HyV) (EDI, 2016) 25 g sample material have to be free of Salmonella spp. and have to contain
less than 100 colony forming units Listeria monocytogenes per gram.

In order to fulfil the process hygiene requirements for edible insect products, several bacterial
criteria, such as total count of aerobic mesophilic organisms, Enterobacteriaceae, coagulase-
positive staphylococci and Bacillus cereus have to be investigated. For all guideline values see

Table 2.

According to Annex Part C Regulation (EU) 68/2013 amended by Regulation (EU) 2017/1017,
insects are allowed to be used as feed material (animal fat (number 9.2.1) or processed animal
protein (9.4.1)) if they are not pathogenic to humans and animals in all their life stages
(European Union 2017b). Furthermore, insects can now be used as processed animal proteins
for aquaculture animals since the relevant feed ban of Regulation (EC) 999/2001 has been
partially uplifted by Regulation (EU) 2017/893.

Yet, the use of processed insect protein is still not allowed in the feed of pigs and poultry, in
order to prevent and control the spread of spongiform encephalopathies (Regulation (EC)
999/2001, Art. 7.2 and Annex IV Chapter 1 b (i)). In contrast, this prohibition is neither applied

for the feeding of cats and dogs nor for the production feed intended for cats and dogs.
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Table 2 Food safety and process hygiene criteria for edible insects in the EU (IPIFF, 2019)

Severity

Hazards Main origins level Management Target Limit Reference
REG EU
. . - . "
Aejroblc. ] Hygu.ane |n'd|cator Low Good 'Hyglene 10* cfu/g 5x 10 207?'>/2005
microbiota 30°C Manipulations Practices cfu/g Section dry
fruits
REG EU
Hygi indicat G Hygi 102 2073/2
E coli yg@ne |n.d|ca or Low ood_ ygiene cfu/g 5x 10 0 E}/ 005
Manipulations Practices cfu/g Section dry
fruits
Hygiene indicator REG EU
Staphylococcus Manipulations (raw . 2073/2005
coagulase + (S. materials or Medium Good .Hyglene 10 cfu/g 102 cfu/g Section dry
. Practices .
aureus) processing fruits and
operations Minced meat
Sourcing/ REG EU
Listeria . . & Absence Absence 2073/2005
High breeding . . .
monocytogenes in25g in25g Section ready
management
to eat foods
REG EU
Salmonella s Insects intestinal Hieh Absence Absence 2073/2005
Pp- tractus g in25g in25¢g Section
shellfish
_ REG EU
Cronobacter spp. . Soura.ng/ Absence Absence 2073/2005
(Enterobacter Insects Medium breeding . . Lo
.. inl10g inl10g Section infant
sakazakii) management
formula
Bacillus cereus Feed Medium Feedstock 10 cfu/g 10?% cfu/g
management
Campylobacter . Soura.ng/ Absence Absence
. Insect guts Medium breeding in 25 in 25
Pp- management & g
. Good Hygiene ) 3
Moulds and Yeast Insect guts Medium 10° cfu/g 103 cfu/g

Practices

cfu Colony Forming Units
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2.1.3 Economical perspectives and production data

The global population is expected to reach 9 billion people by 2050 and the FAO estimates
that the world’s food production has to increase up to 70% until that time to feed the world
(FAO, 2009). This will consequently lead to an increase of competitions for resources between
animal feed, human food, and fuel production. Therefore, farming edible insects for food and
feed implies a possible solution for these upcoming challenges. Besides the above-mentioned
nutritional benefits of entomophagy, edible insects have several economic and ecological

benefits.

The fact that many insects are currently seen as pests in modern agriculture, proves their
worldwide occurrence and the possibility to be reared in a more intense scale (DeFoliart, 1995;
Panagiotakopulu, 2001; Tomberlin and van Huis, 2020). Farming insects as “mini-livestock”
can result in lower ammonia and greenhouse gas emission compared to conventional livestock
and requires much less farmland for rearing (Oonincx et al., 2010).

Moreover, as slaughtering, transportation and storage of pork and chicken contributes 17-
25% to their total greenhouse emissions, processing and storing mealworms appears to be
less resource demanding and more environmentally compatible (Oonincx and de Boer, 2012).
Less water consumption is another advantage of insect farming. The water footprint
(calculated as L/ g Protein) of mealworms, for instance, is about 30% lower compared to

chicken meat and 80% lower compared to beef (Miglietta et al., 2015).
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M =land (10 m?) y= feed (1 kg) M = water (1000 L)

Figure 3 Amount of land, feed and water needed to produce 1 kg of live animal weight and
percent of the animal which is edible (Dobermann et al, 2017).
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Insects appear to have a very high bioconversion efficiency (i.e. the amount of feed needed to
produce one kg of edible body weight) compared to over livestock animals (see Figure 3)
(Dobermann et al., 2017; van Huis et al., 2015).

A possible explanation for this could be the poikilothermic physiology (internal temperature
varies considerably, dependent on ambient environmental temperature) of insects (Van Huis
et al., 2013). Insects do not need energy from feed to maintain their body temperature and
can use it for building biomass instead. On the other hand, adequate environmental
temperature thus is crucial for an overall-good development. In case of farming conditions,
sufficient light supply has to be provided, in particular in most parts of Europe during winter

season.

Not only the high bio conversion efficiency makes insects economical interesting, but also that
up to 80 % of an insect is edible and digestible, compared to approximately 55 % for chicken
or pigs and 40 % for cattle (Nakagaki and Defoliart, 1991)(see Fig.3).

As the industrial-scale insect production is relying on the same grain feed used for livestock,
rearing of edible insects on low value organic by-products is discussed as another promising
benefit. Lundy and Parrella (2015) investigated feeding of bio-waste as an environmentally
viable way of insect production. In this study, crickets (A. domesticus) were fed with minimally
processed food waste and diets composed largely of straw. Results showed a >99 % mortality
of the crickets without reaching a harvestable size. Therefore, Lundy and Parrella (2015)
recommend, instead of rearing insects on low organic by products, that the producers should
attempt to use regionally available organic side-streams of relatively high-quality that are not

currently being used for livestock production.

Although, all these production data appear to be very promising for economy and show that
edible insects could be a sustainable food source for the fast-growing world population. On
the other hand, most studies mentioned above have only been conducted on a small,
extensive scale. However, extrapolation of the results to a large scale, intensive livestock
farming of edible insects is limited. Therefore, more studies are needed, best in cooperation
with countries experienced in insect farming, or huge insect food and feed producers in
Europe.

A country with a large history of edible insect cultivation for the market or home consumption
is Thailand, where 20,000 cricket farms produce an average of 7,500 metric tons of insects per

year (Hanboonsong and Jamjanya, 2013).
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In Europe, large-scale producers are sporadically located, like the Dutch company kreca®,
which produces insects as food and feed for more than 40 years. However, concrete

production data regarding edible insects in Europe are lacking.

Furthermore, insects cannot only be used to secure and complement food and feed chains,
but also be part of developments in other promising business sectors. For example, the fatty
acid methyl esters gained from Chrysomya megacephala (Fabricius) larvae fulfilled the
requirements for raw material of biodiesel production (Li et al., 2012; Manzano-Agugliaro et
al.,, 2012). Additionally, in times where plastic waste and micro plastic is challenging the
worldwide waste systems and threatens the ecosystems, the search for insects as potential
utilizers of plastic waste became part of current research. Therefore, mealworms (7. molitor)

were demonstrated to possibly biodegrade and mineralize polystyrene (Yang et al., 2015a, b).

2.2 The Yellow Mealworm (Tenebrio molitor) as model organism

Yellow Mealworm is the name of the larval stage of the mealworm beetle (Tenebrio molitor
(L)). T. molitor belongs to the family of the Tenebrionidae, which is one of the largest beetle
families with more than 20,000 species worldwide and up to 1800 abundant species in Europe
(Westheide and Rieger, 1996). The beetles of T molitor have lean bodies of brown or black
colour, depending on their age, with a length of 12 - 18 mm (Westheide and Rieger, 1996).
Female beetles are lacking an intersegmental membrane between 4t and 5% Abdominal
sternite. The elytra are segmented through linear grooves and brown as well as the lower
body, legs, and antenna. Their natural habitats are deserts, where they are able to gain water
from the air through condensation on sand buildings or on their own. Nevertheless, like other
Tenebrionidae beetles, they are a long known pest in agriculture (Panagiotakopulu, 2001), also

occurring in storage units all over the world, especially in cereals.

Adult beetles use their environment for feeding, breeding and as cover during daytime. As the
life stagesof T. molitor are temperature dependent, all further data are related to 25 °C. The
life span of an adult female is about 90 days (Punzo, 1975). Initiate Oviposition takes place on
the fourth day after imaginal moult, the eggs (about 500 per female) are scattered singularly
or in groups, throughout foodstuff of high quality (Gerber, 1975; Gerber and Sabourin, 1984).

The sticky, oval eggs have a diameter of 1.5 mm and are covered with dust and feed particles.
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After 9 days, about 2 mm long larvae hatch of the egg. The white larvae live in the same
environment as the adult beetles and are undergoing 12 - 14 moults in 119 £ 1 days (Ludwig
and Fiore, 1960). The larvae feed themselves from vegetation (cereals), dead larvae, and
moults between the larval stages and can reach a length of about 40 mm. After final moult
they develop into pupae. The pupae are immobile and change their colour from white into
brownish during the 9 days of holometabolic development. The total duration of T. molitor

life cycle is 235 + 2 days (Ludwig and Fiore, 1960).

