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Abstract

Insects are consumed in the tropics in many pdriseoworld. However, they do not form
a part of the diet in Western countries. Nowadaysng arguments exist to expand the
consumption of edible insects to the Western worlie world population is growing and
with a growing welfare, the demand for animal piotés increasing. Production of
conventional livestock is associated with detrimaémiffects on the environment, such as
global warming, land degradation and loss of biedsity. The nutritional value of edible
insects is comparable to that of conventional meat insect production has several
benefits over the production of conventional lieegt Insects emit less greenhouse gases
per unit of growth, need less land area to be preduand can be grown on organic by-
products. In addition, insects do not invest enengkeeping a constant body temperature
and can therefore invest more energy in growths Titeans they require relatively less feed
to gain biomass, compared to conventional livestock

This thesis focuses on three mealworm species:Y#leow mealworm Tenebrio
molitor L.), the Giant mealworm Zpphobas morio Fab.) and the Lesser mealworm
(Alphitobius diaperinus Panzer). Mealworms are already mass-produced asféeepets
such as reptiles and birds. In addition, they aremgsing candidates for human
consumption. The aim of this thesis is to 1) expltre possibility to produce mealworms
more sustainably on certain organic by-products Znid investigate potential food safety
risks associated with edible mealworms. The thstsigswith a brief introduction on the
concept of insects for human consumption, followgan overview of the nutritional value
of the three mealworm species. Possible food safisks of edible insects, with an
emphasis on mealworms, are discussed. In Chaptdre2three mealworm species were
produced on diets composed of organic by-prodddiring in protein and starch content.
Large differences in growth and development of meains were observed on the different
diets. Furthermore, diet affected feed conversifficiency and fatty acid profile of the
insects. The results show that diet can be usattéo mealworm growth speed and harvest
weight, and, to a certain extent, their fatty guidfile. In Chapter 3, risk of contamination
of T. molitor with a common mycotoxin, deoxynivalenol, was irtigeged. The mycotoxin,
present in the larval diet in naturally realistiencentrations, did not affect growth and
survival of T. molitor. After harvest, the mycotoxin was not detectedhm larval bodies,
and appeared to be in part excreted through ldaedes. Chapters 4 and 5 explored the
potential of allergic cross-reactivity of mealworprotein. In Chapter 4, the allergic
potential of T. molitor was assesséad vitro using sera from individuals allergic to House
dust mites and crustaceans. Results showed tlaab&énese allergic individuals did cross-
react with protein fronT. molitor, which means the possibility of an allergic reactupon
consumption of this mealworm species is realisbbapter 5 expands on the study of



Chapter 4 by assessing the allergic potential lofhabée mealworm specian vitro using
sera from individuals allergic to either House dusites or crustaceans. In addition,
influence of the food processing methods boilimginfy and lyophilisation on allergenicity
are determined, as well the effectiofitro digestion. Results show that protein of all three
mealworm species did cross-react with sera fromatlezgic individuals. Heat processing
andin vitro digestion did reduce, but not eliminate this reactThe final chapter of this
thesis discusses the obtained results in a brozmtgext and identifies topics of further
research contributing to the introduction of edibisects. Furthermore, different aspects
that may create barriers to the introduction ofbkdiinsects are discussed, such as
consumer acceptance and legislation.
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Chapter 1

I nsects as food

The consumption of insects as food by human bemdgs, called entomophagy, is as old as
mankind. In his 1951 "Insects as human food, a temapn the ecology of man",
Bodenheimer, (1951) extensively reviewed recordmeécts being consumed throughout
human history. For example, several insect spesigable for human consumption are
listed in the Bible (Leviticus) such as cricketsddagrasshoppers. The ancient Greeks and
Romans were familiar with eating cicadas and meetiolocusts being consumed by
different tribes (Bequaert, 1921; Bodenheimer, 3951

Today, entomophagy is still practised in tropical ssubtropical countries in Africa
(Ramos-Elorduy, 2009; Van Huis, 2003), Asia (MeRRerchow and Changkija, 1997; Yen,
2015; Yhoung-Aree et al., 199@hd Latin America (Cerda et al., 2001; Costa-N2@41,5;
Ramos-Elorduy, 2009), and by aboriginal people aistfalia (Meyer-Rochow and
Changkija, 1997; Yen, 2009b, 2015). Worldwide, o&500 species of insects are
consumed by humans (Jongema, 2014). Insects are aftem collected from the wild,
although (semi-)cultivation systems are used fa pinoduction of some species (Van
Itterbeeck and Van Huis, 2012), such as the reaoihdomesticated silkworm pupae
(Bombyx mori L.) in Asia (DeFoliart, 1995) which are a by-protoc silk production and
the harvesting of eggs from aquatic water bugs (Hemwa: Corixidae) for human
consumption in Mexico (Ramos-Elorduy, 2006). In West, insects are no longer a part of
the human diet and the practice of entomophagy fisnoconsidered primitive and
disgusting (DeFoliart, 1999; Yen, 2009a).

In the 19" century, both Riley (1877) and Holt (1885) advedathe consumption of
insects by humans in the Western world. Both astheere aware of the practice of
entomophagy in other cultures. When observing @bkl caused by pest insects
consuming food crops, they suggested the insectsragritious and palatable alternative
food source which would aid in averting starvatiespecially among the rural population.
Both authors were also aware of the Western biamsginsects as food. In the early"20
century, Bequaert (1921) acknowledged the widesbpractice of entomophagy among
indigenous people in tropical countries, but intcast to Holt, he did not advocate the
consumption of insects in the West, because obide

More recently, awareness of entomophagy was crelayedmong others DeFoliart
(1992, 1995, 1999), Ramos-Elorduy (1990, 1997), Wams (2003, 2005) and Meyer-
Rochow (1997)Due to the negative Western view on entomophagretiis a risk the
practice will go out of favour amongst indigenousople, while an alternative protein
source to replace insects in their diet is oftem aailable (DeFoliart, 1999; Ramos-
Elorduy, 1997). In addition to being an importambtgin source in tropical countries,
strong arguments exist to expand the practice tireophagy to the Western world. The
world population is expected to exceed 9 billior2050 and the demand for animal derived
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General introduction

protein is expected to increase with 75% (Alexaturand Bruinsma, 2012). Production of
conventional livestock is associated with severatrichental environmental effects,
including global warming, land degradation, andlogbiodiversity (Steinfeld et al., 2006).
Insects emit less greenhouse gases per unit oftigr@®onincx et al., 2010) and need less
land area to be produced compared with conventibwestock (Oonincx and De Boer,
2012). Furthermore, as insects are poikilothernid(btooded) they do not invest energy in
keeping a constant body temperature, and can trer@fivest more energy in growth
(Nakagaki and DeFoliart, 1991), requiring relatividss feed to gain biomass. This makes
insects more efficient production animals than @mnal livestock. Nutritional value of
insects varies depending on species and develophstatge, though many species are rich
in protein and fat, essential amino acids and fattigs as well as vitamins and minerals
(Bukkens, 1997; Rumpold and Schltter, 2013).

In the Western world, edible insects need to balgred in closed farming systems to
allow for year-round production. Promising candetato commence the introduction of
edible insects are species that are already beioduped as pet food and for use in
laboratories, such as crickets, locusts and meatsoNutritional value as well as food
safety risks need to be addressed when introducgagt species on the Western market for
human consumption (Belluco et al., 2013; Rumpold &ahliter, 2013).

M ealwor ms

Mealworms are the larval stage of Darkling beef{ésleoptera: Tenebrionidae; Figure 1).
The insects are commercially produced in the Westerld as pet food for reptiles and
birds and as fish bait. In addition, they are psing species for human consumption.
Recently, several companies in The Netherlands kaveip separate production lines to
produce mealworms for human consumption. This shiegiusses on three species of edible
mealworms: the Yellow mealworni¢nebrio molitor L.), the Giant mealwormZpphobas
atratus Fab.) and the Lesser mealworAiphitobius diaperinus Panzer), all three of which
are produced in The Netherlands. Presently, @niyolitor andA. diaperinus are produced
for human consumption; howeveét,atratus is edible (Ramos-Elorduy, 2009).
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Figure 1: Life cycle of mealworm species
(here Tenebrio molitor).

Tenebrio molitor grows to a body length of about 2.5 cm and is mroon stored
product pest feeding on grain and cereal proddghobas atratus is originally from the
American continent and is often found in bat guama other organic litter in nature
(Tschinkel, 1984). This species resemblesnolitor in shape and colour, but grows to a
larger size of about 3.8 to 5.7 cm (Quennedey .et18P5). Alphitobius diaperinus is a
tropical beetle. It frequently inhabits poultry ls@s in colder climates, where it feeds on
poultry fodder, manure and dead poultry (Despinglgt1994; Dunford and Kaufman,
2006). The species grows to about 0.75 cm. Devedoptime of these species depends on
different factors including temperature (Rueda Amtell, 1996; Wilson and Miner, 1969),
moisture (Murray, 1968; Urs and Hopkins, 1973a,di@t quality (Fraenkel et al., 1950;
Hosen et al., 2004; Morales-Ramaos et al., 2010;d%alalorduy et al., 2002), larval density
(Barnes and Siva-Jothy, 2000; Quennedey et al5;1@@®aver and McFarlane, 1990) and
strain differences (Urs and Hopkins, 1973a, b)adiition, mealworms show plasticity in
number of larval instars, which appears to be erfized by the same parameters as overall
development time.

With respect to nutritional research on mealwormcggs, most research has focused on
T. molitor as a feed insect for insectivorous animals (Baskeal., 1998; Finke, 2002;
Pennino et al., 1991; Ramos-Elorduy et al.,, 2008}, @0 a lesser extent, for human
consumption (Ghaly and Alkoaik, 2009). Several Esidompared the nutritional value of
T. molitor with Z. atratus (Barker et al., 1998; Finke, 2002; Pennino etl#191). Research
on the nutritional value of. diaperinus is scarce (Despins and Axtell, 1995). Table 1
summarises the approximate nutrient compositionfasid in the abovementioned
literature. Moisture content @i. molitor andZ. atratus is comparable. Of the three species,
A. diaperinus has the highest protein content afdatratus has the highest fat content.
Carbohydrate content was calculated by subtra¢hiagother nutritional components from
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total dry weight. A higher carbohydrate content wasnd for T. molitor than for Z.
atratus. Chitin, a complex carbohydrate and main compooétite insect exoskeleton, was
included in fibre. A wide range in fibre contentsmeported foil. molitor, with the value
from Ramos-Elorduy et al. (5.0; 2002) being lowart the values found by Barker et al.
(14.5; 1998), Finke (21.6; 2002) and Pennino ef1a.9; 1991). Differences in values can
occur due to differences in insect strains, digtviped to the insects, and analytical
methods used to determine nutritional components.

Table 1: Approximate nutrient composition (minimum — maximum or average values reported as % DM
unless stated otherwise) of Tenebrio molitor, Zophobas atratus and Alphitobius diaperinus.

Component Tenebrio molitor Zophobas atratus Alphitobius diaperinus
Moisture 58.1 - 61.9 556 - 57.9 -
(% of fresh weight)
Crude protein 450 - 68.9 40.6 - 46.8 67.9
Crude fat 23.0 - 37.7 40.8 - 449 20.7
Carbohydrates 7.1 2.6 -
Fibre 50 - 21.6 13.0 - 13.6 7.3
Ash 24 - 4.3 24 - 8.6 5.0

-: No information available.

Sources: moisture content for T. molitor and Z. atratus (Barker et al., 1998; Finke, 2002; Pennino et al.,
1991), T. molitor only (Ghaly and Alkoaik, 2009); crude protein, crude fat and ash content for T. molitor and
Z. atratus (Barker et al., 1998; Finke, 2002; Pennino et al., 1991), T. molitor only (Ghaly and Alkoaik, 2009;
Ramos-Elorduy et al., 2002), A. diaperinus (Despins and Axtell, 1995); carbohydates for T. molitor and Z.
atratus (Finke, 2002), T. molitor only (Ramos-Elorduy et al., 2002); fibre for T. molitor and Z. atratus (Barker
et al., 1998; Finke, 2002; Pennino et al., 1991), T. molitor only (Ramos-Elorduy et al., 2002) and A.
diaperinus (Despins and Axtell, 1995).

Amino acid content of the different mealworm specias analysed by Finke (2002) fior
molitor andZ. atratus and by Despins and Axtell (1995) fardiaperinus (Table 2). Values
were comparable between species for most aminc,aekteptA. diaperinus appeared
higher in methionine, tryptophan and histidine ttiaa other two specie$enebrio molitor
was lower in glutamic acid than the other two spgcbut higher in taurine thah atratus.
Taurine was not determined fAr diaperinus.

Fatty acid composition was only determined by FifR802) forT. molitor and Z.
atratus (Table 3). The two mealworm species were predontiydmgh in palmitic, oleic
and linoleic acidZophobas atratus was almost twice as high in palmitic and steacid as
T. molitor, while T. molitor was higher in palmitoleic and linoleic acid.

Amino acid composition of all three mealworm speaad fatty acid composition of
T. molitor and A. diaperinus was more recently also determined by Yi et al.1@0and
Tzompa-Sosa et al. (2014) respectively. Becauseetbaudies and those reported in this
thesis were part of the same research project, whkype discussed more elaborately in
relevant experimental chapters and in the genesaligision.
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Chapter 1

Table 2: Average amino acid content (g/kg DM unless stated otherwise) of Tenebrio molitor, Zophobas
atratus and Alphitobius diaperinus.

Amino acid Tenebrio molitor Zophobas atratus Alphitobius diaperinus
Essential

Isoleucine 24.7 221 25.6
Leucine 52.2 45.4 40.3

Lysine 26.8 24.5 39.0
Methionine 6.3 5.0 18.7
Phenylalanine 17.3 16.2 27.9
Threonine 25.2 18.5 23.4
Tryptophan 3.9 4.3 10.9

Valine 28.9 24.5 32.9

Semi-essential

Arginine 25.5 22.8 33.5
Histidine 15.5 14.3 26.0
Methionine + cysteine 10.5 8.6 23.9
Tyrosine 36.0 325 47.6

Non-essential

Alanine 40.4 34.0 39.3
Aspartic acid 40.0 37.5 48.3
Cysteine 4.2 3.6 5.2
Glycine 27.3 22.6 28.9
Glutamic acid 71.7 53.7 70.3
Proline 34.1 25.6 35.6
Serine 25.2 21.9 25.6
Taurine (mg/kg) 210 ND -

- : No information available.
ND: Not detected.
Sources: Finke (T. molitor and Z. atratus; 2002) and Despins and Axtell (A. diaperinus; 1995)
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Table 3: Fatty acid content (g/kg DM) of Tenebrio molitor and Zophobas atratus.

Fatty acid Tenebrio molitor Zophobas atratus
Common name Lipid w-n

number
Unsaturated
Lauric acid 12:0 ND ND
Myristic acid 14:0 7.6 4.0
Pentadecanoic acid 15:0 ND 1.0
Palmitic acid 16:0 60.1 125.4
Heptadecanoic acid 17:0 ND 1.7
Stearic acid 18:0 10.2 30.0
Arachidic acid 20:0 0.8 1.0
Monounsaturated
Palmitoleic acid 16:1 w-7 9.2 1.7
Heptadecenoic acid 17:1 w-7 0.8 0.6
Oleic acid 18:1 w-9 141.5 156.8
Polyunsaturated
Linoleic acid 18:2 w-6 91.3 78.1
Linolenic acid 18:3 w-9 3.7 2.6
All others 0.5 0.5

ND: Not detected.
Source: Finke (2002).

Insect growth and development as well as nutriticoanposition can be altered by diet
to certain extents (Anderson, 2000; Davis and S&sul974; Finke, 2002). This offers
possibilities for adjusting mealworm productioneras well as nutritional composition to
suit consumer's needs. Chapman (1998) stated tihadlitor needs a dietary carbohydrate
content of at least 40% in order to develop, antdna growth is reached on a diet
containing 70% carbohydrates. Additionally, larngagew and develop faster when a source
of moisture is available (Urs and Hopkins, 1973p, Uarvae reared in the presence of
moisture are heavier and this difference in weightot due to a higher water content, but
due to a higher fat content as well as a highefrés dry weight. However, there was no
difference in larval fatty acid content comparednwarvae grown on diets of low moisture
content (Urs and Hopkins, 1973b). According to Baand Sosulski (1974);. molitor
larvae gain twice as much weight when fed grouneatltontaining 10% brewer’s yeast
(Saccharomyces cerevisiae) than when fed ground wheat only. Brewer’'s yeast source
of protein (Aghdamshariar et al., 2006; Rumse\.ett891) and vitamins of the B complex
(Copping and Honora Roscoe, 1937; Fraenkel etl8b0). Davis and Sosulski (1974)
determinedT. molitor growth when fed an artificial diet containing 10%ofein of either
soybean, sunflower, safflower, turnip rape, rap#iax. Larvae fed diets containing protein
from turnip rape or sunflower performed better tkmmnae fed diets containing flax protein.
Rape- and safflower protein scored intermediat@lfferences in amino acid composition
could be an explanation for the differences in dlowf the larvae on the different diets.
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Chapter 1

Ramos-Elorduy et al. (2002) reared larvaeToimolitor on different diets consisting of
yeast,T. molitor excreta and different proportions of organic wastarvae grew better on
diets with a higher protein content derived fronganic wastes and excreta than on diets
with a higher protein content derived from yeaset®with relatively more protein derived
from organic wastes and excreta contained almostwah protein as the wheat bran with
yeast control diet, and larvae grown on these diet#ained subsequently more protein
than those fed the control diet. Hosen et al. (2@6gted the suitability of wheat, barley,
corn and rice flour as diet for rearimy diaperinus larvae, using whole meal flour
supplemented with yeast as control diet. Larvaéopmed best on barley and wheat flour,
and gained the least weight on rice flour. Subsequdifferences in insect body
composition were not determined. At present, na dateffects of diet on development and
body composition oZ. atratus appear to be available.

Food safety risks

Food safety is of special importance when dealiith wew food sources. In the context of
edible insects, there are four ways through whimbdfsafety risks can arise, i.e. 1) the
insect itself could be toxic; 2) the insect coulmv@ acquired toxic substances or human
pathogens from its environment during its life &cB) the insect could become spoiled
after harvest; and 4) consumers could experien@lamic reaction to the insect. Research
directly focussing on safety of mealworms as food fiuman consumption is scarce.
However, literature is available on mealworms ilatien to human pathogenic microbes,
toxic substances and allergic reactions.

Toxicity of mealworms

Tenebrionid beetles possess defensive secretiahsdhtain 1,4-benzoquinones (Attygalle
et al., 1991; Hill and Tschinkel, 1985; Tschink&Q69; Tseng et al., 1971). These
benzoquinones are toxic and possibly carcinogesigvas shown in animal experiments
reviewed by Lis et al. (2011). The Internationalesgy for Research on Cancer (IARC,
1999) has classified 1,4-benzoquinones as a Grospb3tance, meaning they are not
classifiable as to its carcinogenicity to human&RC, 1999). Benzoquinones are not
known to be present in the larval stages of Teoeimae, which are used for human
consumption. Han et al. (2014) evaluated genottyxafipowder made from freeze-driéd
molitor larvae. They did not observe any adverse effegtis in vitro andin vivo after 28
days oral administration in rats.
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Acquisition of harmful microbes and toxic substasce

Mealworms can potentially acquire toxic substan@sswell as microbes pathogenic to
humans, from their environment, in particular thgbuheir diet. In naturéA. diaperinus is
frequently found in poultry houses where it feedspoultry feed as well as dead poultry
and poultry waste which can be contaminated witthg@gens (Despins et al., 1994;
McAllister et al., 1994). Despins et al. (1994) fiduthatA. diaperinus larvae exposed to
turkey faeces containing enterovirus and rotaveuead the pathogens to turkeys that fed
on the larvae, even when the larvae were surfagéistd. Beetles fed faeces infected with
turkey coronavirus remained infective for 1 houteafexposure (Watson et al., 2000).
Templeton et al. (2006) and Strother et al. (2@05¢overedA. diaperinus to be short time
carriers of Campylobacter jguni. The bacteria were found on the outside of theybod
surface of both larvae and adults for up to 12 f@fter exposure. After ingestion of a
solution containindC. jejuni, the larvae carried live bacteria for up to 72rscand shed the
bacteria in their faeces for 12 hours, while thelsdcarried live bacteria for up to 15 hours
and shed them in their faeces for 6 hours. Afteséhtime periods, no live bacteria could be
detected (Strother et al., 2005). Furthermdke,diaperinus can carry detectable live
Salmonella typhimurium for up to 28 days after ingestion (McAllister &t 4994). Adults
shed the bacteria in their faeces for 28 days whileae shed them for 13 days, including
after moulting. No explanation was given for th#atence in shedding time between adult
and larvalA. diaperinus. According to Davies & Wray (1995), beetles wer¢ found to
carry S enteritidis after ingestion. However, Crippen et al. (200%cdvered that beetles
were capable of acquirin§ enteritidis and could harbour them in their digestive tract.
Alphitobius diaperinus was found to carriescherichia coli for 10 to 12 days (McAllister et
al., 1996). Detectable live bacteria were shedhénfheces of the larvae and adults for 6 and
10 days, respectively. Larvae stopped sheddinghadfter they moulted.

Similar toA. diaperinus, Z. atratus feeds on organic litter in nature which might twarnb
pathogens. However, research Zanatratus harbouring or spreading human pathogens is
unavailable. Research dn molitor in relation to pathogenic microbes has focussedemo
on the effect of exposure to fungi and their tas@condary metabolites (mycotoxins) rather
than bacteriaTenebrio molitor larvae showed reduced growth, but no increasedairigr
on diets containing fumonisin;BAbado-Becognee et al., 1998) or at least 16 ppii-2
toxin (Davis and Schiefer, 1982). Davis et al. @Pdescribed varying effects of several
fungal strains on growth of. molitor larvae, where some strains impaired growth while
others improved growth depending on the cereal tipdungus had been growing on. The
authors did not give an explanation for this pheaoom, but a possible explanation could
be that the fungi produced certain growth-promotiudrients on some cereals they could
not produce on others. In a study of Chuku et2407), bothT. molitor andA. diaperinus
were found to actively feed on fungi suchRsesicillium italicum, Rhizopus stolonifer and
Aspergillus niger on coconut. No deleterious effects on larvae vadrgerved after feeding
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for 48 h. In the above-mentioned studies, it wasimeestigated whether fungal spores or
mycotoxins stayed behind in the larval body.

Non-organic toxic substances can also be acquiyeddects from the environment. For
example, insects can bioaccumulate ingested metatsh might not cause mortality, but
could have a toxic effect on insectivores (Ballamiancais, 2002). Vijver et al. (2003)
showed that larvae af. molitor accumulate cadmium and lead in their body whedifeg
on organic matter in soils harbouring these metakposed larvae increased significantly
in fresh weight, but very little in dry weight aaéter 14 days of exposure, mortality was 45
percent. However, Lindqvist and Block (1995) disead that larvae lost small amounts of
cadmium after each moult and larger amounts aftetamorphosis. Selenium is an
essential trace element; however, in dietary excessentrations it has a toxic effect.
Hogan and Razniak (1991) exposed adulinolitor to differentconcentrations of sodium
selenite, which is an abundant form of seleniumnébin nature. The compound had a
negative effect on beetle survival and most selanivas found to be accumulated in the
Malpighian tubules, followed by the digestive traod the reproductive tissue.

Mealworms, when produced in closed farming systesil$,not feed on animal waste
or organic litter as found in nature. Hence, thera reduced chance of exposure to certain
pathogenic microbes or toxic compounds. Howeveowkng the insect's capacity to feed
on or harbour harmful compounds is relevant becaosgamination- in particular with
mycotoxins— can also occur in grain, which is commonly usedeasl for mealworms. In
addition, insect diets composed of organic by-potslgould contain contaminants.

Risk of spoilage

Literature is available on spoilage of edible inseafter harvest. This topic is especially
relevant in tropical countries where the insecte #maditionally sun-dried and not
refrigerated. For example, several species of faagh ad~usarium spp.,Penicillium spp.
and Aspergillus niger were found on larvae of the Rhinoceros be@tgctes monoceros
when stored at room temperature (Banjo et al., R00& deteriorating Mopane worm
(Imbrasia belina), several bacteria were found suchAasobacter sp., Bacillus spp. and
Pseudomonas sp., as well as several fungi suchAspergillus spp.,Penicillium spp. and
Fusarium spp. (Simpanya et al., 2000). Mpuchane et al. 2@0so screened for microbes
associated with deterioratingg belina and found predominanthyBacillus spp. and
Aspergillus sp..Aspergillus flavus and A. parasiticus are known producers of aflatoxin. In
somel. belina samples, aflatoxin concentrations as high agd@Rg were found, which is
more than twice the maximum acceptable concentrationost countries (Mpuchane et al.,
1996). Contamination of edible insects mostly osadue to bad hygiene practices during
drying, storage and preparation of the insects @pne et al., 2000). Only one study
looked into microbial contamination of mealwormgeafharvest. Klunder et al. (2012)
found Enterobacteriaceae i molitor, which were largely eliminated by blanching

20



General introduction

followed by roasting of the insects. Fermentatinactivated Enterobacteriaceae but not
spore forming bacteria, although the latter werablmto germinate.

Risk of allergenicity

Allergic reactions following the consumption of bldi insects have been described, though
literature is scarce. Cases of food allergy havenbdescribed upon consumption of
Mopane worm (Okezie et al., 2010), Domesticatekivgitm pupae (Ji et al., 2008), Teak
caterpillar Hyblaea puera; Lukiwati, 2008)and food containing carmine dye produced
from cochineal Dactylopius coccus; Acero et al., 1998). Symptoms ranged from skshra
and mild swelling to anaphylactic shock. With regp® mealworm species, occupational
allergy has been described for laboratory workeis lzandlers of live fish bait who come
in frequent contact with these insects (Schroedkengt al., 1990; Schroeckenstein et al.,
1988; Senti et al., 2000; Siracusa et al., 2008)s Toncerned mostly allergic reactions
upon inhalation or skin contact and symptoms inetudkin rash, itching and inflammation
of the eyes and nose. Only one study described se cd food allergy following
consumption ofT. molitor (Freye et al., 1996), where the patient, knowrsuéffer from
occupational allergy to mealworms, experienced aylagis.

Legislation concerning introduction of edible insec

The European Union has strict regulations for imhti@ng new food and food ingredients
on the market, as was reviewed by Belluco et &l182. According to the Regulation (EC)
258/1997 of the European Parliament and of the €unovel foods are classified as
"foods and food ingredients which have not hithéMay 15, 1997) been used for human
consumption to a significant degree". When a faodlassified as a novel food, a safety
risk assessment has to be performed prior to intiod the food to the European market.
Although insects are sold as food already in somefean countries, they are not yet a
common food item. It is not clearly described in EBQulation 258/1997 what qualifies as
"consumption to a significant degree™ and atgmgst is not yet decided whether edible
insects will qualify as a novel food. Nonethelessects sold for human consumption
should be free of contaminants and need to beabriabelled for allergen information, in
order to protect the consumer. For this reason, nwimroducing mealworms as an
alternative protein source for human consumptiesearch on their allergic potential, as
well as possible contamination risks, should beaexied.
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Objectives of thisthesis

This thesis was performed as part of the projeast&@nable production of insect proteins
for human consumption” (SUPRO2). The aim of the BOR project was to investigate the
possibility of producing insects as a sustainaldarcee of animal protein for human

consumption. One of my aims in this project wagtoduce edible mealworms of high

nutritional quality on diets composed of organiedrgducts, as this would contribute to a
more sustainable production process. Diet composififfects insect feed conversion
efficiency, where an increased efficiency also dbates to a more sustainable production
process.

A second aim of my project was to investigate puaeriood safety risks associated
with edible mealworms. Risks could originate frohe tpresence of toxic or microbial
hazards in the insects, as well as from potenliaigenicity. For this thesis | focussed on
two food safety risks. First, when insects are poedl on organic by-products, a food
safety risk could occur if these by-products arenttaminated. Mycotoxins are not
eliminated by food processing methods and pose lsstauotial risk in by-products
originating from the food industry. In this thesigim to investigate whether mycotoxins in
their diet are sequestered by mealworms, therefyifg a threat to the consumer. Second,
| focus on a potential food safety risk originatifigm the insect itself, by assessing the
allergic potential of mealworms. Allergic reactioosuld occur when the consumer has
been directly sensitised to insect protein, or riectly through cross-reactivity between
proteins originating from different phylogenetigatelated species. In this thesis, | focus on
allergic potential through possible cross-readgtivit

Thesisoutline

Chapter 2 investigates the potential of produchnge edible mealworm speci€smoalitor,

Z. atratus andA. diaperinus on diets composed of organic by-products fromftwel and
bio-ethanol industry. Larval growth, developmend aeed conversion efficiency were
monitored, and larval protein content and fat cosijman were assessed.

Chapter 3 focusses on mycotoxins as a possiblecwomation risk Tenebrio molitor larvae
were exposed to wheat flour naturally contaminatgth a mixture of mycotoxins,
predominantly deoxynivalenol (DON) as well as teari wheat flour spiked with a high
concentration of DON. The possibility of DON sequaigon and excretion was assessed by
analysing DON concentration in larval bodies ad aglin larval faeces.

Chapter 4 explores another food safety risk asttiavith the consumption of edible
insects. The allergic potential f molitor protein was assesséua vitro using sera from
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patients allergic to both House dust mites andtaoesns to indicate possible allergic
cross-reactivity.

Chapter 5 expands the previous study by determitmagllergic potential of. molitor as
well asZ. atratus andZ. morio. Allergic cross-reactivity was determinguvitro for protein
from mealworms with sera from patients allergieither House dust mites or crustaceans.
In addition, the influence of food processing mehas well asn vitro digestion on the
allergenicity was determined.

Chapter 6 provides a general discussion and cdnokidased on the research presented in
this thesis. The findings are put in a wider pectipe and priorities for future research on
production of edible insects as well as on foo@tyatoncerns are discussed.
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Abstract

Insects receive increasing attention as an altematotein-rich food source for humans.
Producing edible insects on diets composed of acgémy-products could increase
sustainability. In addition, insect growth rate dratly composition, and hence nutritional
quality, can be altered by diet.

Three edible mealworm specieBenebrio molitor L., Zophobas atratus Fab. and
Alphitobius diaperinus Panzer were grown on diets composed of organic rogiyets
originating from beer brewing, bread/cookie bakimptato processing and bioethanol
production. Experimental diets differed with redpt&cprotein and starch content. Larval
growth and survival was monitored. Moreover, effeof dietary composition on feed
conversion efficiency and mealworm crude proteind $atty acid profile were assessed.
Diet affected mealworm development and feed commemsfficiency such that diets high in
yeast-derived protein appear favourable, compavedidts used by commercial breeders,
with respect to shortening larval development timegucing mortality and increasing
weight gain. Diet also affected the chemical contpos of mealworms. Larval protein
content was stable on diets that differed 2-3 folgrotein content, whereas dietary fat did
have an effect on larval fat content and fatty auriofile. However, larval fatty acid profile
did not necessarily follow the same trend as dyefatty acid composition. Diets that
allowed for fast larval growth and low mortality this study led to a comparable or less
favourable n6/n3 fatty acid ratio compared to colrdiets used by commercial breeders. In
conclusion, the mealworm species used in this stusdy be grown successfully on diets
composed of organic by-products. Diet compositiad dot influence larval protein
content, but did alter larval fat composition toeatain extent.

Keywords: edible mealworms, larval development, survivagdfeconversion efficiency,
crude protein, fatty acids
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Growth performance and feed conversion efficiency

Introduction

Insects are consumed in most tropical countriesereds in the Western world they
currently do not form a significant part of the hamdiet. Due to a growing world
population and increasing welfare, there is a giglemand for animal-derived protein, and
the consumption of insects (entomophagy) receiseseasing attention as an alternative
protein-rich food source (Van Huis, 2013; Van Hetisl., 2013).

Production of conventional livestock is associateith detrimental environmental
effects such as global warming, land degradatianaad water pollution, and loss of
biodiversity (Mekonnen and Hoekstra, 2010; Stethfat al., 2006). Insects, being
poikilotherms, do not use metabolic energy to namia constant body temperature as
homeotherms do and can therefore invest more emerngrpowth, resulting in a higher feed
conversion efficiency (Nakagaki and DeFoliart, 1p9Furthermore, compared to
conventional livestock, insects require less labdrincx and De Boer, 2012), are expected
to use less water (Van Huis, 2013) and emit lessmrouse gases (Oonincx et al., 2010),
making them a more sustainable source of animaépro

In the Western world, insects are produced in cloBeming systems rather than
harvested from nature. For example, three spedieible larvae of the beetle family
Tenebrionidae, better known as mealworms, are wtlyr&eommercially produced: the
Yellow mealworm Tenebrio molitor L.), the Giant mealwormZpphobas atratus Fab.) and
the Lesser mealwormAlphitobius diaperinus Panzer). These insects are commonly
produced on mixed grain diets. Recently, sepanatdyztion lines have been set up in The
Netherlands to facilitate the production ®f molitor and A. diaperinus for human
consumption.Zophobas atratus is currently not yet produced for human consummptio
however, larvae of this species are suitable famdmu consumption. Mealworm mass
production is well-documented (Ghaly and Alkoaik02; Van Huis, 2013). Mealworm
species are considered suitable for introducingceustomed consumers to entomophagy
since they feed on cereals directly used in foadipction.

When introducing edible insects as a more sustiraternative to conventional meat,
it is advantageous to use diets from a local ancereostainable source than is currently the
case. This can be achieved by producing the ingettdiets composed of industrial by-
products, for example from the food industry.

Insect growth rate and body composition, and hentational quality, can be altered
by diet (Anderson, 2000; Davis and Sosulski, 19T4)s offers opportunities to increase
production and alter the nutritional composition roéalworms to better suit consumer
needs.

Literature is available on dietary effects on tmevwgh and chemical composition of
molitor (Davis and Sosulski, 1974; Gao et al., 2010; Mxs&amos et al., 2010; Ramos-
Elorduy et al., 2002), but is very scarce Aordiaperinus (Hosen et al., 2004) and seems
unavailable forZ. atratus. Furthermore, it is thus far unknown how diet casipon
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influences feed conversion efficiency of these ¢iseln this study, growth performance,
feed conversion efficiency and nutritional compiositof the three mealworm species on
diets composed of organic by-products were detexthin

M aterials and methods

Insects

Newly hatched larvae of. molitor, Z. atratus and A. diaperinus were obtained from the
insect rearing company Kreca (Ermelo, The NethddanDuring the experiment, insects
were maintained in a climate chamber (28°C, 65% Rt photoperiod).

Diet preparation

Organic by-products were selected as ingrediemtthfo experimental diets based on local
availability and deemed suitability as feed foreicts and included: spent grains and beer
yeast Gaccharomyces cerevisae Meyen ex Hansen; Anheuser-Busch, Dommelen, The
Netherlands), bread remains (Bakkersland BV, Hetleé Netherlands), cookie remains
(Banketbakkerij Van Strien, Oud-Beijerland, The INatands), potato steam peelings
(Hedimix BV, Boxmeer, The Netherlands) and maizgilliers' dried grains with solubles
(DDGS; Groan BV, Giessen, The Netherlands). Theeidignts were lyophilised, ground
and then mixed to compose four diets either highaitih protein and starch (HPHS), high in
protein and low in starch (HPLS), low in proteirdarigh in starch (LPHS) and low in both
protein and starch (LPLS) (Table 1). Because higihck diets based on cookie remains
caused high larval mortality, they were replacethwiigh starch diets based on potato
steam peelings (see Results and Discussion). Die#ésned from commercial insect rearing
companies (referred to as A and B) were used asatatiets. Company A uses the same
diet forT. molitor andZ. atratus, but does not produck diaperinus. Hence, that same diet
(control diet A) was used for this species in #periment. Company B also uses the same
diet for T. molitor and Z. atratus (control diet B-Tm/Za), but a different diet fdk.
diaperinus (control diet B-Ad). Diets were stored at -20°CiLnse.
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Table 1: Composition of experimental diets made from organic by-products, and approximate composition of
experimental diets and control diets.

Ingredient (%) HPHS HPHS® HPLS LPHS LPHS® LPLS Control Control Control
A B-Tm/Za B-Ad

Maize DDGS 10 10 20 - - -

Beer yeast 40 40 40 5 5 10

Bread remains 10 10 10 10 10 50

Spent grains - - 30 - - 40

Potato steam 40 - - 85 - -

peelings

Cookie remains - 40 - - 85 -

Approximate composition (%)°

Crude protein 24.1 26.4 325 10.7 10.7 20.0 18.8 15.5 16.0

Crude fat 4.0 7.1 7.0 1.8 8.4 6.2 6.0 4.0 4.4

Starch 28.4 26.9 7.4 49.8 46.7 19.4 43.6 23.0 ~

~: No information available.

Diet abbreviations: HPHS (high protein, high starch); HPLS (high protein, low starch); LPHS (low protein, high starch);
LPLS (low protein, low starch).

®Values calculated based on available values for organic by-products (www.duyniebeuker.nl, www.groan.nl).

® Discontinued.

Larval growth and development experiment

Fifty newly hatched larvae were transferred toaspt container (17.5 x 9.3 x 6.3 cm) with
aeration slits in the sides. Each container coathih g of diet and 1 g of carrot. Per diet
and species, five replicate containers were usadvade were allowed to feeatl libitum
and diet was refreshed when needed, based on \obgalvation of remaining diet and
accumulated faeces. To provide moisture, 2 g ahfrearrot was added twice a week. Old
carrot pieces were removed.

Larvae were allowed to feed undisturbed for fourekge After four weeks, larval
weight and survival were monitored weekly as a graatil 50% of the surviving larvae
had pupated. Becaugeatratus larvae failed to pupate under crowded conditiadjvidual
larvae were moved to containers containing 1 getfahd 0.25 g of carrot once 50% of the
larvae reached or exceeded a body length of 5 cpad®were collected, weighed and kept
separate until adult eclosion after which adultghéwas determined.

Feed conversion efficiency experiment
Diet LPLS was excluded from further experimentsause larvae failed to consume large
portions of it (personal observation). Control diétwas also excluded from further
experiments, because of relatively low survival detause this diet was not used by
commercial companies to produiediaperinus.

For each diet, batches of newly hatched larvae akogved to feedad libitum prior to
the experiment. The experimental period was chdserause mortality among newly
hatched larvae was higher than in later larvaletaand growth rates can vary considerably
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between individual larvae. The larval age duringohtthe experiment was conducted was
based on the results from the growth and developegeriment and differed per species,
but was equal in duration for each diet: from dayetday 60 foil. molitor; from day 70 to
day 112 forZ. atratus, and from day 25 to day 40 féx diaperinus. Per replicate, 50 larvae
for T. molitor, 30 larvae foiZ. atratus and 70 larvae foA. diaperinus were weighed as a
group at the start of the experimental period. Thweye subsequently placed in a plastic
container (17.5 x 9.3 x 6.3 cm) on 5 g diet Tomolitor, 7 g diet forZ. atratus and 3 g diet
for A. diaperinus. Per diet and species, five replicate containenewset up. Throughout the
experiment, carrot (2 g fof. molitor, 3 g forZ. atratus and 1 g forA. diaperinus) was
replaced twice a week. Non-consumed carrot was vech@and dried at 100°C until
constant weight, which was then compared to thewdright of a carrot piece of the same
original fresh weight cut from the same carrotlas ppieces used in the experiment. Before
the diet was completely consumed (determined basetlisual observation of diet and
faeces), larvae were transferred to a containen Wesh diet and carrot. The residue,
consisting of a mixture of leftover diet and facogas removed and stored at -20 °C. After
termination of the experiment, larvae were stafee®4 h and were then killed by freezing
at -20°C and stored at this temperature until rtmalysis.