The comparably low habitat and diet requirements of T molitor pledge these insects to be
promising candidates for mini-livestock farming. The high amount of offspring and the short
development cycles until harvest enable scientific investigations within an adequate time
frame. The infrastructural requirements, such as available space, light, or temperature for
farming, extensive as well as intensive, are affordable and in some regions of the world no
artificial input (heating or light) is needed. These advantages of T molitor farming along with
the above mentioned high nutritional values promise mealworm larvae to be a highly suitable

model organism for scientific issues tackling food quality and/or security.

2.3 Trichothecenes

2.3.1 Classification and relevant moulds

Trichothecenes are a group of mycotoxins, containing over 200 metabolites and are produced
by various genera of moulds such as Fusarium, Myrothecium, Spicellum, Trichoderma,
Cephalosporium and Stachybotrys spp. Trichothecenes have a common tricyclic 12, 13-
epoxtrichorhec-9-ene core structure (Cole et al., 2003; Ueno, 1984). They have been classified

into four groups, type-A to type-D trichothecenes (see. Fig. 4).

Differentiation of the groups is based on the substitution at the C-8 position. Compounds of
type A-trichothecenes have a hydroxyl group, an ester group (e.g., T-2) or no oxygen
substitution at C-8. Type B-trichothecenes have a keto function at C-8, whereas type C-
trichothecenes have a C-7/C-8 epoxide. Type D-trichothecenes are characterized through an

additional ring linking the C-4 and C-15 position (see Fig. 4, (McCormick et al., 2011)).

Type- A and -B trichothecenes are the predominant natural contaminants-in cereals and feed.

T-2 toxin (T-2) - one of the most toxic trichothecenes- and its hydrolysed product HT-2 toxin
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(HT-2) belong to type A trichothecene mycotoxins. A survey across Europe conducted by the
Scientific Co-operation on Questions relating Food (SCOOP) revealed that 20 % of the analysed
wheat samples were positive for T-2 toxin, whereas 14 % were contaminated with HT-2
(Schothorst and van Egmond, 2004). Gottschalk et al. collected between 2005 and 2006 a total
of 289 samples of wheat products (n = 130), rye products (n = 61) and oat products (n = 98),
of German origin. In total 85 % of all wheat product samples, 87 % of all rye product samples
and 100 % of all oat product samples contained T-2. HT-2 was detected in 94% of all wheat
product samples (Gottschalk et al., 2009).

T-2 and HT-2 are natural secondary metabolites formed by the worldwide-distributed moulds,
especially of the genus Fusarium. Type A-trichothecenes are mainly produced by
F. langsethiae and F. sporotrichioides in European cereals (Thrane et al., 2004; Torp and
Nirenberg, 2004) growing on agricultural commodities on the field or during storage (Krska et
al., 2001; Mirocha and Pathre, 1973).

Both human and animal livestock can be affected by Fusarium spp. by producing either
mycotoxins or invasive diseases. A disease known as “alimentary toxic aleukia” with
leukopenia, agranulocytosis, haemorrhagic diathesis, bone marrow aplasia and sepsis as

symptoms, caused the dead of hundreds of thousands of people in the former Union of Soviet

Type C

Type D

Figure 4 Trichothecene classification. R groups may be H, OH, OAcyl, or varations in the marcolid chain.

(adopted to McCormick et al, 2011)
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Socialist Republics during the second World War (Joffe, 1986). The occurrence of the disease
was highly correlated to overwintered cereal grains colonized with F. sporotrichioides and
F. poae, producing high amounts of T-2 (Mirocha and Pathre, 1973). Moreover, Fusarium
species can cause rotting of roots, steams, ears as well as Fusarium head blight in wheat or
other small-grain cereals all over Europe, resulting in severe reductions in crop yield (between

10% to 40%) (Bottalico and Perrone, 2002).

2.3.2 Metabolic pathway of T-2 toxin

After ingestion of contaminated food or feed T-2 toxin is metabolized extensively in the small
intestine. As in situ experiments with jejunal loops of rats revealed, that only 2% of the injected
toxin was recovered in plasma as unchanged T-2 after 50 min, while 25 % appeared as HT-2
toxin (see Fig. 5) in the effluent plasma. Furthermore, small amounts (<2% of the initial dose)
of 3’-OH-T-2 toxin, T-2 tetraol and 4-deacetylneosolaniol were found (Conrady-Lorck et al.,
1988).

Nearly the entire ingested amount of T-2 toxin is biotransformed in the organism (Cavret and
Lecoeur, 2006). The mammal biotransformation of xenobiotics can be divided into two
phases: Modification (Phase 1), in which reactive and polar groups are added to the substrate
by diverse enzymes and Conjugation (Phase 2), hereby the now activated xenobiotics are
conjugated with charged side groups in order to enable active transport and excretion (Jakoby
and Ziegler, 1978). Hydrolysis, hydroxylation, and oxidation are the main reactions in
trichothecene metabolism in animals. In the first phase, T-2 toxin is deacetylated to HT-2 toxin
by the CYP450 esterases. These esterases show the highest activity in the microsomes of the
liver, kidney and spleen (Ohta et al., 1977). For non- ruminants, the metabolic pathway of T-2
toxin in intestinal epithelium, kidney and liver involves two phases (Dohnal et al., 2008).
Besides oxidation, the first phase also includes hydrolysis by non-specific esterases and
amidases and reduction by epoxide-hydrolases (see Fig. 5). In the second phase, the
metabolism is aiming for decreasing the toxicity of the substrates and increasing the water
solubility of metabolites by conjugation reactions, mainly performed by
glucuronosyltransferases (Dohnal et al., 2008). The conjugated metabolites are finally
excreted, mainly by faeces (80%) and urine (20%) within 72h, as shown by Pfeiffer et al. (1988)

with tritium-labelled T-2 toxin in rats.
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Besides animals, plants and microbiota are also affected by trichothecenes and have evolved
metabolic pathways. For instance, Baccharis spp. found in South America appear to be
relatively tolerant to T-2 toxin. Additionally, macrocyclic trichothecenes, like roridins and
verrucarins, are hydroxylated and transformed into other less toxic metabolites by these plant

species (Dohnal et al., 2008).

Various species of yeasts, bacteria and filamentous fungi associated with the microbiome of
cereal grains can extensively metabolise trichothecenes and have evolved several strategies
to prevent the growth of Fusarium pathogens (Gdanetz and Trail, 2017; Pan et al., 2015;
Wachowska and Gtowacka, 2014). As described by Wachowska et al. (2017) these microbial
strategies include modifications of trichothecenes, like acetylation, deacetylation, oxidation,
de-epoxidation and epimerization and therefore lowers the pathogenic potential of these
fungal secondary metabolites. As described by Yoshizawa et al. (1985) de-epoxidation of HT-
2 and Tetraol by intestinal microbiota is part of type A trichothecene detoxification processes

in vivo.

The metabolic pathway of trichothecenes in insects is not described, yet. As the class of
insects, in particular the beetle family Tenebrionidae, have a different anatomy and physiology
compared to mammals, it is to be assumed that the degradation pathway of trichothecenes is
also different. Especially, since insects are able to detoxify - natural and synthetic - noxious

agents in a way that is impossible for mammals (Bass et al. 2015; Ivie et al. 1983).
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2.3.3 Toxicity of trichothecene similar substances on insects

As mentioned before, the metabolic pathway regarding xenobiotics is presumably different
compared to mammals and most likely heterogeneous in the diverse insect families.

Bass et al. (2015) reviewed the biochemical and molecular mechanisms of insects involved in
the resistance against neonicotinoid insecticides, one of the most important and worldwide
used chemical classes of insecticides. Metabolic adaption appears to be the most common
way of resistance. As shown for the silverleaf whitefly (Bemisia tabaci (L.)) neonicotinoid
resistance is mainly conferred by enhanced detoxification by microsomal monooxygenases
and overexpression of P450 cytochrome, CYP6CM1 (Karunker et al., 2008; Nauen et al., 2002;
Rauch and Nauen, 2003). Regarding imidacloprid, one of the early neonicotinoid insecticides,
there are 539 reported cases of resistance in 26 insect families according to the Arthropod
Pesticide Resistance Database from 2000 until 2020 (APRD, 2020).

Insects have also evolved resistance mechanism to plant feeding deterrents. Various plant
species produce organic chemical compounds, e.g. psoralens, in order to act as deterrents
against insects or mammal herbivores. These psoralens (linear furocoumarins) are
photoactive compounds that readily alkylate DNA when activated by longwave ultraviolet light
and pose significant toxicological risks to man and other organisms. The insect family of the
Papilionidae is able to feed on psoralen-rich plants due to their highly efficient capacity to
detoxify these chemicals. Almost all detoxification processes occurring prior to absorption in
the midgut tissue (lvie et al., 1983).

Antibiotics are considered as xenobiotics in mammals as well as in insects. Therefore,
antibiotic effects on insect physiology could be used for comparison of mammal and insect
metabolic pathways. Li et al. (2020) showed that two commonly medical used antibiotics -
chloramphenicol and vancomycin- exerted substantial effects on silkworms (Bombyx mori
(L.)). As shown in this study the used antibiotics decreased the antioxidant enzyme activities
and caused oxidative damage to silkworm intestine, effects also described in mammal tissue
(Kohanski et al., 2017). Actinomycin D and mitomycin C, both cytostatic antibiotics, prevent
imaginal differentiation in T. molitor pupae (Socha and Sehnal, 1972). Blockage of apolysis and
retention of pupal features in emerging adults have been observed, clearly showing cytotoxic
effects of actinomycin D and mitomycin C on insect morphogenesis. Both case studies showed
comparable metabolic processes in mammals and insects regarding antibiotics, but detailed

biotransformation pathways have not been described yet for insects.
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2.3.4 Toxicity of type-A trichothecenes in humans and animals

Type-A trichothecenes can affect diverse parts of mammal physiology, e.g. nutrient uptake,
DNA and protein biosynthesis, apoptosis, and alterations in the cellular membranes.
Furthermore, they are seen as highly cytotoxic and immunomodulatory. Known effects of T-
2, a major type A trichothecene, concerning selected physiological effects are listed in Table 3

below.