In order to determine diet consumption, for eadtt-dpecies combination, a separate
batch of larvae was allowed to consume the diet @ardot entirely. Larvae were then
removed and pure faeces were stored at -20°C. dditt analysis (see respective section)
was performed on pure faeces and on residues totifyjudiet consumption in the feed
conversion experiment. Thereafter, diets, puredaend residues were dried at 100°C to a
constant weight. Uric acid concentration in purects and diets was corrected for dry
weight percentage. Feed conversion efficiency wgsessed on a dry matter base as the
Efficiency of Conversion of Ingested food (ECI; Whauer, 1968), calculated as:

) welight gained
ECT = - - * 100%
weight of ingested food

and expressed on a fresh matter base as the FeedrSion Ratio (FCR), calculated as:

weight of ingested food

FCR = : )
weight gained

Uric acid analysis

Ten milligram of either residue or pure faeces danwas extracted in 50 mL of 0.5%
borax solution for 2 hafter which the uric acid concentration was detaedi by
spectrophotometry at OD 450 nm according to Vandeh(1975).Uric acid content of the
residues was compared to uric acid content of faeees to determine the amount of
faeces in the residues, calculated as:
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amount of uric acid in the residue

welight o re faeces in the residue =
g fpure f amount of uric acid in the pure faeces

Analysis of nutrient composition

After termination of the feed conversion experimeémsects were harvested and pooled for
each species and diet. Insect samples were the@hiliged at -50°C and 1.5 mbar. Total
lipid content was determined as described by Fetd. (1957) and fatty acid composition
was determined according to Metcalfe et al. (1966jrogen content was determined
according to Novozamsky et al. (1984). Crude pmoteontent was calculated by
multiplying nitrogen content by 6.25.

Statistical analysis

Data of pupal and adult weight were distributednmalty and analysed by One way
Analysis of Variance (ANOVA) at a significance Iévef 0.05, followed by a Sidak
correction for multiple comparisons. Data of lanalrvival and development time,
percentage of eclosed adults, as well as uric emitentration of faeces, ECI, FCR and
consumed carrot/food ratio did not conform to tbenmal distribution and were analysed by
a Kruskal-Wallis test at a significance level 00%, followed by Mann-Whitney U tests
with applying Sidéak correction. For larval surviaaid development time and percentage of
eclosed adults, the level of significance was e to 1-(1-0.03= 0.010 for post-hoc
analysis. For uric acid concentration of faeces| & FCR, the level of significance was
corrected to 1-(1-0.08§ = 0.017 for post-hoc analysis. Correlation betwieewal survival
and development time was analysed by Spearman’ carrelation coefficient.All
statistical analyses were performed using IBM SBt&fsstics v. 20.

Results

Diet nutrient compaosition
Diets were prepared to differ in protein and stamdntent (Table 1). Calculated
approximate protein content of high protein dietaged from 24.1% to 32.5% and was
10.7% for both LPHS diets. Approximate starch cohtwas 26.9% and 28.4% for the
HPHS diets, 7.4% for diet HPLS and 46.7% and 49%@&%he LPHS diets. Diet LPLS was
only slightly lower in both protein and starch (2@%d 19.4% respectively) than the HPHS
diets. Approximate fat content of the experimeniats was between 6.2% and 8.4% for all
experimental diets except for the potato-based prgkein diets (4.0% for HPHS and 1.8%
for LPHS).

Protein and fat content was determined for dietedufor the feed conversion
experiment. Protein content of high protein diesswetween 33% and 39% and was 17-
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18% in control diets (Table 2). The control dietsdaHPHS had similar DM contents,
whereas diets HPLS and LPHS had a DM contegao95%. High protein diets contained
5-6% fat whereas diet LPHS and control diets coet@i5% or less. Analysis of fatty acid
composition showed that linoleic acid was prevaierdll diets, in particular in control diet
B-Tm/Za (Table 3). Other predominant fatty acidgevpalmitic and oleic acid. Oleic acid
content in control diet B-Ad and the experimentatsl exceeded 20% of total fatty acids
but wasca. 13% for control diet B-Tm/Za. The ratio betweef6 andw-3 polyunsaturated
fatty acids (n6/n3 ratio) ranged from 10:1 to 18&t the control diets and high protein
diets, and was 5:1 for diet LPHS.

Table 2: Dry matter (DM) percentage, crude protein and crude fat content of
different diets.

Diet pm° Crude protein® Crude fat”
(% of whole) (% DM) (% DM)
Control B-Tm/Za 89.0 17.1 3.0
Control B-Ad 87.4 17.8 5.0
HPHS 86.5 32.7 5.5
HPLS 95.1 39.1 5.8
LPHS 95.7 11.9 2.3
carrot® 11.7 7.9 2.1

Diet abbreviations: HPHS (high protein, high starch); HPLS (high protein, low
starch); LPHS (low protein, high starch).

®Values based on single analysis.

®Values based on analysis in duplo.

“Values for carrot are based on USDA SR-12 nutrient data for carrot.

Larval survival

The original, and discontinued high starch dietstamed cookie remains as starch source.
For all species reared on diets containing coo&mains, survival was 0% on diet LPHS
and < 40% on diet HPHS (results not shown). Theeefine experiment was repeated using
new high starch diets with potato steam peelinggash source.

For all three mealworm species, diets affectedigal\(Table 4, Figures 1, 2, 3; p =
0.034 forT. molitor, p < 0.001 forZ. atratus and A. diaperinus) and strongly affected
development time (p < 0.001). For molitor, survival on diets HPLS and LPHS was
higher (> 80%) than on control diet A (71%; p =@0 ForZ. atratus, survival was higher
on experimental high protein diets 84%) than on control diets<(78%; p = 0.008).
Survival on diet LPHS was very low compared to ottiets (27%; p = 0.008). Fdk.
diaperinus, survival was lower on control diet A (ca. 80%aithon experimental diets (>
90%, p = 0.008).
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Table 3: Fatty acid profile of control diets and experimental diets. Values are in g/100 g of total fatty acids. Fatty
acids not detected in any of the diets were excluded. Values based on single analysis.

Fatty acid Diet

Lipid control control
Common name number w-n B-Tm/Za B-Ad HPHS HPLS LPHS carrot®
Saturated
Lauric acid Cc12:0 - - 0.09 - 0.41 -
Myristic acid c14:.0 - - 0.41 0.28 1.21 -
Pentadecanoic acid C15:0 - - 0.16 - - -
Palmitic acid Cc16:0 17.04 13.50 13.16 14.90 14.04 14.93
Margaric acid C17:0 - - 0.32 0.20 1.33 -
Stearic acid Cc18:.0 0.76 3.13 2.35 2.09 2.90 0.87
Arachidic acid C20:0 - - 0.27 0.33 0.57 -
Behenic acid C22:0 0.17 - 0.18 - 0.60 -
Lignoceric acid C24:0 - - 0.24 0.24 0.54 -
Monounsaturated
Myristoleic acid C14:1 w-5 - - 0.08 - - -
Palmitoleic acid cl16:1 w-7 0.17 - 3.28 1.79 3.31 0.87
Oleic acid C18:1 w-9 12.58 23.68 26.20 24.48 22.88 5.13
Vaccenic acid Cc18:1 w-7 1.06 1.19 0.67 0.65 1.45 -
Gadoleic acid C20:1 w-12 0.83 - - - - -
Gondoic acid C20:1 w-9 - - 0.26 0.39 0.42 -
Nervonic acid C24:1 w9 0.22 - 0.36 0.24 - -
Polyunsaturated
Hexadecadienoic acid C16:2 w4 - - 0.27 - 1.31 -
Hexadecatrienoic acid C16:3 w-4 - - 0.48 0.26 0.72 -
Linoleic acid C18:2 w-6 60.66 53.87 47.28 51.03 32.02 49.00
a-Linolenic acid C18:3 w-3 5.90 4.63 2.67 2.86 4.32 0.87
Stearidonic acid C184 w-3 - - 0.23 - 2.34 -
Eicosadienoic acid C20:2 (w-6 - - 0.08 - 0.68 -
Eicosatetraenoic acid C204 w-3 - - - - 0.42 -
n6/n3 ratio 10:1 12:1 16:1 18:1 5:1 56:1

- : not detected.

Diet abbreviations: HPHS (high protein, high starch); HPLS (high protein, low starch); LPHS (low protein, high
starch).

®Values for carrot are based on USDA SR-12 nutrient data for carrot.

Development time

For T. molitor and Z. atratus, development time until 50% pupation was similar mth
control diets but lower on high protein experimérmgts (p = 0.008; Table 4). FaX
diaperinus, development time on control diet B-Ad was longiean on diet HPLS and
shorter than on diet LPLS (p = 0.008). Developntang¢ on control diet A was longer than
on control diet B and experimental diets HPHS, HRIo8 LPLS (p = 0.008). For all three
species, development time on diet LPHS was muchedomhan on the other diets (p =
0.008). Furthermore, larvae grown on diet LPHS wgtater in colour than larvae grown
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on the other diets, while faeces were darker. Biagts LPHS and HPHS containing potato
steam peelings were light in colour as were contiiets A and B-Ad, and diet LPLS.
Development time and survival were only correldtedZ. atratus (p = -0.759, p < 0.001).

Table 4: Average development time and survival at 50% pupation of three
mealworm species grown on different diets. Values are given as mean *
SD. Superscripts denote significant differences; n = 5.

Diet Development time Survival
(days) (%)
Tenebrio molitor
Control A 117° +1.5 71° +12.7
Control B-Tm/Za 123° +24 86® +9.6
HPHS 79° +3.2 88 +5.2
HPLS 95° +3.6 92° +2.6
LPHS 168" +11.5 88" +0.9
LPLS 95° +7.1 84° +10.5

Zophobas atratus

Control A 139° +8.5 68° +3.8
Control B-Tm/Za 140° +11.4 78 +11.4
HPHS 117° +2.9 96° +2.6
HPLS 103° +1.7 91 +2.3
LPHS 225° +6.1 27° +£16.9
LPLS 152° +7.9 84" +6.2

Alphitobius diaperinus

Control A 66° +0.9 79° +6.6
Control B-Ad 42° +1.7 82" +15.4
HPHS 44> £2.2 95° +4.1
HPLS 38 +15 94° +2.6
LPHS 106° +8.1 91° 5.2
LPLS 48° +2.6 97° +1.1

Diet abbreviations: HPHS (high protein, high starch); HPLS (high protein,
low starch); LPHS (low protein, high starch); LPLS (low protein, low starch).
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Table 4 (continued): Pupal weight, adult weight and percentage of successfully eclosed
adults of three mealworm species grown on different diets. Values are given as mean * SD.
Superscripts denote significant differences; n = 5.

Diet Pupal weight Adult weight Adults

(8) (8) (% of pupae)
Tenebrio molitor
Control A 0.149% +0.022 0.133*® +0.020 94° +0.071
Control B- 0.144® +0.023 0.127° +0.019 95°  +0.048
Tm/Za
HPHS 0.146® +0.021 0.126° +0.018 90° +0.114
HPLS 0.161° +0.023 0.140° +0.020 97° +0.054
LPHS 0.117° +£0.017 0.100° +0.015 93"  +0.068
LPLS 0.145°  +0.021 0.127° +0.020 98" +0.028

Zophobas atratus

Control A 0.603" +0.063 0.499° +0.049 86" +0.074
Control B- 0.584° +0.065 0.485° +0.056 857  +0.147
Tm/Za

HPHS 0.664° +0.059 0.551°  +0.047 94°  +0.092
HPLS 0.722° +0.062 0.604° +0.054 98" +0.032
LPHS 0.482° +0.114 0.391 +0.074 80" +0.326
LPLS 0.651° +0.038 0.538° +0.037 95° +0.075

Alphitobius diaperinus

Control A 0.021° +0.003 0.018° +0.003 89" +0.078
Control B-Ad 0.023° +0.004 0.019" +0.003 74® +0.112
HPHS 0.022° +0.003 0.019° +0.003 90°® +0.076
HPLS 0.021° +0.003 0.020° +0.013 77°  £0.078
LPHS 0.018° +0.003 0.015° +0.003 91° +0.031
LPLS 0.023" +0.003 0.019° +0.003 86" +0.092

Diet abbreviations: HPHS (high protein, high starch); HPLS (high protein, low starch); LPHS
(low protein, high starch); LPLS (low protein, low starch).

Pupal and adult weight
Number of days from pupation until adult eclosioaswnot influenced by diet and was 7
days forT. molitor, 12 days foZ. atratus and 5 days foA. diaperinus.

For T. molitor, pupal weight was higher on diet HPLS (Table 4)d dower on diet
LPHS compared to the control diets(}9.001). Adult weight was lower on diet LPHS than
on control diet A (p < 0.01) and higher on dietsllSPand LPLS than on control diet B-
Tm/Za (p < 0.001). For. atratus, both pupal weight and adult weight differed bedwéhe
control diets and the experimental diets, wheregleias higher on both high protein diets
and diet LPLS, and lower on diet LPHS (p < 0.00FOr A. diaperinus, pupal weight was
lower on diet LPHS than on control diets (p < 0)0Gk was adult weight (p = 0.004 for
control diet A and p < 0.001 for control diet B-AdRather than turning black in colou,
diaperinus adults remained dark brown when larvae had conduiiet LPHS. Percentage
of adults eclosing intact (viz. normal elytra anthgs) was over 90% fof. molitor and
over 80% forZ. atratus. No difference was observed between diets. Aodiaperinus,
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successful eclosion was lower for diet HPLS (77P@&ntfor diet LPHS (91%, p = 0.008).
No differences were observed when comparing otiets.d

Feed conversion efficiency

Uric acid concentration in pure mealworm faece$ed#d depending on species and diet
consumed (Table 5). For all three species, moreaaid was present in faeces when larvae
fed on diet HPLS than on LPHS or control diet. Podiaperinus, faeces produced on diet
LPHS contained less uric acid compared to both prgkein diets.

For all three mealworm species, diet had an etiadhe ECI (Table 6). For. molitor,
ECI was lowest on diet LPHS (p = 0.008) but did differ between the other diets. For
atratus, ECI| was highest on both high protein diets (p.608). ECI on diet LPHS was
approximately half of that for the other experinamtiets ¢a. 15 vs. 30%, p = 0.016). For
A. diaperinus, ECI was highest on diet HPHS (p = 0.016) and Jewy on diet LPHS
(6.36%, p = 0.008). A high ECI corresponded tova KCR. However, foil. molitor, FCR
on diet HPLS was lower than on the control diet died HPHS (p = 0.008 and p = 0.016
respectively), whereas ECI values were similar. &Aadiaperinus, FCR on diet HPLS did
not differ from the control diet and diet HPHS.

Differences were observed in the amount of carostsumed per gram of diet (DM
base, Table 6). Larvae @f molitor consumed more carrot per gram of diet on diet LPHS
than on control diet (p = 0.008). F@r atratus, carrot consumption was lowest on diet
HPHS and highest on diet LPHS compared to the afieds (p = 0.008 and p = 0.016
respectively). Large differences were observedifatiaperinus, where carrot consumption
per gram of diet on control diet B-Ad and diet LP#&s approximately twice as high as on
the high protein diets.
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Figure 1: Average larval survival (A) as percentage of the total number of larvae at week 0 (n = 50) and
average larval weight (B) of Tenebrio molitor, determined weekly until the first pupa was observed. HPHS
(high protein, high starch); HPLS (high protein, low starch); LPHS (low protein, high starch); LPLS (low
protein, low starch).
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Figure 2: Average larval survival (A) as percentage of the total number of larvae at week 0 (n = 50) and
average larval weight (B) of Zophobas atratus, determined weekly until the first pupa was observed. HPHS
(high protein, high starch); HPLS (high protein, low starch); LPHS (low protein, high starch); LPLS (low
protein, low starch).
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Figure 3: Average larval survival (A) as percentage of the total number of larvae at week
0 (n = 50) and average larval weight (B) of Alphitobius diaperinus, determined weekly
until the first pupa was observed. HPHS (high protein, high starch); HPLS (high protein,
low starch); LPHS (low protein, high starch); LPLS (low protein, low starch).

Table 5: Uric acid concentration in pure faeces (mg/mg DM) produced by three mealworm species
grown on different diets. Values are given as mean * SD. Superscripts denote significant differences; n

=4,
Diet Tenebrio molitor Zophobas atratus Alphitobius diaperinus
Control B-Tm/Zm 0.042% +0.002 0.043*°  +0.003 -
Control B-Ad - - 0.108%° +0.004
HPHS 0.151% +0.008 0.073®°  +0.001  0.186" +0.012
HPLS 0.188° +0.012 0.182° +0.002  0.202° +0.017
LPHS 0.041° +0.002 0.049° +0.004 0.050° +0.001

Diet abbreviations: HPHS (high protein, high starch); HPLS (high protein, low starch); LPHS (low
protein, high starch); LPLS (low protein, low starch).

43



Chapter 2

Table 6: Feed conversion efficiency (ECI) and carrot consumed per gram diet on dry
matter (DM) basis and feed conversion ratio (FCR) on fresh weight (FW) basis. Values
are given as mean * SD. Superscripts denote significant differences; n = 5.

Diet ECI (DM) FCR (FW) Carrot consumed
(%) per g diet (g DM)

Tenebrio molitor
Control B-Tm/Za 18.96° +0.70 3.44° 0.24 0.159" +0.011
HPHS 28.93" +3.56 3.04° z0.21 0.211*° +0.036
HPLS 28.47° +0.75 2.62° +0.10 0.155°  +0.007
LPHS 16.76° +0.77 6.05° +0.44 0.248° +0.013

Zophobas atratus

Control B-Tm/Za 23.78° +0.90 3.64° +0.17 0.186° +0.008
HPHS 28.93° +1.41 3.11° +0.14 0.162° +0.002
HPLS 33.33°  +2.37 2.73° +0.12 0.177° +0.011
LPHS 15.76° +1.45 5.63% +0.64 0.226° +0.017

Alphitobius diaperinus

Control B-Ad 23.03° +6.93 8.11° +2.69 0.508° +0.149
HPHS 34.37°  +6.09 3.01° +0.34 0.257° +0.047
HPLS 25.41°  +2.21 3.24®° +0.48 0.208° +0.037
LPHS 6.36° +1.73 24.60° +6.86 0.424° +0.082

Diet abbreviations: HPHS (high protein, high starch); HPLS (high protein, low starch);
LPHS (low protein, high starch).

Nutritional composition

Dry matter content of the three mealworm species a@a30% (Table 7). Crude protein
content wasa. 47% forT. molitor, ca. 40% forZ. atratus andca. 64% forA. diaperinus.
Fat content waga. 25% for T. molitor, ca. 38% for Z. atratus and ca. 19% for A.
diaperinus.