Table 3 Effects of T-2 toxin on mammal physiology (adopted to JECFA, 2001)

Locati f
ocation o Effect Species Reference
effect
Apoptosis Apoptosis induction by Human s
hifrin (1

ribotoxic stress (Jurkat T Cells) Shifrin (1999)
Protein Kinase C induced
apoptosis

Mi R Doi I (2
of hematopoietic and ice and Rat oi etal. (2006)

lymphoid tissue

Cellular Duck, Chicken and

Increased lipid peroxidation Mezes et al. (1999)

membrane Goose
D.NA . !nh|b|t|on gf thymidine Human (in vitro) Munsch and Miiller (1980)
biosynthesis incorporation
. . Thompson and
Suppression of DNA synthesis  Rat Wannemacher Jr (1990)
Nutrition Reduct|9n of monosaccharide Rat Kumagai and Shimizu (1988)
absorption
Reduced vitamin E uptake Chicken Coffin and Combs Jr (1981)
Protein Inhibition and Malalignment of Rat Thompson and
biosynthesis proteins Wannemacher Jr (1990)
Ribosomal peptidlytransferase Human o
inhibition (urkatTCells) ~ ~mimin (1999)

The biological activity of the various trichothecenes is based on their different functional
groups. In case of type-A trichothecenes, the toxicity depends on the presence of an isovaleryl
group and acetyl groups on the trichothecene core. Consequently, the cytotoxic potential of
type-A trichothecenes is T-2 > HT-2 > Neosolaniol >T-2 triol > T-2 tetraol (Ueno, 1984).
Primarily this cytotoxicity affects cell lines with a high division rates, like cells of the mucosa
or the immune system (Bondy and Pestka, 2000). Thuvander et al. (1999) investigated the
effect of trichothecenes on the human lymphocyte proliferation with in vitro studies. They
showed that the type-A trichothecenes (T-2 and Diacetoxyscirpenol) supressed mitogen-
induced lymphocyte proliferation 100 to 200 times more than type-B trichothecenes

(Deoxynivalenol (DON) and Nivalenol (NIV)).
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Moreover, T-2 was demonstrated to show the highest cytotoxic effect, which was already
detectable at a half-maximal inhibitory concentration (ICso) of 0.0182 pg/ml. In comparison

the I1Cso of NIV and ranged by 1.95 pg/ml and 16.93 ug/ml (Gareis, 2006).

2.3.5 Hazard characterisation and risk management

The above mentioned high prevalence of type-A trichothecenes in cereals and maize and their
high toxic potential promoted the Scientific Committee on Food (SCF) of the European Union
to investigate the occurrence of 12 different trichothecenes and their effects in humans for
over 5 years (1998 - 2002), leading to several positions papers. In 2003 the SCF published the
SCOOP task 3.2.10 laying down (temporary)-Tolerable Daily Intakes (t-TDIs) for the four
trichothecenes DON, NIV, T-2 and HT-2, which have been reviewed and consolidated in 2004
(Schothorst and van Egmond, 2004).

A TDI refers to the estimated quantity of any given substance, which can be ingested daily
without having any adverse health effects for the consumer. The TDI is used for the intake of
substances, which were not intentionally added, such as food or feed contaminations.
Therefore, even if potential harmful substance is ingested, a health risk is practically excluded,

as long as the daily intake does not exceed the tolerable limit (BfR, 2020).

The TDI of 0.01 pg/kg for the sum of T-2 and HT-2 was set by the European Food Safety
Authority in 2011 and re-evaluated in 2014 (EFSA, 2011, 2014). These TDI would have been
exceeded by consumption of most of the samples investigated by (Gottschalk et al., 2009).
Cereals such as oats, maize and wheat showed the highest levels of contamination. The
subpopulation "children and infants" was particularly exposed. In order to monitor and
subsequently reduce this exceedance the EU released a recommendation letter in 2013 on
the presence of T-2 and HT 2 toxins in cereals and cereal products (European Union, 2013).
According to this recommendation, oats should be further investigated if exceeding a
concentration of 1000 pg/kg (sum of T-2 and HT-2) as unprocessed cereals, or 200 pg/kg (sum

of T-2 and HT-2) in case of cereals or cereal products for humans.
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2.3.6 Analytical Methods

Type-A trichothecenes can be analysed via various methods for qualitative and (semi-)
guantitative determination. These methods are mainly based on the same procedure,

consisting of sampling, extraction, clean-up, detection, quantification, and validation.

Regarding sampling, the EU laid down exact regulations for an appropriate sample procedure
(European Union, 2006) containing e.g., weight or number of samples for oats or dry fruits,
homogeneity and sample quality. Sample homogeneity may be achieved by the usual blending
and grinding techniques (Crews et al., 2010). Extraction can be performed with polar solvents
such as acetonitrile/water, methanol, chloroform, and ethanol with diluted acid or buffer at
low pH (Crews, 2015). Different clean-up methods include solid phase extraction and
immunoaffinity columns (Berthiller et al., 2017; Gottschalk et al., 2009; Pereira et al., 2015).
For separation, various techniques are used such as gas chromatography (Schollenberger et
al., 1998), thin layer chromatography (Sokolovi¢ and Simpraga, 2006) or high performance
liguid chromatography (HPLC) (Berthiller et al., 2017). Mass spectrometry (MS) is a reliable
technique for the detection of type-A trichothecenes (Gottschalk et al., 2009; Radova et al.,
1998; Schollenberger et al., 1998). The now preferred and commonly used determination is

by (high performance) liquid chromatography-mass spectrometry.

Screening test for T-2 and HT-2 are used in routine analysis based on immunoassays (Li et al.,

2014) or thin layer chromatography (Sokolovi¢ and Simpraga, 2006).

In order to maintain sufficient and reliable performance characteristics, a method should be
carefully validated. Method validation should include the limit of detection (LOD), limit of
guantification (LOQ), (linear) working range, precision (repeatability and reproducibility),

trueness (recovery), selectivity and robustness (Berthiller et al., 2017).

Since a LC-MS/MS method for type-A trichothecenes in edible insect material has not yet been
established, a new method have been developed in the presented study. Homogenous, dry
sample material was added with a 0.2 % formic acid /ACN (50/50, v/v) solution and extracted
by ultrasonication and horizontal shaking adopted to Niermans et al. (2019). Clean-up was
performed by adding anhydrous sodium sulphate and flowing centrifugation. Separation,
identification, and quantification was conducted by HPLC coupled to MS. The method

validation was conducted according to German standard norm DIN 32645 (2008-11). Detailed
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method information is given in section “Materials and Methods” in Chapter 3. Figure 6 shows
a typical chromatogram obtained after separation and detection by HPLC with MS of a mixture

of T-2, HT-2, Triol and Tetraol with a concentration of 100ng/ml.

Relative T2
100%] Intensity

50%

HT2
Tetraol Triol
0% . . . . . . . ‘ . . . : .S A . } L .
1.0 2.0 3.0 4.0 5.0
Time [min]

Figure 6 LC-MS/MS chromatogram of a standard mix solution (c= 100ng/ml) containing the 4
tested Trichothecenes, measured under Figure optimized chromatographic and mass
spectrometric conditions.

(HT-2 = HT-2 toxin; T-2 = T-2 toxin; Tetraol = T-2 tetraol; Triol = T-2 triol)
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Abstract

Within the European Union (EU), edible insects need to be approved as “Novel Food” according to Regulation
(EU) 2015/2283 and must comply with the requirements of European food law with regard to microbiological
and chemical food safety. Substrates used for feeding insects are susceptible to the growth of Fusarium spp. and
consequently to contamination with trichothecene mycotoxins. Therefore, the current study aimed to investigate
the influence of T-2 and HT-2 toxin on the larval life cycle of yellow mealworm (Tenebrio molitor (L.)) and to
study the transfer of T-2, HT-2, T-2 triol and T-2 tetraol in the larvae. In a 4-week feeding study, T. molitor
larvae were kept either on naturally (oat flakes moulded with Fusarium sporotrichioides) or artificially
contaminated oat flakes, each at two levels (approximately 100 and 250 pg/kg total T-2 and HT-2). Weight gain
and survival rates were monitored, and mycotoxins in the feeding substrates, larvae, and residues were
determined using LC-MS/MS. Larval development varied between the diets and was 44 % higher for larvae fed
artificially contaminated diets. However, the artificially contaminated diets had a 16 % lower survival rate. No
trichothecenes were detected in the surviving larvae after harvest, but T-2 and HT-2 were found both in the dead

larvae and in the residues of naturally and artificially contaminated diets.

Keywords

Yellow mealworm (Tenebrio molitor), edible insects, trichothecenes, food safety, mass spectrometry,

biotransformation

Introduction

The fact that edible insects have been stated to be a potential source to reach the first three United Nations
Sustainable Development Goals (nho poverty, zero hunger, good health and well-being) (FAO 2009) has boosted
scientific interest in not only the farming and processing of such animals but also consumer acceptance,
nutritional value and safety aspects (Imathiu 2019). The economic value of insects has greatly increased,
especially in Europe, and therefore ecological and economic perspectives are part of ongoing research

(Kieronczyk et al. 2019; Manzano-Agugliaro et al. 2012; Yen 2015).