The predominant fatty acids in all three speciesewgalmitic acid, oleic acid and
linoleic acid, together comprising 72 - 91% of tdtdty acids (Table 8). Fatty acid data of
A. diaperinus larvae on diet HPHS were excluded because of fiogrit quality of the
sample, creating a high background in gas chromapdryy. Palmitic acid content was.
16% for T. molitor, whereas foZ. atratus this wasca. 25% on diet HPLS to 33% on diet
LPHS. ForA. diaperinus, palmitic acid concentrations showed a wider rafoge 16% on
diet HPLS to 25% on control diet B-Ad). Oleic acidntent wasa. 40% on diet HPLS to
58% on diet LPHS foil. molitor, ca. 31% on diet HPLS to 45% on diet LPHS fBr
atratus andca. 20% on diet HPLS to 44% on diet LPHS f&rdiaperinus. Linoleic acid
content showed a wide range for all three specidsaasca. 15% on diet LPHS to 31% on
diet HPLS forT. molitor, ca. 10% on diet LPHS to 29% on diet HPLS ratratus andca.
17% on diet LPHS to 36% on diet HPLS fardiaperinus. Other fatty acids comprised
3.19% of total fatty acids, with the exception tdagic acid inZ. atratus andA. diaperinus
(ca. 7-8% and 9-11%, respectively).

The ratio betweem-6 andw-3 polyunsaturated fatty acids (n6/n3 ratio) wasl19:1 for
larvae on control diets, 19-25:1 on diet HPLS aad30:1 for larvae on high starch diets.
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For T. molitor on diet LPHS, n@-3 fatty acids were present in values above thecatien
limit and an n6/n3 ratio could therefore not becakdted.

Table 7: Dry matter (DM) percentage, crude protein and crude fat content
of three mealworm species grown on different diets.

Diet pm® Crude protein®  Crude fat®
(% of fresh weight) (% DM) (% DM)

Tenebrio molitor

Control B-Tm/Za 27.3 45.1 25.0

HPHS 334 48.6 26.3

HPLS 29.4 47.5 27.6

LPHS 333 46.9 18.9

Zophobas atratus

Control B-Tm/Za 33.3 41.5 36.2
HPHS 36.7 41.1 43.5
HPLS 35.7 42.5 40.0
LPHS 30.8 34.2 32.8

Alphitobius diaperinus

Control B-Ad 333 61.7 24.3
HPHS 31.8 64.3 21.8
HPLS 30.0 65.0 18.1
LPHS 33.3 - 13.4

- : Values not available due to insufficient sample.

®Values based on single analysis.

®Values based on analysis in duplo.

Diet abbreviations: HPHS (high protein, high starch); HPLS (high protein,
low starch); LPHS (low protein, high starch).
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Table 8: Fatty acid profile of Tenebrio molitor and Zophobas atratus grown on different diets. Values are in
g/100 g of total fatty acids. Fatty acids not detected in any of the diets were excluded. Values based on

single analysis.

Fatty acid Tenebrio molitor Zophobas atratus
Lipid control control B-

Common name number w-n B-Tm/Za HPHS HPLS LPHS Tm/Za HPHS HPLS LPHS

Saturated

Caprylic acid c8:0 - - - - 0.15 0.13 0.12 0.15

Capric acid C10:0 - - - - - - - -

Lauric acid Cc12:0 - 0.38 - - - - - -

Myristic acid C14:0 2.32 3.19 2.20 2.79 0.78 0.76 0.70 0.75

Pentadecanoic C15:0 - 0.19 - - 0.16 0.24 0.31 0.13

acid

Palmitic acid c16:0 16.19 16.96 16.13 16.67 31.09 28.90 25.04 33.00

Margaric acid C17:0 - 0.34 049 - 0.29 0.84 1.10 0.22

Stearic acid C18:0 2.97 272 2.64 - 7.73 7.06 6.77 7.14

Arachidic acid C20:0 - 0.16 - - 0.18 0.18 0.17 0.13

Behenic acid C22:0 - - - - - - - -

Monounsaturated

Palmitoleic acid ci6:1 w-7 1.56 2.88 2.67 1.56 0.77 1.88 1.85 1.85

Oleic acid c18:1 w-9 46.41 48.68 39.78 57.63 33.17 39.56 30.72 44.72

Vaccenic acid c18:1 w-7 0.39 0.26 0.40 0.20 0.36 0.25 0.36 0.34

Gondoic acid C20:1 w-9 - - - - 0.13 - 0.12 -

Polyunsaturated

Hexadecatrienoic C 16:3 w-4 - 0.37 - - - - - -
acid

Linoleic acid C18:2 w-6 27.83 20.99 31.25 15.45 22.54 17.84 29.31 9.86

y-Linolenic acid c18:3 w-6 - - - - - - - -

a-Linolenic acid c18:3 w-3 1.48 0.67 1.29 - 1.25 0.62 1.16 0.29

Eicosadienoic C20:2 w-6 - 0.10 0.34 - - - - -
acid

Dihomo-y-linolenic C 20:3 w-6 - - - - - - - -
acid

Eicosatetraenoic C20:4 w-3 - - - - - - - -
acid

Eicosapentaenoic C 20:5 w-3 - - 0.21 - - - - -
acid

Docosadienoic C22:2 w-6 - - 0.24 - - - - -
acid

Docosatrienoic Cc22:3 w-3 - - - - - - - -
acid

N6/n3 ratio 19:1 32:1 21:1 - 18:1 29:1 25:1 34:1

- : Not detected.

Diet abbreviations: HPHS (high protein, high starch); HPLS (high protein, low starch); LPHS (low protein, high

starch).

® Due to insufficient quality of Alphitobius diaperinus material grown on diet HPHS, data were excluded.
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different diets. Values are in g/100 g of total fatty acids. Fatty acids not
detected in any of the diets were excluded. Values based on single
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analysis.
Fatty acid Alphitobius diaperinus®
control
Common name Lipid number  w-n B-Ad HPLS LPHS
Saturated
Caprylic acid Cc8:0 - 0.28 -
Capric acid C10:0 - 0.24 -
Lauric acid C12:0 - - -
Myristic acid C 14:.0 0.57 0.57 0.82
Pentadecanoic acid C15:0 - 0.22 0.21
Palmitic acid Cc 16:0 24.89 15.73  22.30
Margaric acid C17:.0 - 1.14 0.53
Stearic acid Cc18:0 9.50 8.95 10.44
Arachidic acid C20:0 0.49 0.34 0.55
Behenic acid C22:0 - 0.16 -
Monounsaturated
Palmitoleic acid Ccle6:1 w-7 - 0.51 0.67
Oleic acid c18:1 w-9 37.25 20.55 44.25
Vaccenic acid c18:1 w-7 - 0.24 -
Gondoic acid C20:1 w-9 - - -
Polyunsaturated
Hexadecatrienoic c1i16:3 w-4 - 0.44 0.28
acid
Linoleic acid Cc18:2 w-6 22.65 36.41 16.84
y-Linolenic acid c18:3 w-6 - - 0.41
a-Linolenic acid Cc18:3 w-3 0.70 0.65 0.38
Eicosadienoic acid C20:2 w-6 - 0.18 -
Dihomo-y-linolenic C20:3 w-6 - 0.23 0.18
acid
Eicosatetraenoic C20:4 w-3 - 0.31 -
acid
Eicosapentaenoic C20:5 w-3 - - -
acid
Docosadienoic acid C22:2 w-6 - 1.55 0.18
Docosatrienoic acid Cc22:3 w-3 0.50 1.03 0.19
N6/n3 ratio 19:1 19:1 31:1
- : Not detected.

Diet abbreviations: HPHS (high protein, high starch); HPLS (high protein,
low starch); LPHS (low protein, high starch).
® Due to insufficient quality of Alphitobius diaperinus material grown on

diet HPHS, data were excluded.

47



Chapter 2

Discussion

This study shows that when the three edible meatwspecies were produced on diets
composed of organic by-products, diet affecteddaperformance and feed conversion
efficiency. Furthermore, larval chemical compositdiffered between species and dietary
treatments.

Larval mortality was very high on the original higtarch diets containing cookie
remains. These diets smelled strongly of spicek sigsccinnamon and clove, of which the
vapours can be toxic to insects (George et al.02Rkber et al., 2009). On the alternative
high starch diets, containing potato steam peelagstarch source, larval mortality was
similar to that observed on the other diets.

Larvae showed higher survival and shorter develapriime on diets higher in protein
and lower survival and longer development time @t dPHS, compared to control diet
used by commercial mealworm producers. Severalegudported increased growth rate of
mealworms on high protein diets, in particular whaerived from yeast (Davis and
Sosulski, 1974; Morales-Ramos et al., 2010). Higbtgin diets in the present study
contained 40% beer yeast. In addition to proteigh@amshariar et al., 2006; Rumsey et
al., 1991), yeast supplies B vitamins (Copping Alwthora Roscoe, 1937; Fraenkel et al.,
1950) and works as a feeding stimulantTomolitor, as does wheat floyMurray, 1960).
Similar literature data are lacking f@r atratus andA. diaperinus. Suboptimal performance
of larvae can be due to low feeding stimulatiorthea than a low nutritional value or the
presence of deterring components. For this reasach) experimental diet in the present
study contained at least 10% bread remains ande&g4t.ySimilar to protein source, starch
source could influence larval performance, rathantthe absolute amount of starch. Hosen
(2004) observed differences in performancé.afiaperinus when grown on different types
of cereal flour, despite minor differences in cdrnjdrate levels. Potato starch is more
resistant to digestion by Tenebrionidae than stiarin wheat or maizéApplebaum, 1966;
Mereiles et al., 2009)Furthermore, potato glycoalkaloids, which persiséraprocessing
(Po and Sinha, 2010) can have a toxic effect oecissthat do not consume potato in nature
(Nenaah, 2011; Ventrella et al.,, 2014). Long-tim@asure to a high content of potato
steam peelings could in part explain the high nhitytaf Z. atratus on diet LPHS, which
predominantly occurred after 20 weeks. Induced »ditation of secondary plant
metabolites commonly begins in earlier larval saaiti herbivorous insects (Glendinning,
2002; Yu and Hsu, 1993) and lower mortality is #fere expected in older larvae.
However, chronic toxicity resulting in among otheeduced growth and lower feed
conversion efficiency has been described (Chaub@98; Wheeler and Isman, 2001). In
addition to retarded growth on diet LPHS, larvaeatifthree species and beetles Aof
diaperinus were lighter in colour than those that consumduotiets. Lee et al. (2008)
observed that larvae dfpodoptera littoralis (Boisduval) had less strongly melanised
cuticles when feeding on diets lower in proteinlguaStronger melanisation is associated
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with increased direct immune function (Barnes améa-Sothy, 2000; Lee et al., 2008).
Possibly, protein quality of diet LPHS was lower foealworms, hence causing decreased
melanisation of the cuticle. This would cause #rwde to be more vulnerable to infection
by pathogens, reducing their survival.

Pupal weight can be used as a measure for insgtetrgiquality (Chapman, 1998). For
all three mealworm species, pupal weight, and contzmtly adult weight, was lowest on
diet LPHS. This is a further indication that thistdvas of lower quality for development of
the three mealworm species. However, diet LPHSditl have a detrimental effect on
successful eclosion of adults.

Carrot consumption was significantly higher on dieHS than on the other diets for all
three species. Possibly, larvae consumed moretdarommpensate for nutrients lacking in
the diet.

Feed conversion efficiency was higher on high prnotkets and lower on diet LPHS.
This confirms the explanation that diet LPHS might only lack nutrients, but might also
contain compounds which are harder to digest oictbx mealworms. Feed conversion
ratio (FCR) on the high protein diets wees 3 and was higher than the value reported by
Oonincx and De Boer fof. molitor (2.2; Oonincx and De Boer, 2012), although carrot
consumption was not taken into account in this\staed thus values found in the present
study are expected to be higher. No FCR values haea published faZ. atratus andA.
diaperinus. The extremely high FCRs found fér diaperinus on diet LPHS and control
diet B are in part due to the large amounts ofatatonsumed. Other ways of providing
water could dramatically decrease the FCR, provitiaticarrot was mostly consumed as a
source of moisture and not as a source of otherents. However, results from the present
study suggest that carrot is likely consumed asuace of nutrients to compensate for poor
diet quality.When comparing the FCRs of mealworm species on jigtein diets ¢a. 3)
with FCRs for conventional livestock, mealworms epenparable to poultry (2.0) and pigs
(3.6), and compare favourably to beef (7.8; Wilkims2011) However, the edible portion
of mealworms (100%) is greater than that of pouttng pigs ¢a. 50%; De Vries and De
Boer, 2010), making them more efficient produciommals.

Larval crude protein contentd. 47% forT. molitor, 40% forZ. atratus and 64% forA.
diaperinus) fell within the ranges reported in literature (Ber et al., 1998; Despins and
Axtell, 1995; Finke, 2002; Ghaly and Alkoaik, 200®ennino et al., 1991; Ramos-Elorduy
et al., 2002; Yi et al.,, 2013). Despite the 2 -oRifdifferences in dietary crude protein
contents, larval protein content was similar amtireggdietary treatment groups, except for
the 18% lower value foZ. atratus on diet LPHS. Similarly, Ramos-Elorduy et al. (2p02
and Gao et al. (2010) observed small differencek molitor protein content when grown
on different diets. This suggests that the mealvgoane well able to regulate body protein
content. Insects regulate dietary intake of nutsien order to obtain their nutrient target
(Behmer, 2009; Raubenheimer and Simpson, 1999)ngBeestricted to one diet
complicates intake regulation, although Behmer @®8ts several modes of post-ingestive
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regulation.For example, locustd.¢custa migratoria L.) excrete excess ingested protein in
the form of uric acid and ammonium. In the pressnty, larvae feeding on diet HPLS
excreted more uric acid through faeces than lafgading on control diet or diet LPHS,
indicating mealworms species might use a simileatstly to cope with excess dietary
protein.

Larval fat content as well as fatty acid profileresenore strongly influenced by diet. Fat
content in this studyc@. 19-28% forT. molitor, 33-44% forZ. atratus and 13-24% foA.
diaperinus) fell within the ranges reported in literatu.(23-40% for T. molitor, 40-45%
for Z. atratus and 21-24% for A. diaperinus; Bar&eal., 1998; Despins and Axtell, 1995;
Finke, 2002; Ghaly and Alkoaik, 2009; Pennino et #91; Ramos-Elorduy et al., 2002;
Tzompa-Sosa et al., 2014; Yi et al., 2013). Howgelawvae grown on diet LPHS had a
lower fat content, as did the diet itself. In aduht larvae use fat reserves for energy when
diet nutritional quality is low (Arrese and Soulag2010). A low nutritional quality of diet
LPHS could have contributed to the lower fat cont#friarvae on this diet. Raubenheimer
and Simpson (2003) observed a rather stable liprent in the desert locuSthistocerca
gregaria (Forsskal) on increasingly protein deficient diefs similar result was not
observed in the present study. Insects can systhdfids out of different dietary
components such as carbohydrates. Possibly, the wfifficult to digest potato starch
present in diet LPHS interfered with biosynthegiBmds out of carbohydrates.

With respect to fatty acid composition, larvae bftlaree species were predominantly
high in palmitic acid, oleic acid and linoleic acithis corresponds to results from previous
studies (Finke, 2002; Howard and Stanley-Samuel$686; Tzompa-Sosa et al., 2014),
although values for the three fatty acids repotbgdFinke (2002) were relatively low
compared to those reported in the present studgt Bomposition was, however, not
specified by Finke (2002). The present results saaather wide range of individual fatty
acid contents depending on the diet, in partictdaroleic acid and linoleic acid. Though
larval fatty acid composition was altered by dietdid not necessarily follow the same
trend as dietary fatty acid composition in thisdstuindicating physiological regulation of
larval fatty acid composition. Control diet B-Tm/Zantained the highest amount of
palmitic acid and linoleic acid, but larvae fed threse diets did not contain the highest
amount of these fatty acids. Larval oleic acid eahtwas highest on diet LPHS, whereas
this diet contained the lowest amount of oleic atmdcontrast, linoleic acid content was
lowest in diet LPHS, and also in the larvae fedttua diet. These results show that larval
fatty acid composition can be altered by diet, touivhat extent differs between individual
fatty acids and mealworm species. Insects are kniowsynthesise certain fatty acide
novo, such as palmitic, oleic and stearic acid (Beeaeklet al., 1985; Canavoso et al.,
2001; Stanley-Samuelson et al., 1988). This coddab explanation for larval levels of
palmitic and oleic acid not following a similar pein to dietary levels. In contrast, linoleic
acid is more likely to be an essential fatty acdsch needs to be obtained from a dietary
source. According to Stanley-Samuelson et al. (L9&&reasing levels of dietary
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polyunsaturated fatty acids generally leads to ghdn proportion of insect tissue
polyunsaturated fatty acids and a lower proporbrmonounsaturated fatty acids. This
also appeared to be the case in the present swugre higher proportions of dietary
polyunsaturated C18 fatty acids led to relativebywér proportion of larval C18
monounsaturated fatty acids (results not shown).

On all diets in this study, the three mealworm sgmebad a high n6/n3 ratio, ranging
from ca. 18:1 on control diet to >30:1 on diet LPHS. Thisswmexpected as diet LPHS
had a lower n6/n3 ratio (5:1) than the other dje#s 10-12:1). However, the n6/n3 ratio of
carrot exceeded 50:1. Possibly, high carrot consiemgontributed to the high n6/n3 ratio
of mealworms fed on diet LPHShe n3/n6 ratios found in this study were compardbl
the ratios found by Tzompa-Sosa et aa. (25:1 for T. molitor and ca. 20:1 for A.
diaperinus;, 2014). An n6/n3 ratio of 5:1 is considered optimal for the human diet (Kaoub
and Mourot, 2011). When producing mealworm spefesiuman consumption, it would
improve dietary quality to lower the n6/n3 raticdhgh dietary fatty acid composition.
Controlling fatty acid composition is, however,faifillt to achieve when using organic by-
products. In conventional meat, the ratio rangesnfrl0:1 to 15:1 (Kouba and Mourot,
2011), but can be lowered through diet. The extenthich the n6/n3 ratio can be lowered
for the mealworm species used in this study remaitogpic of investigation.

In conclusion, the mealworm species used in thidystan be grown successfully on
diets composed of organic by-products. Diet affentsalworm growth, development and
feed conversion efficiency, where diets high in stederived protein appear favourable
with respect to reduced larval development timeuced mortality and increased weight
gain. However, studies spanning several insect rgdoas should be performed to
determine the effect of diet composition on adatiundity. Dietary protein content had a
minor effect on mealworm protein content, whereavdl fat content and fatty acid
composition varied over a wider range. Diets tHemwaed for fast larval growth and low
mortality in this study led to a less favourablén®ratio than control diets. Further studies
are needed in order to compose diets which summtinal growth and development rate,
while simultaneously facilitating a more optimal tritional composition for human
consumption.
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L.) and possible contamination risk
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Abstract

The world population is growing, leading to an gesed demand for animal protein.
Several environmental problems are associated amitiventional meat production, such as
greenhouse gas emissions. Insects could be anatiter and a more sustainable source of
animal protein. Yellow mealwormsTénebrio molitor L.) are being produced in The
Netherlands for human consumption. The larvae eagrbwn on diets made from organic
by-products from the food and bio-ethanol industvizich would contribute to the circular
economy. However, organic by-products can be comi@ed with mycotoxins. Previous
research showed that mycotoxin contamination oflwaan diet had little to no effect on
mealworm growth and development. Hence, contanunati edible mealworms could go
unnoticed, posing a possible threat to the consunters far, little is known about possible
retention, excretion or detoxification of mycotoxiny edible insects.