Many of the more than 2100 insect species referred to as edible (Jongema 2017) seem to have an adequate

profile of amino acids and fatty acids as well as mineral content to serve as a diet for vertebrates, e.g., as fish
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feed or human nutrition (Barroso et al. 2014; Montowska et al. 2019; Yi et al. 2013). Additionally, the high
protein content of insects, ranging from 52 to 76 % (Zielinska et al. 2015), is seen as one of the major benefits
for a future human and animal diet. Especially in Europe, concerns about the safety of insect products are
leading to refusal of such products or even disgust (Bednafova et al. 2013; Hartmann et al. 2015; Yen 2009). To
dissipate these concerns and develop safety schemes for farming and processing, various aspects, such as
microbiology (Klunder et al. 2012), pesticides and heavy metals (Poma et al. 2017), have been investigated and

addressed in European guidelines (IPIFF 2019).

Recent studies have shown that insects — if kept on rotten and/or mouldy substrates — may render hazardous
metabolites harmless via their own metabolism or largely excrete them, especially mycotoxins, such as
zearalenone or type B trichothecenes (Niermans et al. 2019; Ochoa Sanabria et al. 2019; Van Broekhoven et al.
2017). However, as shown for zearalenone, metabolism in T. molitor may also result in the formation of
compounds of higher toxicity, such as a-zearalenol (Niermans et al. 2019). Based on these studies, it could be
possible to obtain a safe product for further use for food or feed through insects reared on material no longer
suitable for animal or human consumption. However, as described for aflatoxin B1 (Bosch et al. 2017) or type B
trichothecenes and ochratoxins (Camenzuli et al. 2018), the various insect species appear to have different
metabolization and excretion pathways for mycotoxins. However, comprehensive investigations of the
metabolism and fate of trichothecenes, especially type A trichothecenes in T. molitor, are so far not available. In
general, type A trichothecenes show several adverse effects, e.g., cytotoxicity and leukopenia in mammals
(Bauer et al. 1989; Li et al. 2011), and can be found in various grain samples (EFSA 2017). Additionally,
livestock farming is negatively affected by trichothecene-contaminated feed, e.g., for pigs, poultry, and horses
(EFSA 2011). Therefore, edible insects could be a high-value and safe food or feed alternative if trichothecenes
do not accumulate, especially as the utilization of grains containing high amounts of mycotoxin of natural origin

has been shown to positively affect the growth rate of T. molitor (Niermans et al. 2019).

The aims of the present study were to investigate the effects on the weight gain and survival of T. molitor larvae
fed different diets containing two amounts of T-2 and HT-2 toxins. The feed was either naturally contaminated
by the addition of F. sporotrichioides-contaminated oat flakes or artificially contaminated with T-2/HT-2
standards. After a four-week feeding period, the occurrence of T-2, HT-2, T-2 triol and T-2 tetraol in the larvae
and their residues was determined and evaluated. This study aimed to assess possible degradation pathways of
type A trichothecenes in T. molitor larvae and to examine the ability of these species to be safe utilizers of

trichothecene-contaminated diets.
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Materials and Methods

Chemical reagents and standards

The following mycotoxin calibrant solutions (Biopure™ certified reference materials, purity (HPLC) > 98.9 %)
were purchased from Romer Labs (Getzersdorf, Austria) and were used for all experiments and measurements.
The solutions were used within the indicated expiry date: T-2 toxin (T-2, ¢ = 101.2 ug/mL), HT-2 toxin (HT-2, ¢
=100.1 pg/mL), T-2 triol (Triol, ¢ = 50.1 pg/mL) and T-2 tetraol (Tetraol, ¢ = 50.1 pg/mL). Acetonitrile (ACN,
LC-MS grade) and formic acid (p.a. grade) were purchased from Th. Geyer (Renningen, Germany) and were
used for all experiments and analyses. A standard mixed solution containing all four analytical standards (c =

1.0 pg/mL) was prepared with ACN and stored at 6 °C in the dark. Ultrapure water was obtained using an
UltraClear TM TP UV UF TM system from Evoqua Water Technologies (Barsbiittel, Germany) and was used
for all experiments and analyses unless otherwise stated. Sodium sulphate (anhydrous) was purchased from

Merck (Darmstadt, Germany). Ammonium formate was obtained from Fluka (Steinheim, Germany).

Feeding substrates and diet preparation

Two different kinds of diets with two mycotoxin levels each were prepared for the feeding experiment. Diet “A”
consisted of oat flakes that were artificially contaminated with T-2 and HT-2 toxin. Diet “N” was prepared by
using naturally contaminated oat flakes containing a toxigenic Fusarium strain of mould (see below). The oat
flakes used in these experiments were purchased from a local supermarket and were intended for human
consumption. The levels of contamination with T-2 and HT-2 were chosen in reference to the European
Commission "indicative levels for unprocessed cereals"” as published by the European Commission
recommendation 2013/165/EU for compound feed (EC, 2013). Therefore, two diets with toxin levels of
approximately 100 pg/kg (low dose) and 250 pg/kg (high dose) (sum of T-2 and HT-2 toxin) were prepared as

shown in Table 1.

For preparation of the artificially contaminated diets, oat flakes were milled to flour (< 0.5 mm particle size)
using a Grindomix 200 centrifugal mill (Retsch, Haan, Germany) and were contaminated with T-2 and HT-2 to
obtain the diets A(LD) and A(HD). For that purpose, standards of T-2 and HT-2 were added to 200 g of oat
flakes soaked in 1 L of distilled water, i.e., 10 pg of each toxin for the lower dose A(LD) and 25 pg for the
higher dose A(HD). The preparations were mixed vigorously for 1 h in a 2 L Erlenmeyer flask by a magnetic

stirrer and afterwards dried at 50 °C in a drying cabinet (FD-115, Binder, Tuttlingen, Germany) for 4 h and
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lyophilised (CTFD-10P, Berrytec, Griinwald, Germany) to a stable weight for 72 h. After lyophilisation, the
samples were again milled to a particle size of < 0.5 mm. For preparation of the uncontaminated control diet A

(C), oat flakes were treated identically, excluding the addition of mycotoxin standards.

For preparation of the naturally contaminated diets, oat flakes (50 g) were autoclaved (121.1 °C, 15 min) with
100 mL of distilled water in an Erlenmeyer flask. Afterwards, a spore suspension of F. sporotrichioides var.
minus Wollenweber 1930 (strain DSM No. 62425, obtained from the German Collection of Microorganisms and
Cell Cultures — DSMZ, Braunschweig, Germany) was added. For this purpose, the strain was cultivated on malt-
extract agar for three weeks, and spores were washed off with 2 mL of distilled water. After two weeks of
incubation at 25 °C, the mouldy material was autoclaved again, dried and milled to flour (< 0.5 mm particle
size). The naturally contaminated material contained 260 mg/kg T-2 and 18.2 mg/kg HT-2 as measured by LC-
MS/MS (method described below). As a consequence of this natural co-occurrence, the same T-2/HT-2 ratio was
also present in the prepared diets. Due to the high toxin amount in the moulded oat flakes, 5.0 g of the material
was pre-diluted 1:40 (195 g blank milled oat flakes) and homogenised in a 500 mL polyethylene vessel by using
a Reax 2 overhead shaker (Heidolph, Schwabach, Germany) for 4 h. For the diets N(LD) and N(HD), 3.2 g and
8.0 g of diluted moulded oat flakes were mixed with blank milled oat flakes to a total of 200 g and homogenised
again as described above. Uncontaminated milled oat flakes were used as the control group N(C). To determine
the homogeneity of the produced diets, ten samples were randomly taken from each contaminated diet and
analysed according to the LC-MS/MS protocol as given below. The results revealed relative standard deviations
ranging from 10.0 % for N(LD) to 19.6 % for N(HD). The homogeneity was therefore considered satisfactory.

The results of the controls were all < LOD for all four measured type A trichothecenes.

For quality control, the total energy and protein content in the feeding substrates were monitored (see Table 1).
The total energy of the diets was determined as the heat of combustion by adiabatic bomb calorimetry (2
repetitions, IKA C2000, Rhys International Ltd, Bolton, UK) and ranged from 17.8 to 18.7 MJ/kg. For the
determination of dry matter, the samples were dried at 103 °C until stable weight and weighed. The protein
content was determined by the method of Dumas in a LECO FP-248 Model Nitrogen Determinator (Leco,

Madnchengladbach, Germany) and ranged from 14.3 to 15.8 % on a dry matter basis (Table 1).

Selection, exposure, and harvest of larvae

T. molitor larvae, kindly provided by the Institute for Food Technology and Biochemical Engineering of

Bremerhaven University of Applied Sciences, Germany, were initially kept on wheat bran as substrate and were
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selected at an age of 42 days with a size of approximately 1 cm. Species identification was conducted via PCR in
our laboratory (unpublished method). Before starting the feeding experiment, the larvae were starved for 48 h
and divided into 16 diet groups, each containing 200 individuals with an average weight of 8.8 + 0.3 mg per
individual. The larvae were kept in 400 mL polyethylene cups for an exposure time of 4 weeks at 28 °C and

80 % humidity with a 12 h day and night light rhythm. Each group was fed ad libitum with a total of 6 g of the
designated diet. Experiments with the toxin-containing diets were performed in biological triplicate and blank
control diets in duplicate (see. Figure 1). During the experiment, the biological parameters larval weight gain and
survival rate, measured as the total amount of dead larvae for each diet, were recorded weekly. Larvae that died
during the 4-week feeding experiment were separated from the living larvae and stored at -18 °C. At the end of
the exposure time, the larvae were harvested and stored — along with the residues (mixture of moults, faeces, and

remaining feed in the cups) — at -18 °C before lyophilisation for 72 h.