Tenebrio molitor larvae were grown on wheat flour naturally contsatea with
mycotoxins (predominantly deoxynivalenol (DON)), et flour spiked with 8 mg/kg pure
DON, and uncontaminated wheat flour. Larval surivaad weight gain on the three diets
were compared. Presence of mycotoxins in larvadamel faeces was analysed using LC-
MS/MS.

Presence of dietary DON had no effect inmolitor growth and survival. No DON or
DON derivatives were detected in unmetabolised fiorfh molitor after harvest. Excretion
of DON in larval faeces was observed. These arenising results with respect to food
safety. However, metabolism of DON i molitor, as well as possible toxicity of
metabolites, remains to be investigated.

Keywords: deoxynivalenol, edible mealworm, contaminationystai, excretion
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Introduction

A growing world population and increasing welfare geading to an increased demand for
animal protein (Van Huis, 2013; Van Huis et al.,12D Several environmental
disadvantages are associated with conventional prealuction, such as greenhouse gas
emission, land and water use (Mekonnen and HoeK3Xt0; Steinfeld et al., 2006). The
production of mini-livestock, such as edible inseatould provide an alternative protein
source. Edible insects provide protein of similaality to conventional livestock (Rumpold
and Schliter 2013), but compare favourably to cofiweal meat in terms of greenhouse
gas production and land use (Oonincx and De B@r2 200nincx et al., 2010). Insects are
commonly consumed in the tropics; however, effarts ongoing to introduce insects into
the Western diet. In Western countries, rather tt@lected from nature, edible insects are
produced in closed farming systems. Promising ahatdispecies for human consumption
include species that are already commercially preduas pet food for fish, birds and
reptiles, such as cricket and mealworm specieser@ecommercial rearing companies in
The Netherlands have started to produce thesetggediuman consumption.

In addition to nutritional information and enviroental benefits, food safety is
important to consider when introducing new foodduats on the market (Van der Spiegel
et al., 2013). Food safety risks of edible insewtse reviewed by Van der Spiegel et al.
(2013), Rumpold and Schliter (2013) and Bellucal e2013). Most studies deal with food
safety risks associated with edible insects in tiopics, such as contamination with
bacteria and fungi. Such contamination can ocateeduring the insect's lifecycle when it
feeds on contaminated substrate, or after harwestontamination during processing or
storage by spoilage under unrefrigerated condititmgshe West, commercially produced
edible insects will not acquire harmful compoundspathogens from nature and risk of
post-harvest spoilage is decreased. However, aofisicquiring contaminants during the
insect's life cycle is still possible when produced contaminated feed. Especially
mycotoxins may pose a risk.

Mycotoxin contamination of grains has been on ke in recent years, among others due
to climatic changes (McCormick et al., 2011). Aaiog to Gurnari (2015), mycotoxins are
one of the most important challenges in the foatustry today. In addition, mycotoxins
are prevalent in grain used as animal feed, withxgieivalenol and ochratoxin A being
most often detected in feed samples from EuroperiBaes and Naehrer, 2012).

Yellow mealworms Tenebrio molitor L.) are commonly produced on wheat bran.
Alternatively, these insects could be produced nwmrstainably and efficiently on diets
derived from organic by-products (Ramos-Elorduyakt 2002; Van Broekhoven et al.,
2015). Wheat bran, as well as organic by-produceduas insect feed, could be
contaminated with mycotoxins. Mycotoxins could haveeleterious effect directly on the
iInsects or, indirectly, on the consumer of the ¢hsElaborate research has been performed
to determine the risk of mycotoxin contaminatiorfexd for conventional livestock (EFSA,
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2004, 2011, 2013; Pestka, 2007). However, reseamshthe risk of mycotoxin
contamination of edible insects is limited. Mycdfgenic fungi such asAspergillus,
Penicillium and Fusarium species were isolated from samples of edible piisns
Imbrasia belina (Simpanya et al., 2000) afiinaea alcinoa (Braide et al., 2011) in Africa.
Presence of mycotoxins was, however, not detectdxhdon-Becognee et al. (1998)
investigated the effect of fumonisin;Bon the growth and metabolism of Yellow
mealworm. The presence of fumonisind& a concentration of 450 pg/g diet reduced larval
growth and metabolism, but did not increase maytalAbout 40% of the ingested
fumonisin B was excreted through faeces. Davis and Schief@82)1reported reduced
larval growth of Yellow mealworm feeding on dietentaining up to 64 ug/g of the
trichothecene T-2 toxin, but no increased mortaltystudy by Guo et al. (2014) showed
thatT. molitor larvae readily fed on grain infested with seveliffierent Fusarium species.
Several mycotoxins produced by théaearium species were detected in the larval bodies
after the feeding experiment, including zearalendun@onisin B and several enniatins.

The fact thafl. molitor can consume mycotoxin-contaminated feed withoyt\asible
adverse effects on larval growth and mortality sy mycotoxin contamination may go
unnoticed by the insect producer. This could posealth risk to the consumer of edible
insects. In this study, the effect of feed contated with deoxinivalenol (DON) oif.
molitor larvae was determined. DON, also known as vomitagia mycotoxin in the group
B of trichothecenes. It is produced Bysarium graminearum, F. pseudograminearum and
F. culmorum (Glenn, 2007). DON is a polar organic molecule aodtains a carbonyl and
epoxy group (Figure 1) which have been associatiéda itg toxicity (Nagy et al., 2005).
Two acetylated forms of DON co-occur with DON: 3addeoxynivalenol (3-ADON) and
15-acetyldeoxynivalenol (15-ADON), both of which viealower toxicity than DON.
Furthermore, glucosidic plant metabolites can cododn contaminated crops (Pestka,
2010). Acute exposure to DON can lead to gastrsimal symptoms such as vomiting in
both humans and animals (EFSA, 2013). Long ternadieexposure can lead to decreased
weight gain, decreased feed intake and alteredtiontl efficiency. However, there is no
evidence for mutagenic of carcinogenic effects. Thkerable Daily Intake (TDI) for DON
as established by the Scientific Committee on FHeddug/kg body weight per day (EFSA,
2013).
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Figure 1: Chemical structure of deoxynivalenol (DON), 3-acetyldeoxynivalenol (3-ADON)
and 15-acetyldeoxynivalenol (15-ADON). Source: Fruhmann et al. (2014).

In this study, Tenebrio molitor larvae were grown on wheat flour naturally
contaminated with DON and DON-derivatives; wheaufl spiked with pure DON; and
clean wheat flour.

The effect of dietary DON on larval growth performea and survival was monitored.
Furthermore, in order to determine whether DON B@N-derivatives are sequestered or
excreted by the larvae, harvested larvae and |&meales were analysed for the presence of
DON and DON derivatives.

M aterials and methods

Materials

Five weeks old Yellow mealworm larvae were obtaifredn commercial insect producing
company Van de Ven (Deurne, The Netherlands). MHyucontaminated wholegrain
wheat flour {riticum aestivum L.) was obtained from RIKILT (Wageningen, The
Netherlands). Clean wholegrain wheat flour was ioeth from windmill De Vlijt
(Wageningen, The Netherlands). Pure DON was otdafnem Romer Lab% (Tulln,
Austria).

Diet preparation

Clean wheat flour served as control diet. Experimemiets consisted of naturally
contaminated wheat flour containing, among oth48€0 ng/kg DON (Table 1); and clean
wheat flour spiked with 8000 pug/kg pure DON. In@rdo prepare the spiked diet, 750 g
clean wheat flour was mixed with 1500 mL water gsam ultra-turrax. During mixing, 30
mL 200 pg/mL DON in acetonitrile was added, aftdrick the slurry was mixed by head
over head rotation for 1 h. The slurry was therphibsed for seven days until stabile
pressure. The lyophilised material was ground usirigod processor. Three samples were
taken for analysis of homogeneity using LC-MS/MS.
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Table 1. Mycotoxins present in naturally
contaminated wheat flour obtained from

RIKILT.
Mycotoxin Concentration
(ng/kg)
Deoxynivalenol (DON) 4900
15-ADON 86
DON-3G 300
Beauvericin 13
Enniatin Al 45
Enniatin B 490
Enniatin B1 170
Nivalenol 270
Zearalenone 73
Ergotamine 5
Ergotaminine 16

Experimental setup

Five weeks old larvae with an average weight ofrfgBwere randomly assigned to either of
the three diets. Each diet treatment comprisedeplicates. Each replicate consisted of a
plastic container (17.5 x 9.3 x 6.3 cm) with aematslits in the sides. Each container
contained 50 larvae ongRof diet and 1 g of carrot. Carrot was replaceidava week. Once
larvae had consumed all diet (based on visual estim of diet and faeces), faeces were
removed and stored at -20°C until analysis, anshfaiet was added.

Larvae were allowed to grow for two weeks, aftefalitthey were at harvest weight (> 100
mg). Larvae were cleaned of faeces and countedr afhich larvae and faeces were
weighed separately. For each replicate, half ofigung larvae were killed immediately by
freezing at -20°C, and half were allowed to fastZd h in empty containers. Larvae were
subsequently killed by freezing at -20°C. Larvad &eces were oven dried at 50°C until
constant weight. All material was then weighed gralind to powder in grinder (Tomado
TM-1287).

LC-MS/MS analysis

Presence of DON and derivatives (DON-3-glucosidac&yl-DON and 15-acetyl-DON) in
larvae and faeces was determined by LC-MS/MS aisaftsRIKILT using a AB SCIEX
QTRAP® 5500 System according to the method destidyeVan Asselt et al. (2012) with
a limit of detection (LOD) of 100 pg/kg. For eackdatment, two experimental replicates
were pooled to obtain three biological replicatetotal.
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Calculations and Statistical analysis
Excreted DON as percentage of ingested DON waslleaér] as:

amount of faeces produced x amount of DON in faeces
excreted DON = . _ _ - « 100094
amount of diet provided x amount of DON in diet

Where, based on visual evaluation, it was assurhat larvae had consumed all diet
provided.

Data of larval survival and weight gain did not faom to the normal distribution and
were analysed by a Kruskal-Wallis test at a sigaiice level of 0.05, followed by Mann-
Whitney U tests with applying Sidak correction, whehe level of significance was
corrected to 1-(1-0.08%= 0.025. Where DON and DON derivative concentratiovere
below detectable levels, statistics could not belieg. All statistical analyses were
performed using IBM SPSS statistics v. 20.

Results

Larval growth and survival
Tenebrio molitor larvae were observed to readily consume all tlte¢s, which were
similar in appearance (personal observation). Uaseavival was high on both clean
Control diet (98.33%) and the two DON-contaminatdiéts (98.33% for Naturally
contaminated and 99.33% for DON-spiked, respegtivéligure 2). No significant
difference in survival was observed between thieidifit diet treatments (p = 0.230).
Average weight increase was 49.80 mg for larvaeCamtrol diet, 63.26 mg on
Naturally contaminated diet and 48.55 mg on DONapidiet, with medians of (Figure 3).
No significant difference was observed betweentdesitments (p = 0.091).
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Figure 2: Average larval survival of Yellow mealworm (Tenebrio molitor) as
percentage of the total number of larvae at the start of the experiment (n = 50) after
feeding on either clean control diet, diet naturally contaminated with deoxynivalenol
(DON) and diet spiked with 8000 ug/kg DON. A star represents an outlier.
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Figure 3: Average larval weight gain of Yellow mealworm (Tenebrio molitor) at the
end of the experiment after feeding on either clean control diet, diet naturally
contaminated with deoxynivalenol (DON) and diet spiked with 8000 pg/kg DON. A
star represents an outlier; a circle represents an extreme value.
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Analysis of mycotoxins
Larval and faecal samples were analysed for preseh©ON and DON derivatives. No
DON derivatives were detected in any sample (datashown). DON was not present in
detectable levels in both directly harvested laraae larvae that fasted for 24 h. However,
faeces of larvae on DON-contaminated diets conteid®N in levels that far exceeded the
limit of detection (1140 ug/kg for Naturally contarated and 4980 pg/kg for DON-spiked,
respectively).

The percentage of excreted DON in faeces from &aora DON-spiked diet was higher
(ca. 41%) than in faeces from larvae on Naturally contemted diet ¢a. 14%; Table 3).

Table 2: Concentration of deoxynivalenol (DON) in
Yellow mealworm (Tenebrio molitor) larvae and
faeces after feeding on clean or DON-contaminated
diet, analysed by LC-MS/MS. LOD was 100 pg/kg.
Values are given as mean + SD; n = 3.

Diet DON
(ng/kg)

Larvae, directly harvested

Control ND

Naturally contaminated ND

DON-spiked ND

Larvae, fasted

Control ND

Naturally contaminated ND

DON-spiked ND

Faeces

Control ND

Naturally contaminated 1140 +141.8

DON-spiked 4980 +209.3

ND: Not detected.
DON derivatives were excluded because these were
not detected in any of the samples.

Table 3: Amount and percentage of dietary deoxynivalenol (DON) ingested and
excreted by Tenebrio molitor larvae combined in pooled replications. Values are
given as mean = SD; n = 3.

Diet
Naturally contaminated DON-spiked
DON ingested (pg) 99.666 +5.669 144.177 +0.046
DON excreted (ug) 13.953 +1.664 58.572 +1.464
% excreted 14.027 +1.767 40.625 +1.018
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Discussion

This study shows that feeding on high concentrati@hDON (up to 8,000 pug/kg) has no
direct detrimental effects oh molitor survival and weight gain. DON was partly excreted
through larval faeces and no detectable levelkisfrhycotoxin remained in the larval body
in unmetabolised form.

Larvae ofT. molitor were allowed to feed on clean wheat flour, natyr@dntaminated
wheat flour containing several mycotoxins includi@00 pg/kg, and wheat flour spiked
with 8,000 pg/kg DON. The larvae readily consumdddaets (personal observation).
Presence of DON did not increase larval mortatiynilarly, Abado-Becognee et al. (1998)
and Davis and Schiefer (1982) and Van Broekhoveat. €2013) did not observe increased
mortality whenT. molitor larvae consumed diet contaminated with fumonisjiraid T2-
toxin. Guo et al. (2014) observed tHatmolitor larvae feeding on wheat kernels infested
with Fusarium proliferatum or F. poae showed similar survival rates as larvae feeding on
uncontaminated wheat. In contrast, the presencd-.otulmorum, F. avenaceum or
Beauveria bassiana did increase mortality. Compared to thesarium species that did not
increase larval mortalityF. culmorum contained high levels of zearalenone (>210,000
png/kg) and deoxynivalenol (10,240 upg/kg), whideavenaceum contained high levels of
enniatins (> 90,000 pg/kgBeauveria bassiana did not contain mycotoxins in high
guantities, but the fungus can multiply within theect body and possibly kill the larvae by
different mechanisms. The highest concentratioDON in the present study was lower
than the level found foF. culmorum infested wheat in the study of Guo et al. (2014).
Larvae in both studies were allowed to feed onaminiated diet for a comparable amount
of time (14 vs 15 days). Possibly, 8,000 pg/kgti ®o low for T. molitor to affect
mortality. Alternatively, the mortality observed Buo et al. (2014) was due to zearalenone
rather than DON, or a combined effect of both mggwots. Zearalenone was also present in
the naturally contaminated wheat flour used in pinesent study, but in a much lower
concentration (73 pg/kg; Table 1). Similarly, thencentration of enniatins (up to 490
png/kg; Table 1) was much lower in the present sthdy in the study by Guo et al. (2014).
An even higher concentration of DON (25, 000 pgfsgs administered by Dowd et al
(1989) to the moth species Corn earworiel(coverpa zea) and Fall armyworm
(Spodoptera  frugiperda; both Lepidoptera: Noctuidae). Reductions in weight were
observed, but no significant differences in motyaliwith lower concentrations, little
negative effect was observed.

The presence of DON did not lead to decreased wegim for T. molitor. Tenebrio
molitor has been found to consume fungus-infested maig@haiku et al., 2007; Davis et
al., 1975; Guo et al.,, 2014). Not only can larvaefgr fungus-infested diet over
uncontaminated diet (Guo et al., 2014), the presaicfungus can even promote larval
growth, depending on the fungal species and thstsaib the fungus is growing on (Davis
et al., 1975; Guo et al., 2014). The presence mdus in diet might provide the larvae with
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nutritional factors contributing to growth. This ght compensate for the effect of
mycotoxins and other anti-nutritional factors proed by the same fungus, which would
cause a problem for the insect producer and algedsealth risk for the consumer.

After the feeding periodT. molitor larvae were either directly harvested, or were
allowed to fast for 24 h to clear the digestivectrdlo DON or DON derivatives were
detected in larval bodies of both groups. Possitblg, mycotoxins were not sequestered in
the larval bodies in unmetabolised form in quasitiexceeding the detection limit.
Similarly, Guo et al. (2014) did not detect DON larvae that had been feeding on
Fusarium infected wheat containing a high level of DON. Mtaxins that were detected
were present in low concentrations compared tdethels found in the infected wheat, with
the exception of Enniatin A (30 pg/kg in the disth0 pg/kg in the larvae).

The present study shows tlzat 14% of DON ingested through naturally contaminated
wheat flour was excreted through faeces. For DOiKesbwheat flour, this waea. 41%.
For both diets, the remaining fraction of DON coulat be detected. This suggests that it
was metabolised by. molitor. Metabolites could be either sequestered or eadrétrough
faeces. It is not known why a smaller proportionDdDN was excreted after feeding on
naturally contaminated wheat flour, compared to D§pked wheat flour. Possibly, the
presence of other fungal metabolites in the ndiu@ntaminated flour interfered with
excretion of DON inl. molitor larvae.

Exposure and metabolism of DON is well documented donventional livestock.
Sensitivity to DON is related to the extent to whitie animal is capable of metabolising
DON to compounds with decreased or lost toxicitgsiRa, 2007). The major metabolite
detected in the urine and faeces of animals exptws&DN is de-epoxy DON (DOM-1),
produced by microbes present in the intestine (EX@net al., 2004; Pestka, 2007). DOM-1
was, however, not detected in human faeces (Sundsi@en and Pettersson, 2003) and
also does not contribute much to DON detoxificatiorpigs, the most sensitive species
(Déanicke et al., 2004). Another mode of DON detigafion is the conjugation to DON-
glucuronides in the liver (Pestka, 2007). No infation is available on detoxification of
DON or other mycotoxins by. molitor. However, detoxification has been studied to some
extent in different insect species. Dowd (Dowd, @9%und p-nitroanisole (PNA) O-
demethylation and CDNB glutathione conjugation\afstiin response to > 25 000 pg/kg
DON for H. zea. In contrast, PNA O-demethylation activity was ridufor S. frugiperda,
whereas CDNB glutathione conjugation activity walsilbited. Presence of O-demethylated
or glutathione-conjugated DON metabolites was ngestigated. Niu et al. (2008) found
that the P450 monooxygenase CYP321A1 contributedealetoxification of aflatoxin B1
in H. zea by transforming it to aflatoxin P1, an O-demethgthproduct of aflatoxin B1.
P450 monooxygenases (P450s) are known to contribudetoxification of xenobiotics in
all organisms including insects (Niu et al., 200B).contrast, P450s can also increase
toxicity. In H. zea, the P450 CYP2A6 contributes to the toxicity ofaedxin B1 (Zeng et
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al., 2006). Another invertebrate species, the ®antim Lumbricus terrestris, interacts with
soil microorganisms to degrade DON (Oldenburg e28I08).

Enzymes involved in detoxification of xenobioticsjch as P450s and glutathione-S-
transferases, are present Tn molitor and related species (Kostaropoulos et al., 1996;
Richards et al., 2008; Silva et al.,, 2015). Theseymes are possibly involved in
detoxification of mycotoxins. Which enzymes arepssible for metabolism of DON i
molitor and which metabolites are produced remains a tufpitvestigation.

In conclusion,T. molitor larvae did not experience significant detrimergH&cts in
response to dietary DON concentrations up to 808kgts DON was partly excreted
through faeces in unmetabolised form. These areniging results with respect to food
safety. However, the remaining portion is likely tat®lised into different compounds.
Further studies should focus on the metabolic payhw response to DON exposureTin
molitor, as well as the possible toxicity of the resultid@N metabolites.
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Abstract:

Due to the imminent growth of the world populatishprtage of protein sources for human
consumption will arise in the near future. Alteimatand sustainable protein sources (e.g.
insects) are being explored for the productionooidfand feed. In this project, the safety of
Yellow mealworms Tenebrio molitor L.) for human consumption was tested using
approaches as advised by the European Food Safettyority for allergenicity risk
assessment.

Different T. molitor protein fractions were prepared, characterized, tasted for cross-
reactivity using sera from patients with an inhalator food allergy to biologically related
species (house dust mite (HDM) and crustaceans)inopunoblotting and basophil
activation. Furthermore, the stability was investegl using ann vitro pepsin digestion
test.

IgE from HDM- and crustacean allergic patients srosacted withT. molitor proteins.
This cross-reactivity was functional, as shown iy induction of basophil activation. The
major cross-reactive proteins were identified apamyosin and arginine kinase, which are
well known allergens in arthropods. These protewese moderately stable in the pepsin
stability test.

Based on these cross-reactivity studies, there risadistic possibility that HDM- and
crustacean allergic patients may react to foodatonimg T. molitor proteins.

Key words: food allergy, risk assessment, Yellow mealwormsstreactivity, crustaceans,
House dust mite
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Introduction

Due to the imminent growth of the world populatiand increasingly more demanding
consumers (Tilman et al., 2011), shortage of pnoseiurces for human consumption is to
be expected in the near future (Van Huis, 2013kaBse available energy supplies, clean
water and land are declining, new initiatives am#idted to find more sustainable protein
sources than conventional meat for the food and iegustry, including the production of
mini-livestock such as edible insects (Van Huisl20van Huis et al., 2013).

The introduction of new food sources is regulatgdhe Regulation (EC) No 258/97 of
the European Parliament and of the Council of 2udey 1997, concerning novel foods
and novel food ingredients. All food and food prouthat were not commonly used for
consumption before 1997 must be labelled as naaild (http://eur-lex.europa.eu/). For
new food products, it is important to assess faafétyg in terms of microbial, nutritional,
toxicological, and allergenic risks.

Food allergy is a major health concern in the Wasseciety. The prevalence of food
allergy is around 3-4 % in the general populati®@iciierer, 2011)Symptoms of food
allergy range from oral allergy to anaphylactic dhdn addition to direct sensitization to
proteins in foods, food allergy can also resultfrigE cross-reactivity between proteins in
other food products or inhalant allergens from p#pecies. Cross-reactivity is well-known
for various related proteins (e.g. vicilins, PR{fbteins, tropomyosins; Radauer et al.,
2008).

New proteins and genetically modified foods areentty assessed for their allergenic
potential using an allergenicity assessment styatggcision tree) advised by the Food and
Agriculture Organisation (FAO) and the World Headhganization (WHO) (FAO/WHO,
2001) or the weight of evidence approach describetthe European Food Safety Authority
(EFSA, 2010). Both approaches focus on the sourtteeayene, the similarity of the amino
acids sequence of the new protein with that of kmaallergens, cross-reactivity with
human sera from food allergic patients, and thbil#taof the protein tested in a staiic
vitro digestion model with pepsin.

In this study, the allergenicity of Yellow mealwor(fenebrio molitor L.) protein was
assessed. The mealworm is the larval stage of tekow mealworm beetle and is
commercially produced as feed for animals suchisis, freptiles and birds. It could
additionally be considered an alternative protaarse for humans (Van Huis, 2013
our knowledge, little is known about the allergepictency of T. molitor proteins. A
number of publications report occupational alleiggensitised individuals, with symptoms
such as asthma, rhinoconjunctivitis, and contaticana. These reactions were mostly
observed in people frequently working witlh. molitor (Bernstein et al., 1983;
Schroeckenstein et al.,, 199@nly one publication reported anaphylaxis followitige
ingestion ofT. molitor by an individual with a known inhalant allergyttas insect (Freye
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et al., 1996). A few cases have been describedlesfj reactions upon the consumption
of other insect species, including Mopane worindb(asia belina; Okezie et al., 2010) and
Domestic silkworm pupaddpmbyx mori; Liu et al., 2009).

Becauserl. molitor may be introduced as food for human consumptios safety with
respect to the potential development of food ajlergeds to be assessed. In this study, the
weight of evidence approach was used to assessllgrgenic potency ofl. molitor
proteins.

M aterials and M ethods

Materials

All reagents were obtained from Sigma (St-LouisA)Sinless stated otherwise. molitor

in final larval instars was obtained from insecbguwcing company Kreca (Ermelo, the
Netherlands).

Patient sera

Sera were collected at the University Medical Genditrecht (Utrecht, the Netherlands)
from well characterized allergic patients that wpositive for specific IgE measured by
ImmunCAP ISAC (Immuno Solid-Phase Allergen Chip)this study, sera were used from
seven patients allergic to crustaceans and Houseé mite (HDM, Dermatophagoides
pteronyssinus Trouessart) Der p 10. Negative control sera weeel tisom patients (in total
15 patients) allergic to grass pollen, peanuts, diseggs and/or milk. These patients were
not allergic to crustaceans or HDM Der p 10. THisdg was approved by the ethical
committee of the University Medical Centre Utrecht.

Preparation of'enebrio molitor extracts

Larvae were killed by freezing at -20 °C. Ten grash$rozen larvae were disrupted in 70
mL ice cold extraction buffer (20 mM Tris buffer pH6, 1 mM phenylthiocarbamide and
Halt Protease Inhibitor Cocktail (Pierce ProteirolBgy Products) using an ultra-turrax.
After centrifugation (10 min 160@0at 4°C), the supernatant was split into two fiacdi
One fraction was frozen immediately (SRN1) while tbhther was dialysed overnight
(SRN2) against cold 20 mM Tris buffer pH 7.6 usan@500 Da dialysis membrane. Both
fractions were stored at -20°C.

The water insoluble residue was washed twice withaetion buffer followed by overnight
extraction at 4°C in 70 mL 6 M urea in extractionffer (SRN3). The sample was
centrifuged (10 min 160@Jat 4°C) and the supernatant was stored at -20°€.pFbtein
concentration was measured using the Bradford rdegiBim-rad).

76



Allergenicity of Yellow mealworm protein

Identification of proteins ifenebrio molitor extract

The three individual extracts (380 pg protein) weligested overnight with trypsin
(protein: trypsin 380 : 7.5) after reduction andyédtion according to the standard
digestion protocol (see "ldentification of crosaetve proteins”). Digestion was confirmed
by Coomassie-stained SDS-PAGE. Prior to LC-MS asis)ysamples were dried using a
vacuum concentrator (MAXI Dry Plus, Heto-Holten, ribeark) and reconstituted in 0.1 %
formic acid (FA) in water. Ten pL of extract (20 pgptein) was injected on an Atlantis®
dc18 column (1.0 x 150 mm, 3 um, Waters) using igracelution with a constant flow of
50 uL min'. The gradient started with 95 % A (0.1 W& FA in water) for 5 minutes
followed by a linear increase to 45 % B (0.vA6FA in MeCN) which was achieved in 25
minutes.This was followed by a linear increase to 95 % B iminutes and was kept at this
gradient for another 5 minutes. The LC-MS systemsied of a Thermo Orbitrap mass
spectrometer (Breda, The Netherlands) coupled fthermo Accela auto sampler and
pump. The electrospray interface was used in pesitin mode and an ion-spray voltage of
4.5 kV was applied. Capillary temperature was ge830°C.The orbitrap was operated in
data-dependent mode, selecting the top 5 ions 8M% scans at 35 % collision energy
units. See for protein identification "Identification ofass-reactive proteins”.

Determination of allergic potential

The allergic potential of proteins identified Tn molitor extracts of which the sequence is
known, as well as that of. molitor proteins with a known sequence present in UniProt
database, was predicted using Allerm&fch(www.allermatch.org). Comparison in
Allermatch™ was based on UniProt as well as the WHO-IUIS detabAn 80 amino acid
sliding window alignment was performed with a 35 cut-off percentage (Fiers et al.,
2004).

SDS-PAGE and Immunoblotting

All three individual T. molitor protein extracts (3 png) or digests thereof wehetell with
sample buffer (50 mM Tris pH 6.8, 2 % SDS, 10 %cglpl, 2 %p-mercaptoethanol) and
analysed using 15 % acrylamide/Tris-HCI gels (Ciate, Biorad, Germany). Control
samples (extracts of shrimp/lobster, peanut, gmsken, herring/cod, egg from ALK,
Denmark) and a Protein marker (Bio-Rad) were rureach gel. Proteins were visualised
using Coomassie gel staining (Expedion, UK) or uded immunoblotting. For
immunoblotting, proteins were transferred to a pwlylidene difluoride membrane (Bio-
Rad). Membranes were blocked with 4 % (w/v) Prot{fidutricia, The Netherlands) in
PBS/0.1 % Tween 20 for 60 min after which they wa@bated for 1 hour with diluted
patient sera (dilution depended on IgE titers aadged from 1:25 to 1:200) at room
temperature. Bound IgE was detected with 1:3000(tedi peroxidase-conjugated goat
anti-human IgE (KPL, USA)JVisualisation was performed using a chemiluminescen
peroxidase substrate kit and blots were scannedywsiChemidoc XRS+ image scanner
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with Imagelab software (Bio-Rad). Bands of interaseére excised from gel for
identification of cross-reacting proteins.

Immunoprecipitation

For immunoprecipitation, Dynabeads M-280 Tosylaid (10 mg, Invitrogen) were used
according to the manufacturer’s protocol. Beadsveerated with 0.2 mg Goat anti-Hu IgE
(Invitrogen). Conjugated beads were incubated foodr at 37°C with 1 mL of a mixture
of patient sera (bead 1) from patients 2, 5 an2l.&.8) or 1 mL serum from patient 1 (bead
2). Conjugated beads were cross-linked with 5 mM® BBierce) according to the
manufacturer’s protocol to ensure reusability &f tteadsThe beads were washed three
times with 0.1% Tween 20 in PBS pH 7.4, followeddwernight incubation at 37°C with
either 100 pL of a mixture of SRN1 + SRN2 with bdadr 100 pL SRN 3 (500 pg protein)
with bead 2.Proteins were eluted with 2 times 100 pL 0.1 M gigcand the pH of the
solution was neutralized using 20 pL of 1 M trisdHBH 8.5. Incubation with Yellow
mealworm extract was repeated twice and all elstatere pooled, freeze dried and stored
at -80°C until further analysis.

Identification of cross-reactive proteins

Gel bands for mass spectrometric analysis wereegsatl according to (Shevchenko et al.,
2006). Gel pieces were washed with 100 mM,NBO; and HPLC-grade acetonitrile (1:1,
v/v) (buffer A). Proteins were in-gel reduced by 10 mM DTT in buffierand subsequently
alkylated with 55 mM iodoacetamide in buffer A. Riios were digested overnight at’G7

in digestion buffer (40 mM NFHCQO;, 10% acetonitrile) containing 12.5 pgproteomics-
grade trypsin. Peptides were extracted with g0R:1 (v/v) ACN : 5 % FA. Extracts were
dried in a vacuum centrifuge and reconstituteddipllof mobile phase A (2.8.3).

Samples from Immunoprecipitation were reconstitute@50 uL HPLC-grade water,
reduced with 10 mM DTT (1 h, 8T), alkylated with 24 mM iodoacetamide (1 h, &}
and digested with 600 ng proteomics-grade trypftier @juenching with 2 mM DTT (20
min, 37°C). Peptides were purified by strong-cation excleastgge tips and subsequently
injected for mass spectrometric analysis.

Chromatography was performed on an Easy LC 1000state liquid chromatography
(nanoLC) system (Thermo Fisher Scientific, Denmafgur pL peptide mixture was
loaded at 500 nl/min directly onto a pulled silzapillary (75 pm i.d.), in-house packed to
a length of 10 cm with 3 um,gsilica particles (Dr. Maisch, Germany). For gehda
analysis, gradient elution was achieved at 350inlftow rate, and ramped from 100 % A
(0.1 % FA in 2 % acetonitrile), to 30 % B (0.1 % R0 % acetonitrile) in 15 min, then
from 30 % B to 100 % B in 5 min. MS detection wasrfprmed on the Q-Exactive
(Thermo Fisher Scientific, Germany) operating isipee ion mode, with nanoelectrospray
(nESI) potential at 1800 V. Data-dependent acqaisiwas performed using a top-5
method. Mass window for precursor | on isolationswa0 m/z, whereas normalized
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collision energy was 30. For in-solution digestg following parameters were changed
with respect to the gel spot method: (i) nhanoLCdgmat was ramped from 100 % A to 60
% A in 100 min. Data were processed by Proteomederer 1.3 (Thermo Fisher
Scientific, Germany), using Sequest as search erayid the Swiss Prot database accessed
on February 2013 as sequence database. The fofjoseiarch parameters were used: MS
tolerance 7 ppm; MS/MS tolerance 0.02 Da; fixed ifncations carbamidomethyl cysteine;
enzyme trypsin; max. missed cleavages 2; taxonbrayazoa (for gel bands)r Insecta

(for immunoprecipitated extracts). Protein hits dshson two successful peptide
identifications (Xcorr> 2.0 for doubly charged pdps, >2.5 for triply charged peptides,
and >3.0 for peptides having a charge state >3¢ wensidered valid.

Indirect basophil activation test (BAT)

BAT was performed as described by (Koppelman et24104) with minor adaptations.
Peripheral blood mononuclear cells (PBMC) were ata using density gradient
centrifugation with Ficoll (Amersham, Sweden). Twih. of lactic acid was used to strip
basophils of IgE. Basophils were reloaded with BelgE in incubation buffer with 15 %
patient serum. Cells (1 x Y0were incubated with equal volumes of i) RPMI fw ng
mL™? IL-3 (R&D systems, USA) and 1 % HSA) as negatiwateol; ii) a 10-fold serial
dilution of allergen (from 100 pg miLto 1 ng mLY); or iii) goat anti-human IgE antibody
(Kirkegaard & Perry Laboratories, USA) as a positdontrol (3 pg mt, 1 pg mL* and
0.1 pg mLY). Cells were subsequently incubated in the dabknig, 37°C). Activation was
stopped with 25 uL ice cold PBS plus 20 mM EDT Aeafivhich the cells were incubated
in the dark (30 min, 4°C) with fluorescent labelladtibodies against CD63, CD123 and
CD203c (Biolegend, USA). CD63, CD123 and CD203cregpion was analysed by flow
cytometry using a FACSCanto Il (BD Biosciences, YSAnd FACSDiva software.
Basophils were identified on forward-side scattétdgrams as CD203¢D123 and
activated basophils as CD208®63. The cut-off percentage for positive basophil
activation was determined as two times the pergentd activated basophils observed for
RPMI + IL3 only.

Simulated Gastric Fluid digestion

Protein extracts (5 mg) were suspended in 10 mlem@intaining 23 mM citric acid and
0.38 mM NaHCOs. The pH of the solution was set at 2A8ter incubation (5 min, 37°C)
T=0 sample was collected (150 pL) and 900 unitpatine pepsin (1 : 0.07 protein :
pepsin) was added. Digest samples were collect&dl ahd 30 seconds, and at 1, 5, 10, 30,
and 60 min and analysed using immunoblotting wattagrom patient 1.
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Results

Tenebrio molitor is taxonomically related to crustaceans and Hduseé mite (HDM)
Taxonomically, insects belong to the subphylum Hbexia, which is one of the four
subphyla of the phylum Arthropoda (Figure 1). Whitkine arthropods, several pan-allergens
are known, including tropomyosin (Reese et al.,9)98rginine kinase (Binder et al., 2001)
and glutathione S-transferase (Galindo et al., pd8dr these allergens, cross-reactivity has
been observed not only between species within #messubphylum, but also between
species from different arthropod subphyla, for epkarbetween crustacean species (e.g.
shrimp, crab), chelicerates (e.g. mites) and sévesacts species (Binder et al., 2001;
Galindo et al., 2001; Liu et al., 2009; Santoslet1l®99).

These findings suggest that people with a crustecea HDM allergy might experience
allergic reactions upon consumptionToimolitor.

Phylum Arthropoda
Clade
Fancrustacea

Subphylum Subphylum Subphylum Subphylum
Chelicerata Myriapoda Hexapoda Crustacea

o~ T { —
Subclass Class % <
Acari Insecta

Figure 1: Simplified representation of the phylogeny of the phylum Arthropoda, based on Regier et al.
(2010), Rota-Stabelli et al. (2011).
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Table 1: Proteins identified in Tenebrio molitor protein extracts.

Protein Accession Score Queries Mass Sequence
matched (kDa) coverage (%)
SRN1
Cationic trypsin P00760 554 16 26.5 45
Calcium-transporting ATPase Q292Q0 511 15 109.9 11
sarcoplasmic/ER type
Arginine kinase P48610 438 11 40.1 17
Actin P49871 366 15 42.1 28
POTE ankyrin domain family member F ASA3EQ 248 9 123.0 6
Tubulin a-1 chain P06603 219 6 50.6 12
Catalase P00432 212 3 60.1 3
Alpha-amylase P56634 196 7 51.7 16
Alpha-actinin P18091 161 6 107.6 6
Muscle-specific protein 20 P14318 135 2 20.3 7
Glyceraldehyde-3-phosphate Q28259 127 4 36.1 8
dehydrogenase
Ovalbumin-like P01012 127 2 43.2 8
Tubulin B chain P41386 119 5 38.6 14
SRN2
Cationic trypsin P00760 496 12 26.5 34
Alpha-amylase P56634 370 10 51.7 20
Arginine kinase P48610 344 9 40.1 14
Calcium-transporting ATPase Q292Q0 316 8 109.9 7
sarcoplasmic/ER type
Actin P49871 313 13 42.1 23
ATP synthase subunit B Q05825 286 6 54.1 8
14-3-3 protein zeta Q1HR36 280 4 28.3 21
POTE ankyrin domain family member E ~ Q6S8J3 225 8 122.9 7
Catalase P00432 224 3 60.1
Alpha-actinin P18091 153 5 107.6 4
SRN3
Myosin heavy chain P05661 2115 71 225.4 20
Actin P83969 517 27 421 33
Cationic trypsin P00760 348 11 26.5 20
Larval cuticle protein F1 Q9TXD9 335 7 14.9 51
Larval cuticle protein A1A P80681 237 8 17.7 33
Late histone H2A P16886 201 2 13.4 18
Tropomyosin-1 Q1HPUO 200 5 32.6 16
Pupal cuticle protein G1A P80685 192 4 20.8
Ovalbumin-like P01012 191 3 43.2 8
Tropomyosin-2 Q1HPQO 154 10 32.8 23
Myosin-2 P12845 134 3 223.0 1

Proteins identified by LC-MS/MS with a score of 100 and higher found in the water soluble protein fraction
(SRN1), water soluble dialyzed protein fraction (SRN2) and in the urea soluble protein fraction (SRN3).
Identification was based on homology with metazoan proteins in Swiss Prot database. Putative allergens are
listed in bold.
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Table 2: Sensitisation pattern of the different patients tested in this study.