Sample preparation of oat feed

The sample preparation procedure was based on Niermans et al. (2019) with slight modifications. Homogenous,
dry oat flakes (2.0 g) were weighed in a 50 mL polystyrene tube, and 15 mL of 0.2 % formic acid/ACN (50/50,
v/v) was added. The samples were extracted by ultrasonication (10 min) and horizontally shaken (500 rpm,

30 min). After centrifugation for 10 min (4100xg, 10 °C), 1 mL of supernatant was transferred into a 2 mL
reaction tube, and 250 mg of anhydrous sodium sulphate was added to separate the organic and water phases.
After mixing for 30 s with a vortex laboratory shaker, the samples were again centrifuged (12800 xg, 10 °C,

20 min). An aliquot of the supernatant (200 uL) was diluted with 1800 pL of water and filtered into an HPLC-

glass vial using a 0.2 um RC syringe filter (Berrytec, Grinwald, Germany).

Sample preparation of larvae/residues

Lyophilised larval samples were ground with a mortar and pestle, and 200 mg of dry sample material was
weighed in duplicate into a 2 mL reaction tube. Samples were extracted with 1.5 mL of 0.2 % formic acid/ACN
(50/50, v/v) in an ultrasonic bath (10 min) and horizontally shaken (500 rpm, 30 min). After centrifugation for

10 min (see above), samples were further treated as described before.

LC-MS/MS instrumentation

A Shimadzu high-performance liquid chromatography (HPLC) apparatus including binary pumps, a degasser, an

autosampler, a column oven and a control unit (LC-20AB, SIL-20AC HT, CTO-20AC, CBM-20A, Duisburg,
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Germany) was used for all measurements. The HPLC was coupled to an AP14000 triple quadrupole mass
spectrometer (MS) provided by Sciex (Darmstadt, Germany). The MS ion source parameters were set as follows:
ESI + ionization voltage, 4.200 V; nebulizer gas, 50 psi; heating gas, 50 psi; curtain gas, 35 psi; temperature,
550 °C; collision gas level, 7. The MS parameters used are summarized in Online Resource 1. Data acquisition

and processing were conducted with Sciex Analyst (Version 1.6.2) and MultiQuant software (Version 3.0.1).

Measurements and quantification

For chromatographic separation of T-2, HT-2, T-2 triol and T-2 tetraol, a 50 x 2.1 mm Kinetex™ 2.6 um
CoreShell EVO C18 100 A column protected by a SecurityGuard™ ULTRA EVO C18 2.1 mm guard column
(both Phenomenex, Aschaffenburg, Germany) was used. HPLC solvents were water and acetonitrile/water
(95/5, vlv, B), each containing 0.1 % formic acid and 5 mmol/L ammonium formate. The column oven
temperature was maintained at 30 °C, and 20 pL of sample extract was injected. The binary linear gradient
conditions at a flow rate of 0.4 mL/min were 0.0 min 2 % B, 5.5 min 100 % B, 8.5 min 100 % B and additional
re-equilibration of 2.2 min prior to each run. The quantification was performed via external matrix matched
calibration (linear regression). Standards were freshly prepared on each day of measurement. Aliquots of the
mixed standard solution containing T-2, HT-2, T-2 triol and T-2 tetraol were pipetted into glass vials, dried
under a gentle flow of nitrogen at 50 °C and reconstituted with extracts of blank oat flakes (prepared as described
above) and larvae/residues obtained from the blank diets (N(C), A(C)) to compensate for matrix effects. The
concentrations of the calibration standards were 0, 1.0, 2.5, 5.0, 10, 25, 50 and 100 ng/mL.

Statistical analyses of the processed data were conducted in Excel 2016 and R (Version 3.6.2, R Core Team
2019). A linear regression model was used to test the data for significance and plausibility. Figures were drawn

using OriginPro software (Version 2020, OriginLab, Northampton, USA).

Method performance and validation

Recovery rates were assessed for larvae, oat flakes, and residue samples after artificial contamination of each
matrix with the four analytes at two levels (75 pg/kg and 187.5 pg/kg). T-2 triol recovery in the residues was
assessed by artificial contamination at the levels of 187.5 pg/kg and 300 pg/kg. Limits of detection (LOD),
limits of quantification (LOQ) and linearity were calculated according to the calibration curve method of
German standard norm DIN 32645 (Chemical analysis —Decision limit, detection limit and determination limit
under repeatability conditions —Terms, methods, evaluation- (2008-11)). Intraday precision (RSDy) was

determined as the relative standard deviation of six replicates for each sample material and toxin amount. The
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interday precision (RSDr) was determined by the preparation and measurement of one sample on five
consecutive days (see Table 2). Amounts smaller than the LOD were treated as “0 ug/kg”. Levels < LOQ were

treated as 0.5 LOQ. All results were related to dry matter and not corrected for recovery rates.

Results

Method performance

LODs between 2.1 pg/kg for T-2 and 69.0 pg/kg for T-2 triol (each in residues) were calculated for each single
matrix (oat flakes, larvae, residues). The LOQs ranged from 7.0 pg/kg for T-2 to 184.4 pg/kg for T-2 triol
(Table 2). Recovery rates (% + RSDr) after artificial contamination of all sample materials with the four analytes
ranged from 50.1 + 22.8 % for T-2 tetraol (in residue and larvae) to 116.1 + 16.3 % for T-2 triol (in residue) at
the low level of fortification and from 48.5 + 9.5 % for T-2 tetraol (in larvae) to 134.3 £ 7.2 % for HT-2 triol (in
larvae) at the high level of fortification (see Table 2). For interday precision, RSDr values from 6.9 % for T-2 in
larvae to 25.4 % for T-2 triol in oat flakes (low level) were calculated. For the high level, RSDr ranged from

1.9 % for T-2 in residue to 27.1 % for T-2 triol in oat flakes.

Biological parameters

During the 4 weeks of exposure, the 6 feeding groups differed in their development. The larval weight gain of
the artificial diets, including the control group A(C), was significantly (P <0.001) higher than that of the
naturally contaminated diets; e.g., larvae fed the A(HD) diet gained 44.1 + 3 % (average = RSD) more weight
than the N(C) groups (see Figure 2 A). In total, their weight increased by 113.8 + 1 % compared to an average
weight gain of 92.8 £ 21 % over all diets. Moreover, larval growth differed significantly (P < 0.05) between diets
with different toxin levels. Compared to the percentage weight gain (comparing start and end of the experiment)
in the control diet (N(C)) groups, the groups fed both contaminated diets gained between 2.1 —17.6 % (N(LD))
and 7.6 to 11.0 % (N(HD)) more weight. The A(LD) diet groups gained between 11.2 and 21.5 % more weight
than A(C) (see Table 3). The additional weight gain of the A(HD) groups ranged from 17.4 to 19.8 %. Overall,
larval growth was highest during the first week: larvae of all diets showed 51 + 23 % weight gain in this period,
which then decreased steadily from week to week until the growth gain was 4.4 + 36 % from week 3 to week 4

(see. Figure 2 A).
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After 4 weeks of exposure, larval death was observed in all blank and contaminated diets, except for one
replicate of the control group N(C), in which all 200 individuals survived (Table 3). On average, the survival rate
was 88.6 = 10 % (see Table 3). Compared to the control group N(C) (97.3 + 4.0 %), the survival of N(LD)

(96.0 %) and N(HD) (97.2 %) was reduced or equal, with high biological variation, similar to that in the groups
fed the artificially contaminated diets (see. Figure 2 B). However, a highly significant difference (P < 0.001) was
observed between the natural and artificial diets (including the blank groups in both diets), resulting in an

average decrease of 16.2 % in the survival rate of the larvae fed the artificial diets (see Table 3).

Occurrence of T-2 and metabolites in larvae and residues

Larvae and residues of each diet group were tested for the presence of selected type A trichothecenes. Among
the samples of surviving larvae, neither T-2 nor any of its metabolites (HT-2, T-2 triol, T-2 tetraol) was detected.
One pooled sample of the larvae that died during 4 weeks of exposure (dead larvae) was measured to achieve
sufficient sample material for each diet group, as the cumulated dry weight of the dead larvae (72 + 16 mg) was
insufficient for assessing singular replicates.

None of the four selected trichothecenes were detected in the dead larvae of the control diet groups N(C) and
A(C). HT-2, T-2 tetraol and T-2 triol were not detected in any of the dead larvae samples, but the dead larvae
from the N(HD)-group contained up to 44.2 pg/kg of T-2. Lower amounts of T-2 toxin (7.7 pg/kg, > LOD - <
LOQ) were found in the larvae of the diet groups N(LD), A(LD), and A(HD) (see Table 4). The control diets

N(C) and A(C) were free from the investigated type A trichothecenes.

It was not possible to investigate the larval residue separately, and neither qualitative results nor feed conversion
could be derived, as the milled oat flakes had been further minced by the larvae during the feeding period,
resulting in a mixture of oat flakes and larval residue at the end of the 4-week exposure time. However,
compared to the fed contaminated oat diets, there was a reduction of T-2/HT-2 toxin levels in the residues

(Table 4).

Discussion

Our data revealed that the intake of type T-2 and HT-2 toxins, at total amounts of approximately 100 and
250 pg/kg, had a significant influence on the weight gain and survival of T. molitor larvae compared to the
control groups. Additionally, the preparation method of the contaminated oat flakes affected the biological

parameters, not only leading to increased body weight in the artificial diet groups (fortification of oat flake slurry
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with pure standard) but also to increased mortality of these larvae. With the current scientific knowledge, some

of the observed effects cannot be definitely explained.

Regarding the biological parameters, Van Broekhoven et al. (2014) observed increased weight gain in T. molitor
larvae fed T-2-contaminated diets with an almost unaffected survival rate (98 %). Additionally, the results of
Davis and Schieffer (1982) indicated that larval survival was not influenced by the amount of T-2, but the weight
gain decreased with increasing levels of the toxin. Type B trichothecenes such as deoxynivalenol (DON) can

lead to reduced larval body weight, locomotor activity and protein content (Jankovi¢-Tomani¢ et al. 2019).
However, not only single mycotoxins can be regarded as the sole factors influencing larval biological
parameters, especially since Fusarium spp. are able to form a variety of different toxic metabolites. For example,
F. sporotrichioides is capable of producing at least 17 toxic metabolites (Thrane et al. 2004). The observations of
larval biological parameters in the naturally contaminated diets could be attributed to the sum of existing
mycotoxins, i.e., not only to the four analysed mycotoxins but also to metabolites that have not been further
investigated in the present study. Guo et al. (2014) showed that the consumption of some Fusarium spp. can lead
to elevated mortality rates and that T. molitor larvae showed feed preferences resulting in avoidance of
contaminated diets with potential survival threats caused by some Fusarium species. However, Fusarium
graminearum-contaminated diets positively affected larval weight gain (Niermans et al. 2019), as was also
observed with the F. sporotrichioides-contaminated diets in this feeding study. A corresponding observation
from an earlier study was attributed to the fungus or other beneficial fungal secondary products (van Broekhoven
et al. 2014). However, as the total energy and dietary protein can be considered equal for the different diet
groups in the present feeding trial (see Table 1), the effects on larvae seemed to be due to the toxins or the

different preparation methods for the diets.

T-2 is known to inhibit protein synthesis and induce apoptosis (Shifrin 1999) in mammalian cells, e.g., in
reproductive, gastrointestinal and dorsal skin tissue (Doi et al. 2006). Therefore, if T-2 is assumed to have
similar effects in insect cells, the intake of trichothecenes could lead to a reduced growth rate or an increased
mortality of mealworm larvae. However, biotransformation pathways for mycotoxins, in T. molitor or any other
insect, have not yet been described, complicating the interpretation. In comparison, the T-2 degradation pathway
in mammals can be divided into two phases (Bauer et al. 1989; Ueno 1984). T-2 is mainly metabolized in the
intestinal epithelium and the liver and subsequently conjugated and detoxified (Bauer et al. 1989; Conrady-Lorck
et al. 1988). Excretion in mammals occurs via the faeces and urine (Pfeiffer et al. 1988). As this class of insects,

in particular the beetle family Tenebrionidae, has different anatomy and physiology from mammals, it is
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assumed that the degradation pathway of trichothecenes is also different, in particular because insects are able to
detoxify natural and synthetic noxious agents in a way that is impossible for mammals (Bass et al. 2015; lvie et
al. 1983).

Although several bacteria communities are capable of metabolising T-2 (Dohnal et al. 2008; Wachowska et al.
2017) and can be abundant in the T. molitor microbiome (Garofalo et al. 2019), their potential to metabolize all
incidental toxins is unknown. Excretion of mycotoxins appears to occur through the larval faeces (Niermans et
al. 2019; Ochoa Sanabria et al. 2019; Van Broekhoven et al. 2017). Therefore, a symbiosis of bacterial
communities and larval metabolism could be possible and could lead to an unknown pathway, resulting in
modification or putative degradation of T-2/HT-2 toxins in the larvae.

Another aspect that must be considered regarding larval weight gain and survival is differences in diet
preparation. As the dry matter of naturally and artificially contaminated diets differed by up to 5 %, it is
conceivable that the larvae fed artificial diets had a higher nutrient intake due to higher dry matter and
consequently higher energy density, leading to more weight gain, as was observed during the feeding
experiment. Here, the larvae of A(C) gained significantly more weight than the larvae of N(C). However, as the
oat flakes were prepared as a slurry in distilled water and heat treated during artificial diet preparation, it is
possible that through these preparation methods, vitamins or other sensitive micronutrients were degraded or
their content at least diminished. Because of the high metabolism of mealworm larvae and their repeated
moulting processes, vitamin malnutrition is possible in a short time span and could lead to the increased
mortality of the A(C) larvae compared to the N(C) larvae. The two diets also differed in terms of their T-2:HT-2
ratio. It cannot be excluded that these differing ratios could also have contributed to the observed differences.
Consequently, diet preparation should always be considered as an influencing factor in such feeding

experiments.

Regarding the detection of mycotoxins, none of the four investigated trichothecenes were detectable in the living
larvae. Therefore, it seems apparent that both toxins present in the diets were transformed into unknown
metabolites or degraded. In the latter case, the larvae — when harvested as fit, living and authentic organisms for
food production according to the general food law (EC 2002) — can be regarded as a potential degrader of T-
2/HT-2 from contaminated diets. These findings are in line with the results of Van Broekhoven et al. (2017),
who conducted a feeding experiment with T. molitor larvae grown on wheat flour naturally contaminated with
mycotoxins (inter alia, the structurally similar type B trichothecene deoxynivalenol). According to their data,
deoxynivalenol was not detected in the harvested larvae but was detected in larval faeces. Additionally, several

other trichothecene-contaminated feeding trials have been conducted with T. molitor larvae (Davis and Schieffer
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1982; Niermans et al. 2019; Ochoa Sanabria et al. 2019), and all pointed towards degradation of mycotoxins by
the larvae. However, if unknown metabolites are formed, detoxification in the living larvae cannot be assumed as
long as these compounds are not identified. To evaluate possible remaining cytotoxicity from unknown
metabolites, nontargeted studies should be performed with a bioassay such as the MTT cell culture assay (Gareis
2006; Hanelt et al. 1994). Furthermore, putative chemical modifications of the toxins, e.g., adduct formation
with glucuronic acid or sulphates, could be studied by incubation with the respective enzymes. The usage of

radiolabelled toxins could lead to further clarification of metabolic processes as well.

Potential cross contamination could be the reason for the exclusive detection of T-2 in dead larvae, e.g., through
contaminated oat particles on the larval exoskeleton or in the digestive tract. However, this appears unlikely, as
no T-2/HT-2 was detected in the identically treated surviving larvae. On the other hand, it seems more likely that
the biotransformation pathway of the toxins was interrupted in the dead larvae. As the sample volume of dead
larvae was low and samples had to be pooled, these observations should be reassessed in further studies. A
higher number of individual larvae in each biological replicate, higher toxin levels and the assessment of the
influence of extrinsic factors, such as temperature and humidity, on larval metabolism would also be of high
interest. As discussed before, the putative formation of unknown metabolites should also be studied to better

understand the biotransformation and impact of type A trichothecenes on mealworm larvae.

When evaluating the results of the residue samples, the reduction of both T-2 and HT-2 in these samples strongly
pointed towards unknown metabolic processes since the trichothecene levels of the diets can be seen as stable
during the feeding trial (Omurtag 2008). If T-2 triol was excreted in low amounts during the feeding experiment,
a false negative result also appears to be possible, as the validated method is quite insensitive regarding the LOD
detection level in residue. Furthermore, a separate analysis of residue alone was not possible. The T-2 levels
detected in dead larvae as well as T-2 and HT-2 levels in residues are — compared to the regulatory limits on
toxin levels in cereals in 2013/165/EU (EC 2013) — quite low. As neither dead or perished animals nor

excrements are allowed to be used or processed as food in the European Union (EC 2002), these results are

interesting from a scientific point of view but have no impact on the safety of insects for food use, provided that

current food legislation is respected.

In conclusion, T. molitor larvae were affected by the trichothecenes as well as by the diet preparation itself.
Larval growth was positively influenced by the addition of trichothecene-containing F. sporotrichioides, but the
toxin amount had no effect on larval survival within the two diet groups. The detection of T-2 in dead but not in

living larvae indicated a yet unknown metabolic or biotransformation process in the larvae. Therefore, the results
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indicated that T. molitor larvae (harvested as healthy, living organisms) are potential degraders of T-2/HT-2
toxins. However, further studies on biotransformation pathways and the effects of potentially formed metabolites

are still needed.

Conflicts of interest: None.
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Figure 1 Feeding experiment design: Each diet contained n = 200 T. molitor larvae fed on 6 g designated

feed for 4 weeks. For diet preparation and concentration see. Table 1.
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Figure 2 Average larval growth (A) and survival rates (B) for the different diet groups during 4 weeks of
exposure to trichothecene contaminated oat flakes (*= P <0.05, **=P <0.001; linear regression model).
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Tables

Table 1 Different diets, amounts of T-2 and HT-2 toxin, and nutrient composition

Diet Code ?e:g:?(?aitce il T-2 [ug/kg] HT-2 [ug/kg] Dry Matter [%]  Protein [%] ¢  Total Energy [MJ/kg]
Natural Control? N(C) 2 0 0 90.1 14.3 17.8
Natural Low Dose® N(LD) 3 88.8+11.6 11.1+ 3.0 90.6 155 18.1
Natural High Dose® N(HD) 3 262.3+47.3 26.0+6.6 911 14.3 17.9
Artificial Control? A(C) 2 0 0 93.3 145 18.3
Artificial Low Dose®  A(LD) 3 53.9+38 51.6+0.9 95.7 15.8 18.7
Artificial High Dose®  A(HD) 3 139.8+7.6 1209+2.2 95.9 144 18.7