Patient Other® HDM HDM" Fish Milk®  Egg* Pollen® Peanut’  PR-10°
arthropods

tropomyosin  tropomyosin parvalbumin food
Shrimp/lobster/HDM allergy
patient 1 3 3 3 3 1 0 3 0 3
patient 2 3 3 3 0 0 0 3 0 1
patient 3 2 2 0 1 0 0 3 3 1
patient 4 3 3 3 0 2 2 3 3 3
patient 5 3 3 3 0 2 2 3 0 3
patient 6 2 2 0 0 2 3 3 3 2
patient 7 2 2 3 2 1 1 3 3 3
Grass pollen + food allergy
patient 8 0 0 0 1 0 0 3 0 1
patient 9 0 0 0 1 0 0 3 0 3
patient 10 0 0 0 0 0 0 3 0 0
Grass pollen without food allergy
patient 11 0 0 0 1 0 0 3 1 0
patient 12 0 0 0 1 0 0 3 0 0
patient 13 0 0 0 0 0 0 3 2 0
Peanut allergy
patient 14 0 0 1 0 0 0 0 2 0
patient 15 0 0 0 0 0 0 0 2 0
patient 16 0 0 1 0 0 0 1 3 0
Fish allergy
patient 18 0 0 3 2 0 0 2 0 1
patient 19 0 0 3 3 0 0 3 0 3
patient 20 0 0 0 2 0 0 0 0 0
Egg/milk allergy
patient 21 0 0 0 0 1 2 3 0 3
patient 22 0 0 3 0 2 2 3 0 2
patient 23 0 0 0 0 2 0 0 0 0

IgE antibody levels correspond to ISAC Standardized Units (ISU) as follows: 0 (undetectable or very low, < 0.3 ISU); 1
(low, 2 0.3 - <1 ISU); 2 (moderate to high, > 1 - < 15 ISU); 3 (very high. > 15 ISU).

a)Penal,Penil,Penm1,Blag7, Anis3

b) Derp 1, Der p 2, Derf1, Derf2, Eurm?2

c) B-lactoglobulin, casein, lactoferrin

d) ovomucoid, ovalbumin

e)Cynd1,Phlp1,Phlp2,Phlp4, Phlp5,Phlp6, Phlp 11, Phlp12,Betv1, Alng1, Cora1.0101
f)Arah1,Arah2,Arah3

g)Arah 8, Cora 1.0401, Actd 8, Apig1,Daucl, Glym4, Mald1,Prup1l

Tenebrio molitor extracts contain various putative allergens
Highly abundant proteins in th€& molitor extracts SRN1+2 (water soluble) and SRN3
(urea soluble) were identified using LC-MS/MSnly a few proteins were identified as
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specific forT. molitor (a-amylase and larval- and pupal cuticle proteingg th the absence
of a good database fdr molitor proteins. Therefore, most proteins were identiteded
on homology with other metazoan species.

Proteins identified in both water soluble extragese highly similar (Table 1). Identified
proteins which are also known allergens in othescgs are cationic trypsin (e.g. mites),
arginine kinase (mites, crustaceans, insects),bovain-like protein (chicken eggsy-
tubulin (mites) andi-amylase (mites, insects).

For the urea soluble extract these were cationjpsin, ovalbumin-like protein and
tropomyosin (mites, crustaceans, insects). Basdti@above-mentioned results as well as
the taxonomic relationship (Fig. 1), sera from taaean and/or HDM allergic patients
were selected for cross-reactivity studies (Tablel2 addition, sera from food allergic
patients not allergic to crustaceans or HDM DefOpvere also tested.

Table 3: Potentially allergenic Tenebrio molitor proteins according to Allermatch™. Only T. molitor proteins with
a known sequence were analysed.

Protein Sequence identity in Allermatch™
Allergen 80 AA sliding window Full sequence alignment
analysis
# hits >35% % hits >35% overlap
identity identity % (AA) E
Alpha-amylase (P56634) Eurm 4 392 100.00 50.20 494 1.0e®®
Derp 4 392 100.00 49.70 493 2.7¢®%
Putative trypsin-like proteinase Blot3 179 100.00 47.47 257 4.2e*
(A1XG56) Eurm 3 162 90.50 46.36 220 1.9¢*
Derp 3 150 83.80 46.36 220 2.6e™
Derf3 120 67.04 44.09 220 1.4e
Tyrp3 117 65.36 40.15 264 7.2e®
Derp 9 109 60.89 40.44 225 4.0
Derf6 99 55.31 36.68 229 2.8¢”
Putative serine proteinase Blot3 21 80.77 39.39 99 1.0e™”
truncated (A1XG64) Derf6 18 69.23 42.65 68 2.8¢®
Derp9 13 50.00 42.03 69 1.3e”
Cockroach allergen-like protein Blag1l 340 65.89 35.92 412 1.5e-"
(Q7YZB8) Peral 259 50.15 35.59 413 4.0

Expect value (E) indicates the number of hits one can expect to see by chance when searching a database of a
particular size. Eur m (Euroglyphus maynei); Der p (Dermatophagoides pteronyssinus); Blo t (Blomia tropicalis);
Der f (Dermatophagoides farinae); Tyr p (Tyrophagus putrescentiae); Bla g (Blatella germanica); Per a
(Periplaneta americana).

Allergic potential ofT. molitor proteins

The allergenic potential of identified molitor proteins with a known sequence, as well we
all T. molitor proteins in the UniProt database was predictenguallermatcH™. A protein
can be considered potentially allergenic when daveh more than 35 % identity with a
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known allergen within a window of 80 amino acidsnawre. For example, 392 hits > 35 %
betweenT. molitor a-amylase and Eur m 4 allergen indicates thafffonolitor a-amylase,
Allermatch™ found 392 times > 35 % sequence identity withina®ino acid windows
with Eur m 4. Potentially allergenic proteins basedabove-mentioned criteria are listed in
Table 3.

Proteins inT. molitor extract cross-react with IgE from HDM and crustatellergic
patients

On immunoblot, six out of seven sera from HDM Dek(p and crustacean allergic patients
showed IgE binding to all. molitor extracts (Table 4, Fig 2)gE binding was observed for
protein bands with MW between 25 and 40 kDa in libeéhwater soluble fractions and the
urea soluble fractionSerum of patient 3 showed no IgE binding to anythaf extracts
tested, which could be explained by lower IgE siterthe serum. Fifteen sera from patients
with an allergy to codfish, egg, milk, peanut oagg pollen and no allergy to HDM Der p
10 and crustaceans were also tested. These semedHgE binding to their respective
controls, but not to proteins ih molitor extracts. A representative blot is shown in Figure
2.

To determine whether cross reactivity observedhéitnmunoblots was functional, five
sera from crustacean/HDM Der p 10 allergic patieshiswing the strongest IgE binding to
T. molitor extracts were included in the indirect basophtivation test (BAT). Positive
basophil activation in response Tomolitor extracts and shrimp extract was observed for
all tested sera (Table 4). Sera from a grass polfganut- and a fish allergic patient were
used as negative controls. Figure 2 shows threeeseptative BAT results of one
crustacean/HDM Der p 10 allergic patient (patientvho reacted strongly to urea soluble
extract and one crustacean/HDM Der p 10 allergitepaawho reacted more strongly to
water soluble extract (patient 5). Patient 16 peanut allergic patient who did not react to
any of the T. molitor extracts, but did react to peanut extract. Thessults are
representative for the other sera tested.
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Table 4: Results of immunoblots (Blot) using crustacean/HDM Der p 10-allergic
patient sera and Tenebrio molitor protein extracts.

Patients Blot Blot Blot Blot Blot
SRN1 SRN2 SRN3 tropomyosin  shrimp/lobster
Patient 1 + + + + +
Patient 2 + + + + +
Patient 3 - - - - -
Patient 4 + + + + +
Patient 5 + + + + +
Patient 6 + + t t +
Patient 7 t * + + +

Response was identified as positive response (+), mild (-/+) or no response (-) to
Yellow mealworm extracts (water soluble; SRN1, water soluble dialysed; SRN2, urea
soluble; SRN3), shrimp/lobster extract and tropomyosin.

Table 4 (continued): Results of indirect basophil activation tests (BAT) using
crustacean/HDM Der p 10-allergic patient sera and Tenebrio molitor protein extracts.

Patients BAT BAT BAT BAT BAT
SRN1 SRN2 SRN3 tropomyosin shrimp/lobster
Patient 1 + + + + +
Patient 2 + + + + +
Patient 3 NT NT NT NT NT
Patient 4 + + + + +
Patient 5 + + + * +
Patient 6 + + + + t
Patient 7 NT NT NT NT NT

Response was identified as positive response (+), mild (-/+) or no response (-) to
Yellow mealworm extracts (water soluble; SRN1, water soluble dialysed; SRN2, urea
soluble; SRN3), shrimp/lobster extract and tropomyosin. NT = not tested.
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Figure 2: Cross-reactivity shown by immunoblot (above) and indirect basophil activation test (below) of Tenebrio
molitor extracts with sera from crustacean/HDM Der p 10-allergic patients (patient 1 and 5) and a peanut-allergic
patient, not allergic to crustaceans or HDM Der p 10 (patient 16). These results are representative for other patient
sera tested (n=7 crustacean/HDM Der p 10-allergic and n=15 allergic to either codfish, egg, milk, peanut or grass
pollen) SRN1 = water soluble protein; SRN2 = water soluble, dialysed protein; SRN3 = urea soluble protein; S/L =
shrimp/lobster extract; CPE = crude peanut extract.
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Arginine kinase and tropomyosin were identified nagjor cross-reactive allergens Tn
molitor

Cross-reactive proteins were identified using LC/MS in two ways: 1) excision of bands
from SDS-PAGE gels (Fig. 3, Table 5) and 2) immuegjpitation with IgE from
crustacean/HDM Der p 10-allergic patients (Tablel®)most cases, more than one protein
was identified in the samples.

In both water soluble extracts (SRN1 and 2), angirkinase was identified. In addition,
actin was identified in the undialysed fraction (8B while fructose-biphosphate aldolase
was identified in the dialysed fraction (SRN2).the urea soluble protein fraction (SRN3),
actin and tropomyosin were identified.

Immunoprecipitation ofT. molitor protein extracts was performed to identify more
cross-reactive proteins including those that coutd be identified by immunoblotting.
More putative allergens were found by immunopreatmn. The top five based on
identification score and number of identified pdp8 is listed in Table 6, in addition to
identified proteins known to be allergenic in otlspecies. For the water soluble fractions,
arginine kinase was identified with the highestrecaorresponding with the results of
protein band identification. Actin was also ideietif using both techniques. Fructose-
biphosphate aldolase was not identified within titye five. For the urea soluble extract,
both actin and tropomyosin were identified usinghktechniques. In addition, a troponin-T
-like protein,a- andp-tubulin and a light chain myosin-like protein wedentified.
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Figure 3: Tenebrio molitor protein bands showing cross-reactivity in immunoblot (left) excised from
Coomassie-stained gel (right). SRN1 = water soluble protein; SRN2 = water soluble, dialyzed protein;
SRN3 = urea soluble protein; S/L = shrimp/lobster extract. Numbers of bands correspond with Table 4.
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Table 5: Tenebrio molitor proteins identified in excised bands using LC-MS/MS and metazoan database.

LC-MS/MS analysis Theoretical
Mass No. of peptides Sequence
Band Protein Accession  Score (kDa) (unique/matched) coverage (%)
SRN1
1 Arginine kinase Qou9J4 244 40.6 2/8 22
Actin, muscle P49871 149 42.1 0/6 19
2 Actin 016808 101 42.1 1/4 19
Arginine kinase Q9u9J4 100 40.6 2/4 9
SRN2
3 Arginine kinase Qou9J4 242 40.6 2/8 22
Fructose- P07764 56 39.3 1/1 2
biphosphate
aldolase
4 Fructose- P07764 55 39.3 1/1 2
biphosphate
aldolase
Arginine kinase Qou9J4 46 40.6 1/1 2
5 Arginine kinase P48610 112 40.1 1/4 16
SRN3
6 Tropomyosin QI9NG56 54 32.9 0/2
7 Tropomyosin 096764 39 32.6 0/1 4
8 Actin, indirect flight  P83969 195 42.1 0/6 19
muscle
Tropomyosin-1 P06754 89 394 0/4 10
isoforms 9A/A/B
9 Actin, muscle P49871 120 42.1 0/6 19
Tropomyosin-1 P06754 89 394 0/4 10

isoforms 9A/A/B

SRN1 = water soluble fraction, SRN2 = water soluble dialysed fraction, SRN3 = urea soluble fraction.
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Table 6: Top five proteins based on score and proteins known to be allergenic (bold) identified in immuno-
precipitation exacts of Tenebrio molitor.

LC-MS/MS analysis Theoretical
Mass No. of peptides Sequence

Protein Accession Score (kDa) (unique/matched) coverage (%)
Bead 1: SRN1 + SRN 2 with serum patients 2, 5 and 6
Arginine kinase D9YT56 38.49 39.6 2/5 16.06
Myosin heavy-chain like D6WVIJ3 35.23 262.1 15/15 7.13
Titin-like D6WIF5 15.52 2048.6 7/7 0.44
Actin-87E BOWEY5 13.53 41.8 4/4 13.83
Limpet-like D6WIJLS 13.40 46.5 5/5 13.55
Beta-tubulin Q1PC35 10.31 26.8 3/3 13.19
Alpha-amylase P56634 6.67 51.2 3/3 6.79
Tropomyosin-like D6X4X2 6.26 75.2 2/2 3.37
Paramyosin 14DIM8 5.48 102.3 3/3 3.77
Alpha-tubulin 16T3A6 4.83 35.0 2/2 6.07
(fragment)
Cockroach allergen-like Q7YZB8 4.59 65.4 2/2 6.72

protein
Glutathione S- D6WH21 2.00 23.6 2/2 9.31

transferase-like
Bead 2: SRN3 with serum patient 1
Myosin heavy chain-like D6WVIJ3 975.94 262.1 28/85 29.56
Titin-like D6WIF5 286.63 2048.6 53/62 4.45
Actin, muscle E2B152 242.60 41.7 3/14 39.10
Troponin T-like D6W953 154.25 45.7 15/15 23.30
Tropomyosin-like D6X4X3 117.99 32.3 7/14 35.56
Paramyosin-like J3JWD1 75.20 101.9 5/9 10.34
Arginine kinase D5L6P4 26.54 27.0 4/6 31.51

(fragment)
Heat shock protein 70 D2Y0Z5 21.94 71.0 4/6 12.02
Chitinase Q8MP05 20.78 321.2 8/8 3.56
Troponin C-like D6WZP8 16.72 17.5 3/6 20.39
Beta-tubulin-like H9JHY3 14.38 45.5 5/5 13.73
Heat shock protein 90- K71S89 12.05 82.0 3/4 16.34
like
Alpha-tubulin 16TYI6 10.71 41.4 4/4 5.17
(fragment)
Alpha-amylase P56634 6.96 51.2 3/3 14.59
Myosin light chain-like D6WZzZU7 5.56 31.3 2/2 6.79

Identification was based on homology with known insect sequences. High scores indicate high probability of
protein/ peptide identification. SRN1 = water soluble fraction, SRN2 = water soluble dialysed fraction, SRN3
= urea soluble fraction.

Cross-reactive proteins were moderately stable

Proteins inthe water soluble fractions were partly digesteerat5 seconds, after which

they stayed relatively stable until 10 minutes.eAf80 minutes, proteins were further
digested. Digestion was, however, not completeer &0 minutes and the fragments could
still bind IgE. In the urea soluble fraction, priotdands of approximately 32 kDa were
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completely digested after 10 minutes, while a pnotdé approximately 40 kDa followed the
same kinetics as the proteins in the water solinaions (Fig. 4).
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Figure 4: Digestion kinetics of Tenebrio molitor extracts SRN1 (water soluble fraction), SRN2 (water soluble,
dialyzed fraction) and SRN3 (urea soluble fraction) in a static pepsin digestion model shown on Coomassie-
stained gel (above) and immunoblot (below) with serum from a representative crustacean/HDM Der p 10
allergic patient (1).

Discussion

In this study, the weight of evidence approach escdbed by the European Food Safety
Authority (EFSA, 2010), was used to assess thegaiec potency ofl. molitor proteins.
To this end, proteins were identified T molitor extract. The allergic potential Af.
molitor proteins with a known sequence was determinedssCreactivity ofT. molitor
proteins with IgE from crustacean and House dust ifiiDM) Der p 10 allergic patients
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was assesseit vitro and the stability of the cross-reactive proteiraswletermined in a
static pepsin digestion test.

Proteins were identified based on homology witleotmetazoan species, because only
few sequences frori. molitor proteins are available in the protein database Whter
soluble fractions contained putative allergensocedi trypsin, arginine kinase;tubulin, a-
amylase and an ovalbumin-like protein. The ureauldel fraction contained putative
allergens cationic trypsin, tropomyosin and an bwalin-like protein. Arginine kinase is
an enzyme most often present in invertebrates dieigia cross-reactivity has been
observed between different crustacearg. (Black tiger shrimp pen m 2Penaeus
monodon; Whiteleg shrimp Lit v 2 Litopenaeus vannamei; Mud crab Scy pa 2&cylla
paramamosain), HDM (Der p 20) and insect species such as Indm@al moth (Plo i 1,
Plodia interpunctella), Domesticated silkworm (Bomb m Bombyx mori) and two
cockroach species (Bla g Blatella germanica; Per a 9Periplaneta americana; Binder et
al., 2001; Liu et al., 2009; Yu et al., 2013). Tsyplike enzymes were described as HDM
allergens Der f 3@ermatophagoides farinae) and Der p 3 (Ando et al., 1993; Steward et
al., 1992). Alpha-tubulin has been described aslmrgen in storage mitebyrophagus
petruscentiae and Lepidoglyphus destructor (Jeong et al., 2005; Saarne et al., 2003) while
the enzymar-amylase is known as HDM allergens Blo tBlomia tropicalis), Der p 4 D.
pteronyssinus), and Eur m 4 KEuroglyphus maynei; Thomas et al., 2010; Yan Chua et al.,
2007). Tropomyosins are highly conserved key rdguwaproteins involved in the
contraction of muscle and non-muscle cells (Behmmainal., 2012). Cross-reactivity has
been observed between tropomyosins from crustaceaitess and several insect species
(Santos et al., 1999). While being a major crustacellergen (Gamez et al., 2011),
tropomyosin is a minor allergen in HDM. The dominhBidM allergens, Der p 1 and Der p
2, are recognized by over 90% of HDM allergic patse(Bronnert et al., 2012; Weghofer et
al., 2005) while only 5 — 15% of patients recogridas p 10 (Asturias et al., 1998; Resch et
al., 2011). However, combined HDM and crustace&rg@t patients express higher levels
of IgE to Der p 10 than to the major HDM allergéBsonnert et al., 2012). This was also
the case for most patients in our database witillargy to crustacean tropomyosin.

All T. molitor proteins with a known sequence in UniProt datalveesse analyzed for
allergic potential in Allermatct{’. Proteins indicated to be potentially allergenierev-
amylase, a putative trypsin-like proteinase andutatpive serine proteinase, which show
sequence identity to several known mite allergéwitionally, cockroach allergen-like
protein shows sequence identity to cockroach alesgand was indicated to be potentially
allergenic. Several known pan-allergens which weeatified in T. molitor extracts, such
as tropomyosin and arginine kinase, could not tayaad in Allermatch” because at this
moment no sequence information is available fos¢hgroteins fronT. molitor.