2Uncontaminated ground oat flakes for human consumption
® Naturally moulded oat flakes (F. sporotrichioides var. minus Wollenweber 1930); contents adjusted by mixing and homogenization with

uncontaminated ground oat flakes

¢ Ground oat flakes artificially contaminated with standards of T-2/HT-2 toxin

4 Protein content on a dry matter basis
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Table 2 Performance parameters of the LC-MS/MS-method including recovery rates (n= 6 replicates) and

precision
Level of
Toxin Matrix LOD [pg/kg] LOQ [parka] fortification Recovery [%] RSD; [%] RSDg [%]
[1g/kg]
75 107.6 0.1 6.9
T-2 Larvae 46 15.3
187.5 112 1.3 7.1
75 101.2 4 18.5
Oat flakes 3.3 11
187.5 101.2 4 8.4
75 1154 6.1 8.6
Residue 2.1 7
187.5 102.7 8.3 1.9
75 101.8 0.1 11
HT-2 Larvae 8.4 27.9
187.5 134.3 7.2 10.2
75 86.1 7.7 17.3
Oat flakes 12 39.7
187.5 79.8 6.4 10.3
75 97.7 7.5 16.9
Residue 20.5 68.2
187.5 100 6.5 8.9
. 75 104.3 34 9.6
T-2 triol Larvae 29.6 98.8
187.5 105.9 49 7
75 75.9 11.4 25.4
Oat flakes 9.5 315
187.5 72.8 10 27.1
. 187.5 116.1 16.3 95
Residue 69 184.4
300 95.8 3.7 115
75 50.1 15.9 8.5
T-2 tetraol Larvae 246 82.4
187.5 48.5 9.5 11
75 60.1 24.1 11.1
Oat flakes 30 102
187.5 59.4 7.4 14.1
75 50.1 22.8 10.6
Residue 25 83.7
187.5 50 7.3 5.8

LOD limit of detection; LOQ limit of quantification;
RSDr Intraday precision was determined as relative standard deviation by 6 replicates for each sample material and concentration;
RSDR Interday precision was determined as relative standard deviation with one replication on 5 consecutive days.
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Table 3 Larval weight gain and survival during the 4-week feeding experiment

. Code/Replicate Weight gain o Weight gain RSD - Mean + SD
Diet No. [%] Mean + SD [%)] [%] Survival [%] %]
Natural Control N(C) 1 61.4 945
(n=2) 69.8+11.8 16.8 97.3+3.9
N(C) 2 78.1 100
Natural Low Dose N(LD) 1 87.4 945
(n=3)
N(LD) 2 75.2 78.1+8.2 10.4 97.5 9%6+15
N(LD) 3 71.9 96
Natural ngh Dose N(HD) 1 80.7 98,5
(n=3)
N(HD) 2 774 79.3+1.7 2.2 98 97.3+16
N(HD) 3 79.9 95.5
Atrtificial Control A(C) 1 79 76.5
(n=2) 95,5 +23.2 243 778+1.8
A(C) 2 111.9 79
Atrtificial Low Dose A(LD) 1 116.9 87
(n=3)
A(LD) 2 116.4 113.3+5.8 51 775 80.8+5.3
A(LD) 3 106.7 78
Artificial ngh Dose A(HD) 1 113.3 825
(n=3)
A(HD) 2 112.9 113.8+1.3 11 84 823+18

A(HD) 3 115.2 80.5
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Table 4 Amounts of type A trichothecenes in sample material of the different diets
Sample material Diet Code -Elizg kg Eglig] 'IEHZQ;Ir(Ié)]I -[r;é/kg;]e traol

Larvae Natural Control N(C) nd nd nd nd
Natural Low Dose N(LD) nd nd nd nd

Natural High Dose N(HD) nd nd nd nd

Artificial Control A(C) nd nd nd nd

Artificial Low Dose A(LD) nd nd nd nd

Artificial High Dose A(HD) nd nd nd nd

Dead larvae® Natural Control N(C) nd nd nd nd
Natural Low Dose N(LD) 7.7° nd nd nd

Natural High Dose N(HD) 44.2 nd nd nd

Artificial Control A(C) nd nd nd nd

Artificial Low Dose A(LD) 7.7° nd nd nd

Artificial High Dose A(HD) 7.7° nd nd nd

Residue” Natural Control N(C) nd nd nd nd
Natural Low Dose N(LD) 58.64 nd nd nd

Natural High Dose N(HD) 135.8¢ nd nd nd

Artificial Control A(C) nd nd nd nd

Artificial Low Dose A(LD) 29.7 34.1° nd nd

Artificial High Dose A(HD) 51.1 34.1° nd nd

nd not detected (< LOD)

2Dead larvae larvae, that died during 4-week exposure
® residue mixture of oat flour and larval faeces

¢ Levels < LOQ were considered as 0.5 LOQ

d Sample pooled to achieve sufficient material for measurement
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Retention . Quantifier e -
N Precursor ion . Qualifier ion DP CE [eV] CXP [V] lon ratio
Compound Abbrev. time [m/z] lon [m/z] V] (quant/qual)  (quant/qual) (qual / quant)
[min] [m/z]

T-2 Toxin T2 4.9 484.3 305.2 245.1 61 21/19 18/14 0.79
HT-2 Toxin  HT-2 45 4422 263.1 215.1 51 19/21 14. Dez 0.94
T-2 Triol Triol 4.3 400.3 215.2 281.4 41 17/13 Okt 26 0.31
T-2 Tetraol Tetraol 1.4 316.2 215.1 233.2 46 15. Sep 20/44 0.37

Entrance potential (EP) = 10 V for all analytes. Abbreviations: DP: declustering potential, CE: collision energy, CXP: cell
exit potential

! Determined using the final HPLC conditions; 2 Mean of three injections of a standard solution

(c =50 ng/mL)
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4 Discussion

As explained in detail in section “Discussion” of the Publication (see section 3.), T. molitor
larvae have been affected both by the trichothecenes as well as by the diet preparation itself.
Larval growth was positively influenced by the addition of trichothecene containing
F. sporotrichioides, but the toxin amounts seemed to have no effect on larval survival within
the two diet groups. The detection of T-2 in dead, but not in living larvae indicated a yet

unknown metabolic or biotransformation process in the larvae.

The T-2 concentrations, detected in dead larvae, as well as T-2 and HT-2 concentrations in
residue are -compared to toxin levels regulated in 2013/165/EU (EC 2013) - for cereals quite
low. But to evaluate the remaining cytotoxicity of the sample material and to safely exclude
any potential risk to humans or animals, further investigations using effect based bioassays
such as the methylthiazoltetrazolium (MTT) -cell culture assay (Gareis 2006; Hanelt et al. 1994)
could deliver additional information on the safety and would be another technique to
compare the different diets. This bioassay enables the quick and sensitive toxicity
determination of extracted sample material on mammalian cells (Swine Kidney cell line). Due
to its low specificity, the remaining toxicity even of yet unknown metabolites on mammalian

cells may be detected.

Especially such unknown metabolites are from scientific interest regarding the
biotransformation of insects. As mentioned above, the animals of the class of insects have a
different anatomy and physiology compared to mammals. Therefore, a mammal-like
degradation of trichothecenes divided in phase-I-/-Il -metabolism appears unlikely, not least
because of the lack of the anatomical structures required for these processes, such as liver
cells including the necessary enzymes.

Moreover, insects are able to detoxify noxious agents in a way that is impossible for mammals.
Bass et al. (2015) reviewed the biochemical and molecular mechanisms of insects involved in
the resistance against neonicotinoid insecticides and revealed insect unique processes of
detoxification. Additionally, Ivie et al. (1983) investigated the larvae of a certain insect family,
the Papilionidae. These larvae feed successfully and preferentially on plants that contain
psoralens, without any signs of intoxication. Psoralens (linear furocoumarins) are photoactive
compounds that readily alkylate DNA when activated by longwave ultraviolet light and pose

significant toxicological risks to man and other organisms. This second study reveals another
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important aspect related to the mycotoxin biotransformation in insects: The specific family or
species adaption to their habitat and biological surrounding.

As different metabolism of trichothecenes is described for different mammal orders (Doi et
al., 2006), it is more than likely that in a such diverse animal group like insects, different

biotransformation strategies for detoxification of noxious agents have evolved.

As mentioned above T. molitor larvae have been affected by the trichothecenes as well as by
the diet preparation itself in the presented study, these results pointing to new working
hypothesis and study design adaptions for further upcoming studies. First adaptions should
be made regarding the form, the diets were provided to the larvae.

In the current feeding experiment the feed conversion of the different diets could not be
recorded, because the larvae additionally crushed the initially, already very fine, oat flour
during the 4 weeks feeding trail and afterwards a separation from their residues was no longer
possible. Therefore, the flour should be pelletized after contamination, this would ensure that
the larvae are still able to eat the prepared diets, but diet fragmentation is small enough for

an adequate separation from the residue.

Additionally, this procedure would enable separate LC-MS/MS analysis of remaining oat flour
and residue for the investigated trichothecenes. A separate determination of trichothecene
levels is from scientific interest as e.g., Niermans et al. (2019) described differing zearalenone
concentrations in residue and remaining diet material, indicating metabolic transformations

of mycotoxins in the larvae.

As the oats of the spiked diet were prepared as a slurry in distilled water and heated, it is
possible that vitamins or other sensitive micronutrients were degraded or at least their
content diminished. Therefore, it seems appropriate to omit the heat step and proceed
directly with lyophilisation, in order to reduce the potential influencing factors to a minimum.
The applied dilution of the reference standard solutions in water and the mixing with the oats
appears unavoidable to ensure a homogeneous distribution of trichothecenes in the prepared

contaminated diets.

As entomophagy in Europe is struggling with consumer refusal and safety concerns
(Hamerman, 2016; Tan et al., 2016), the result of the presented study could be used to
mitigate these food safety concerns. As T. molitor is one of the edible insect species that

already has a comparable high European consumer acceptance (Bednarova et al.,, 2013;
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Hartmann et al.,, 2015), these findings could contribute to change the consumers and
producers current focus away from concerns to the beneficial aspects of entomophagy.
Especially since 15.3 % of women and 15.6 % of men in Europe are suffering from obesity
(Lange and Finger, 2017), the inclusion of insects into the diet of Europeans could have positive
effects both for each individual and for the burdened health systems of the member countries.
The relatively high protein content- although discussed controversially (Jonas-Levi and

Martinez, 2017) - with low fat content is of particular importance here.

In addition to the nutritional benefits, economical, and ecological aspects of edible insects
farming also have to be considered. Compared to other livestock, edible insects are less
resource demanding by an even higher food conversion (Dobermann et al., 2017; Miglietta et
al., 2015; van Huis et al., 2015). A very high selling price of e.g., 49.50€ per 100g Grasshopper
powder (kreca®, June 2020), is also of economic interest. The present study, in line with
several other mycotoxin related feeding studies (Davis and Schieffer, 1982; Niermans et al.,
2019; Ochoa Sanabria et al., 2019; Van Broekhoven et al., 2017), pointing towards T. molitor
larvae (harvested as sane, living organisms) being a potential degrader of T-2/HT-2 as well as
a safe utilizer of trichothecene contaminated grains. Indicating the possibility that spoiled
grains could be used as diet for food-producing insects, these findings represent a further -
economically and ecological very important - aspect for the insect industry.

This could lead to a decreased waste of resources by a simultaneously sustainable food or feed
production. Insects as feed appear in this context as almost perfect solution, as they could be
rear on spoiled grains, which are found on nearly every farm, and afterwards used as
concentrated feed for livestock e.g., pigs or poultry. Although such a procedure is currently
prohibited in the EU, it offers an outlook, especially regarding the United Nations Sustainable

Development Goals (no poverty, zero hunger, good health and well-being) (FAO 2009).

In conclusion, the presented study demonstrated that T. molitor larvae have been affected
concerning weight and survival by F. sporotrichioides and type-A trichothecenes as well as the
diet preparation itself.

In a wider perspective these findings, being in accordance with several other mycotoxin
related feeding experiments on T. molitor (Niermans et al., 2019; Van Broekhoven et al.,
2017), reaffirm the expectations of edible insects to potentially contribute to meet the
challenges of the future. As biotransformation of mycotoxins has to be considered to be

different compared to mammals, these unknown pathways have to be further investigated
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and the toxicity of insect metabolites should be evaluated with appropriate methods, like a
MTT-Bioassay (Gareis, 2006). Nevertheless, the presented results indicated T. molitor larvae
(harvested as fit, living organisms) being a potential degrader of T-2/HT-2 as well as a safe

utilizer of contaminated grains, especially when containing trichothecenes.
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5 Zusammenfassung

Insekten sind mit Gber einer Million beschriebenen und mit bis zu 2,5 Millionen geschatzten
Arten (Storch 2018; Zhang 2011) die artenreichste Gruppe im Tierreich. Sie kommen auf allen
Kontinenten und Ozeanen der Welt vor und besiedeln verschiedenste Habitate. Uber 2100
Insektenarten gelten momentan als zum menschlichen Verzehr geeignet. Aufgrund ihres
hohen Proteinanteils und der effizienten Futterumsetzung gelten Insekten als eine potenzielle
Nahrungsmittelquelle, um die ersten drei Ziele fiir nachhaltige Entwicklung (keine Armut, kein
Hunger, gute Gesundheit und Wohlbefinden) der Vereinten Nationen zu erreichen (FAO,
2009). Innerhalb der Europdischen Union missen essbare Insekten gemaR der Verordnung
(EU) 2015/2283 als neuartige Lebensmittel (,Novel Food“) zugelassen werden und unterliegen
demzufolge den Anforderungen an Hygiene und Sicherheit von Lebensmitteln, dazu gehort
unter anderem auch die Einhaltung behordlicher Grenzwerte fiir Mykotoxine. Da Substrate,
die bei der Fltterung von Insekten eingesetzt werden, haufig anfallig fiir einen Befall mit
Trichothecene produzierenden Schimmelpilzen der Gattung Fusarium sind, besteht Grund zu
der Annahme, dass es zu einer Mykotoxinkontamination sowohl der Futtermittel als auch in

weiterer Folge der Insekten selbst kommen konnte.

Hinsichtlich der Ubertragung von Mykotoxinen aus verschimmelten Substraten auf Insekten
wurden mehrere Fitterungsexperimente mit Larven des gelben Mehlwurms
(Tenebrio molitor) durchgefiihrt, die auf eine Biotransformation von Trichothecenen, z.B.
Zearalenon (Niermans et al., 2019) oder Deoxynivalenol (Ochoa Sanabria et al., 2019) durch
die Larven hindeuten. Umfassende Untersuchungen zum Metabolismus und zum Verbleib von

Typ A Trichothecenen in Insekten, insbesondere in T. molitor, liegen jedoch bisher nicht vor.

Das Ziel dieser Studie war es daher, den Einfluss von T-2- und HT-2-Toxin auf den Lebenszyklus
von T. molitor Larven zu untersuchen und das Vorkommen von T-2, HT-2, T-2 triol und T-2
tetraol in den Larven nachzuweisen. In einer vierwochigen Fltterungsstudie wurden
T molitor-Larven entweder auf natlirlichem (mit Fusarium sporotrichioides befallenem) oder
kiinstlich mit diesen Trichothecenen kontaminiertem Hafer gehalten. Diese Haferdidten
wurden jeweils in den Konzentrationsstufen 100 und 250 pg/kg (Summe aus T-2 und HT-2)
hergestellt. Im Verlauf des Experiments wurden die Sterblichkeit und die Gewichtszunahme

der Larven erfasst. Nach Ablauf der vier Wochen wurde das Probenmaterial mittels LC-MS/MS
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Analytik auf das Vorkommen der vier Trichothecene T-2, HT-2, T-2 triol und T-2 tetraol hin

untersucht.

Wahrend des Experiments unterschieden sich die verschiedenen Diaten in Hinblick auf die
Larvenentwicklung: Larven, die mit kinstlich kontaminiertem Hafer gefiittert wurden
(einschlieflich der negativ Kontrollen), zeigten hierbei eine um bis zu 44 % hohere
Gewichtszunahme als Larven auf dem natirlich kontaminierten Futter. Allerdings wurde bei
ersteren Larven auch eine 16 % hdhere Sterblichkeit beobachtet. Nach Abschluss des
Experiments wurden in den tiberlebenden Mehlwurmlarven keine nachweisbaren Gehalte der
untersuchten Trichothecene mehr festgestellt. In den Larven, die wahrend der Studie starben,
als auch in den Riickstanden (nicht trennbare Mischung aus Kot und Hafer) der verschiedenen
Diaten wurde jedoch T-2 und HT-2 nachgewiesen. Dies war bei beiden Populationen der
unterschiedlichen Futtermittelkontaminationsquellen der Fall. Diese Ergebnisse zeigen, dass
T. molitor Larven von Typ A Trichothecenen beeinflusst werden. In Hinblick auf die
Lebensmittelsicherheit bleibt festzuhalten, dass die lebenden Larven dennoch als sichere

Verwerter von T-2/HT-2-kontaminiertem Hafer angesehen werden kénnen.
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6 Summary

Insects are the most diverse animal group on earth, with over one million described and up to
2.5 million estimated species (Stork, 2018; Zhang, 2011). They are abundant on all continents
and oceans of the world and appear in most diverse habitats. Over 2000 species are referred
as edible. Due to high-quality protein and high biomass conversion, edible insects are regarded
as a potential contributor to the first three Sustainable Development Goals of the United
Nations (no poverty, zero hunger, good health and well-being) (FAO, 2009). Within the EU,
edible insects need to be approved as Novel Food according to Regulation (EU) 2015/2283
and have to fulfil food safety requirements like regulatory limits for mycotoxins. Substrates
used for feeding insects are receptive for growth of Fusarium spp. and, consequently, a

contamination with mycotoxins, especially trichothecenes.

Regarding the transfer of mycotoxins from mouldy substrates to insects several trichothecene
feeding trails have been conducted with larvae of the Yellow Mealworm (Tenebrio molitor),
pointing towards degradation of trichothecenes e.g., zearalenone (Niermans et al., 2019) or
deoxynivalenol (Ochoa Sanabria et al., 2019) by the larvae. However, comprehensive
investigations on the metabolism and fate of type A trichothecenes in insects, especially in

T. molitor, are not available so far.

Therefore, the current study aimed to investigate the influence of T-2 and HT-2 toxin on
T. molitor larvae’s life cycle and to determine an occurrence of T-2, HT-2, T-2 triol and T-2
tetraol in the larvae. In a 4-week feeding study, T. molitor larvae were kept either on naturally
(oats moulded with Fusarium sporotrichioides) or artificially contaminated oats (each two
levels with approximately 100 and 250 pg/kg, sum T-2/HT-2). Weight gain and survival were

monitored, and mycotoxins were determined using LC-MS/MS.

Larval development varied between the diets, resulting in 44% more weight gain in the
artificially contaminated diets. On the contrary, these groups also had a lower survival rate by
16 %. Measurements after harvest revealed no detectable levels of the investigated
trichothecenes in the surviving mealworm larvae. However, T-2 and HT-2 were found in the
residues and larvae that died during the study, both in naturally and artificially contaminated
diets. Therefore, the results revealed an impact of type A trichothecenes on T. molitor, still

indicating that the larvae may be safe utilizers of T-2/HT-2-contaminated oats.
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