Choice of patient sera was based on arthropod gaghp and proteins identified ih
molitor extracts. All T. molitor extracts showed cross-reactivity with sera from
crustacean/HDM Der p 10 allergic patients on imnidob Cross-reactivity off. molitor
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proteins with IgE from crustacean/HDM Der p 104ajle patients was proven functional in
indirect BAT. Degranulation was between 10-40 %paialing on the sera tested. The
positive control (shrimp extract) showed degranoiatesults comparable td. molitor
extracts. Low degranulation in responseTtamolitor extracts still exceeded background
degranulation (two times the percentage of acti/d@sophils observed for RPMI + IL3
only, results not shown). The observed cross-ractivas expected, because both
fractions contain proteins (e.g. tropomyosin andirame kinase), which are important
cross-reacting arthropod pan-allergens (Binden.e2801; Reese et al., 1999). Sequence
identities between these allergens in arthropod® \ak least 65 % (Barletta et al., 2005;
Santos et al., 1999).

LC-MS/MS analysis identified the major cross-reaefl. molitor proteins as arginine
kinase in the water soluble fraction and tropomyosi the urea soluble fraction. In
addition, actin was revealed as cross-reactiveeprofctin is not known as an allergen in
arthropods. Sequence analysis of identified adtimsllermatcH™ did not show sequence
similarity to known allergens (results not showmijowever, actin binds strongly to
tropomyosin, forming a complex which is essentiaiiuscle contraction (Behrmann et al.,
2012). It is possible that identification of actwvas caused by immunoprecipitation of the
tropomyosin-actin complex. In addition, actin cateb with tropomyosin on SDS-PAGE
gel. Insect actins might be putative allergens,thist remains to be proven. Several other
allergens were identified, such as troponin T, lmsuand light chain myosin. Tubulins and
light chain myosin are known arthropod allergenyy#o et al., 2008). It is unknown
whether troponin T could act as an allergen.

Cross-reactive Yellow mealworm proteins were motidyastable in the static pepsin
digestion model compared to Ara h 1, which was deisfy degraded within 15 seconds
and Ara h 2, which was not completely digested eafter 60 minutes using the same
experimental conditions (data not shown).

To our knowledge, this is the first study to deterencross-reactivity betweei.
molitor proteins and IgE from crustacean/HDM Der p 10rgite patients. Becausg.
molitor is not commonly eaten yet, sensitizatiotanolitor protein through the oral route
is unlikely for the tested patients. Unfortunatedgra from patients allergic @ molitor
protein are not readily available. It is therefoma yet possible to determine the risk of
sensitization to mealworm proteins. Sensitizat®mlivays a risk with novel proteins, and
cross-reactivity can occur without direct senstt@a This is illustrated by Fernandes et al.
(2003), who described IgE reactivity to shrimp togyosin in orthodox Jews who were
allergic to household allergens such as HDM andkroach, but had no previous exposure
to shellfish.

The results we presented in this paper indicatedhestacean/HDM Der p 10 allergic
patients may experience an allergic reaction wherseming products containing Yellow
mealworm protein. However, to confirm this, it imperative to challenge patients with
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Yellow mealworm extract by means of a double-blpidcebo-controlled food challenge,
which is the gold standard in allergy diagnosis.

In conclusion, there is a realistic possibilitytti#DM- and crustacean allergic patients
may react to food containing Yellow mealworm progei
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Abstract

Edible insects are currently evaluated as an atm@ and more sustainable protein source
for humans. The introduction of new food sourcem tzad to development of novel
allergies. Because in the Western world, insectsumlikely to be consumed raw, it is
important to know how processing aimdvitro digestion might influence their allergenicity.
Three edible mealworm specieJefebrio molitor L., Zophobas atratus Fab. and
Alphitobius diaperinus Panzer) subjected to processing amdtro digestion were analysed
for their abilities to IgE cross-react. Immunoblid MALDI-MS/MS analyses revealed
that IgE from crustaceans or House Dust Mite (HDAllergic patients showed cross-
reactivity to mealworm tropomyosin e~amylase, hexamerin 1B precursor and muscle
myosin respectively. Heat processing as welimasitro digestion did diminish, but not
eliminate HDM or tropomyosin IgE cross-reactivity.

Results show that individuals allergic to HDM omustaceans might be at risk when
consuming mealworms, even after heat processing.

Keywords: food allergy, mealworms, food processing, vitro digestion, IgE cross-
reactivity, crustaceans, House dust mite
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Introduction

Edible insects are currently under evaluation agotential protein source that would
provide more sustainable alternative dietary pnstdor humans (Rumpold and Schliter,
2012; Van Huis, 2013). Insects are already consumeghany parts of the world and
initiatives are ongoing to introduce them into thiet in the Western world (Van Huis,
2013). In The Netherlands, mealworms (i.e. the larval esagf beetles in the family
Tenebrionidae) are commercially produced as pet fand more recently, for human
consumption.

Because the introduction of new food sources cad te development of new allergies,
it is important to determine the allergenic risknefwly introduced food sources. Research
focusing on allergenicity of insect protein as digtcomponent is limited. Case studies
reported clinical allergic reactions following theonsumption of among others
Domesticated silk worm pupae (Bombyx mori; Ji et &008) and Mopani worms
(Imbrasia belina’; \ Okezie, 2010}. Most studies on mealworm alergport occupational
allergy, most frequently experienced by cereal wmkas well as people handling
mealworms as pet food or fish bait (Bernstein et H383; Schroeckenstein et al., 1990;
Schroeckenstein et al., 1988; Siracusa et al., X@Aly one study reported an allergic
reaction in response to the consumptioM@iebrio molitor andZophobas atratus (Freye
et al., 1996).

In addition to primary sensitisation, allergies catso develop through cross-
sensitisation to proteins related to the allergescdndary sensitisation; Radauer et al.,
2008). Within arthropods, several pan-allergenskax@vn such as tropomyosin (Reese et
al., 1999) and arginine kinase (Binder et al., J0(Mlergic cross-reactivity between
proteins from different species of arthropods hesnbdescribed in several studies (Barletta
et al., 2005; Liu et al., 2009; Santos et al., 9%@rhoeckx et al. (2014) reportaavitro
cross-reactivity of protein extracted from raw molitor with IgE from patients with a
combined crustacean and House dust mite allergying that individuals with an allergy
to other arthropod species might be at risk of kergic response when consuming food
containingT. molitor protein.

In the Western world, insects are unlikely to bexstoned in raw form, and it is
unknown how processing of mealworm species migttence protein integrity and thus
allergenicity. Resistance to denaturation and digesre important characteristics of many
food allergens (Bannon, 2004). Several studies Iséroavn that some allergenic proteins
are stable to heat processing or digestion, wilers are readily inactivated (Besler et al.,
2001; Kamath et al., 2013; Yu et al., 2013). Intcast, heat processing might even cause
other proteins to become more allergenic (Beslai.eP001).

In this study, IgE cross-reactivity of protein, lsted from three edible mealworm
species Yellow mealworm (Tenebrio molitor L), Gianealworm (Zophobas atratus Fab.)
and Lesser mealworm (Alphitobius diaperinus Panzg assessed with sera from patients
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allergic to either crustaceans or House dust mit®M). Additionally, the effect of
processing and in vitro digestion of whole mealwsmn IgE-reactivity was determined.

M aterials and methods

Materials

Reagents were obtained from Sigma Aldrich (St. EpUISA) unless stated otherwise.
Tenebrio molitor, Z. atratus and A. diaperinus in their final larval instars were obtained
from the insect production company Kreca (Ermeloe Netherlands).

Patient sera

Sera from crustacean allergic patients without aliyical history of mite allergy were
provided by Erasmus Medical Centre (Rotterdam, Netherlands)Rijnstate Hospital
(Arnhem, The Netherlands) and Queen Beatrix Holsitéinterswijk, The Netherlands)
provided the sera of HDM allergic patients. Likesyisthe HDM allergic patients had no
clinical history of crustacean allergy. Sera froomsatopic volunteers were provided by co-
workers from Wageningen University and Research tt€en(Wageningen, The
Netherlands). Dot-blot was performed using indiaddgera from patients experiencing
clinical allergic symptoms to HDM (n = 11) or craseans (n = 8) as well as from donors
with no clinical symptoms of allergy (n = 15). SIP&GE Immunoblot was performed
using pooled sera from patients allergic to eitiBiM (n = 7) or crustaceans (n = 6) (Table
1). Serum from non-atopic volunteers was usedpsoéed control (n = 6).

Processing of larvae

Larvae of the above-mentioned mealworm species wilezl by freezing at -20°C and
subsequently randomly divided over four batchese&tbatches were each subjected to a
different processing method: boiling, frying or prolising. The fourth batch was left
unprocessed (raw). Larvae were either boiled foribin tap water (40 g larvae in 500 mL
water); fried for 5 min at 180°C in vegetable fryinil (containing sunflower oil, palm oll
and rapeseed oil, ratio not specified) boughtlatal supermarket (120 g larvae in 2 L oil);
or lyophilised at -50°C and 1.5 mbar. Raw and pseed larvae were stored at -20°C.

Preparation of protein extracts

Soluble and insoluble protein was extracted asipusly described by Verhoeclet al.
(2014) with minor adjustments. In short, frozervisr were mixed with ice cold extraction
buffer (20 mM Tris buffer pH 7.6, 1 mM phenylthisbamide and 10 ul mtHalt Protease
Inhibitor Cocktail (Piercenet, Rockford, USA))7 and homogenised using an Ultra-Turrax
T25 (IKA®, Staufen, Germany). Subsequently, thepsasion was centrifuged (30 min,
4000 rpm, 4°C) and the supernatant was stored)aC-8lo extract water-insoluble protein,

102



Influence of processing and vitro digestion on allergenicity

the residue was washed twice with extraction bufiidowed by overnight incubation at
4°C in 6 M urea in extraction buffer. The superngtabtained by centrifugation (30 min,
4000 rpm, 4°C) was stored at -80°C. Shrimp proteas extracted from Whiteleg shrimp
(Litopenaeus vannamel Boone), purchased at a local supermarket, usingdhee method.
Protein concentration in all extracts was measuwrsithg the Bradford assay (Thermo
Scientific, Waltham, USA). For further analysis,terasoluble and urea soluble protein was
mixed in a 1:1 protein concentration ratio. Lyomatd HDM (ermatophagoides
pteronyssinus Trouessart) extract was obtained from Citeq Bime®gGroningen, The
Netherlands) and was diluted according to the naotufer's guidelines.

In vitro digestion

Larvae were digesteth vitro as described by Vreebueg al. (2012) with additions. In
short, 15 g raw or boiled larvae or 6 g lyophilisedfried larvae (assuming 40% dry
weight) were homogenised using an Ultra-Turrax 230 mL salt solution (140 mM
NaCl, 5 mM KCI). Samples were kept dark by wrappgmg@luminium foil. Twenty g slurry
was adjusted to pH 2 with 1 M HCL, after which 07&8L of 40 mg mL* porcine pepsin
in 0.1 M HCl was added. Samples were incubated 7&C 3for 1h under continuous
agitation, after which the pH was adjusted to 5ith\& M NaHCQ. One mL of 4 mg mt
porcine pancreatin with 1 mg riLporcine lipase and 5.9 units fLof bovine a-
chymotrypsin in 0.1 M NaHC§was added. Then, 0.5 mL bile salt (94.6 mg nsodium
taurocholate and 83 mg nilsodium glycodeoxycholate in 0.1 M NaH§@vas added and
the pH was adjusted to 6.5 with 1 M NaHLOhe headspace was flushed with &fter
which the samples were incubated at 37°C for 2leundntinuous agitation. Subsequently,
the pH was adjusted to 7.5 and the samples wetefoged (30 min, 4000 rpm, 4°C). The
supernatant was collected in 50 mL tubes of whiuh lheadspace was flushed with N
before storing at -80°C.

Dot-blot

To screen for suitable patient sera to use for imwbiotting, 1 pL droplets of 500 ng jtL
protein in TBS were spotted on Whatman Protran B3 r8trocellulose membrane
Membranes were dried for 1h at 37°C and were suwlesdty blocked with 1% BSA in
TBS for 1h at RT. Membranes were washed five tirogshand rotation in TBS and
incubated overnight with five times diluted patiesgrum in TBS. Membranes incubated
with TBS only served as antibody control. Membranese then washed five times with
TBS and incubated with 1:1000 diluted polyclondibi anti-IgE antibody for 1 h (Dako,
Glostrup, Denmark). After another washing step, Im@mes were incubated with 1:20,000
diluted AP-conjugated polyclonal goat anti-rabbittibody. Membranes were again
subjected to a washing step after which spots wstelised by incubating for 10 minutes
in SigmaFast’ BCIP®/NBT. After washing in MQ, membranes wereedrfor 1h at 37°C.
Colour intensity of the spots (integrated intensafyall pixels in a spot, expressed as
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arbitrary units) was determined using BIO-RAD Umsad Hood Il Gel Imager and
Imagelab 4.1 software. Results were analysed byrating the spot intensity of the
antibody control from the spot intensity observedrhiembranes incubated with serum.

SDS- PAGE and Immunoblot

Five ug protein in TBS buffer was separated by $HIA&E on NuPage® 10% BIS/TRIS
gel according to the manufacturer's instructionsviffogen, Carlsbad, USA) under
denaturing conditions. For Immunoblot, proteins evéransferred from gel to 0.45 pum
nitrocellulose membrane (LKB, Bromma, Sweden). Afteansfer, the membrane was
washed in TBS 0.1% Tween-20 (TBST) for 10 min, rafthich the membrane was blocked
with 2% BSA for 1 h at 4°C. Next, the membrane washed two times with TBST for 10
min and subsequently incubated overnight with fivees diluted pooled patient serum
(Table 1). The membrane was then washed five timdgs TBST for 5 min, after which it
was incubated with 1:2000 diluted polyclonal rabdniti-lgE antibody (Dako, Glostrup,
Denmark) for 1 h. After five more washing stepg thembrane was incubated with 1:2000
diluted polyclonal goat anti-rabbit HRP-conjugatettibody (Dako, Glostrup, Denmark) in
TBS for 1 h. The membrane was again washed fivegiand was subsequently exposed to
Pierce® ECL Immunoblotting Substrate (Invitrogenari8bad, USA)for 1 min. IgE
binding was visualised using BIO-RAD Universal Holbdsel Imager and ImagelLab 4.1
software.

Identification of cross-reacting proteins
Bands of interest were excised from SDS-PAGE geal asent to Alphalyse (Odense,
Denmark) for protein identification by MALDI-MS/MS.

Determination of allergic potential

The allergic potential of cross-reacting proteigentified in mealworm extracts was
verified using Allermatch™ (http://www.allermatcing). Comparison in Allermatch™ was
based on UniProt as well as the WHO-IUIS datab&se80 amino acid sliding window
alignment was performed with a 35% cut-off percgaté-iers, 2004).

Results

Screening for sera by dot-blot

Sera responding to mealworm protein were selecgtedbbblot (Table 1, Figure 1). Though
serum IgE of most patients bound to one or morelwmgen protein fractions on dot-blot,
individual sensitisation differences could be okedr Serum IgE of about half of the HDM
allergic patients showed at least a medium resp@set intensity 10,000 - 15,000 arb.
units) in binding to protein of raw as well as presed mealworm species, with the
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exception of lyophilised\. diaperinus. IgE of other HDM allergic patients, such as #8 an
#6, bound to raw or lyophilised fractions, but motheat processed fractions. In case of
crustacean allergic patients, only serum IgE ofepat#12 bound to boiled. molitor
protein. IgE from most patients bound, however,btwled fractions of the other two
mealworm speciesSimilar to HDM allergic patients, serum of most stacean allergic
patients reacted hardly or not to lyophilisedliaperinus.

Sera showing the strongest binding to mealwormemotere selected for immunoblot.
Control sera responding to mealworm speciesyannamel or D. pteronyssinus protein
were excluded (results not showihe antibody control indicated that one or bothhef
secondary or conjugated tertiary antibodies boungrobtein of heat processed samples.
This was taken into account when selecting suitabta based on spot colour intensity.

' TR W .
House dust 1 2 lnﬁl q !'.: i !7 "a__ 13

mite allergic

Crustacean 1 2 3 4 E%J_}‘- e 57‘ g 12
allergic 3 9 10 10 B ‘Lﬁ 1z N2

! : 3 ¢ e = 8. .14

1 2 £ 4 g f rl 8 13
Healthy donor a 9 10 w e L B

1 2 3 4 N 6 7 8 14

Figure 1: Dot-blots showing serum IgE binding of a representative House dust mite allergic patient
(Table 1, #2), a crustacean allergic patient (Table 1, #17) and a healthy donor to raw (1), lyophilised
(2), boiled (3) and fried (4) Yellow mealworm (Tenebrio molitor) protein; raw (5), lyophilised (6), boiled
(7) and fried (8) Giant mealworm (Zophobas atratus) protein; raw (9), lyophilised (10), boiled (11) and
fried (12) Lesser mealworm (Alphitobius diaperinus) protein; House dust mite (Dermatophagoides
farinae) extract (13) and Whiteleg shrimp (Litopenaeus vannamei) protein (14).
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Table 1: Response of individual HDM allergic and crustacean allergic patients to extracts from Dermatophagoides
pteronyssinus, Litopenaeus vannamei and mealworm protein on dot-blot.

Patient number Patient number
HDM allergic patient sera crustacean allergic patient sera
Extract 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Dermatophagoides  + r o+ - - -+ o+ 4+ + - * - - - - - -
pteronyssinus
Litopenaeus + + = = - - = - - + - * + + - + + * -
vannamei
Tenebrio molitor
Raw + + £ + £+ = -+ £ 4+ - t t t - t + - -
Lyophilised r + + = + = - % + - t 4 + - 4 + + -
Boiled + + + + - - + - - - + - - - - -
Fried + + + 4+ + - - - t * * - -
Zophobas atratus
Raw + + * + + £ £ + + 4 - t t t t t + * -
Lyophilised + + - + % + -t - - - - t + -
Boiled + + * o+ - - -+ % - + + - o+ + - -
Fried + = £ + - - 4+ - + + + * * * * * + - -
Alphitobius diaperinus
Raw + + + + - - + + + £ - + t t - + + - -
Lyophilised - - - o+ - - - - - - - - - - * * -
Boiled + + * % -+ t = 4 - + 4 * 4 + + -
Fried + £ + - - + + - - + + + + - -

Patients listed in bold were selected for Immunoblot serum pools. Patient 10 listed in italics showed a very dark background
on dot-blot and was for this reason excluded.

+ = high response (spot intensity > 15,000 arb. units); £ = medium response (spot intensity 10,000 - 15,000 arb. units); - =
low or no response (spot intensity < 10,000 arb. units). Yellow mealworm (T. molitor), Giant mealworm (Z. atratus), Lesser
mealworm (A. diaperinus).

Heat processing and vitro digestion alters cross-reactivity of mealworm pnos
Immunoblot was performed using three sera poolsval as with secondary/tertiary
antibodies only.The latter, as well as the control sera pool (oletifrom non-allergic
patients), confirmed direct unspecific binding oftibodies to heat processed mealworm
protein (Figure 2). Specific binding was observed IGE from the HDM allergic patient
sera pool to proteins with MW between 25 kDa andkb@& (Figure 3A). IgE cross-
reactivity appeared to vary between the differeatilwworm species on immunoblot. Some
cross-reacting proteins appeared to be still readti heat processed samples, suchas a
35 kDa protein inT. molitor and Z. atratus. Cross-reactivity on immunoblot was not
increased by heat processing but was in some das@sshed, as was the case fataa25
kDa protein in fried samples. Most cross-reactivetgins appeared to be degradediry
vitro digestion. However, a protein with MW @h. 25 kDa in raw and lyophilised.
atratus remained strongly reactive.

In case of IgE from the crustacean allergic patisgria pool, specific binding was
observed in all fractions for a protein with a MWaa. 35 kDa, and in addition to this, a
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protein ofca. 45 kDa in fractions from heat processed sampleagu(€ 3B). The 45 kDa
protein appeared to be degraded aftewnitro digestion. The 35 kDa protein remained
strongly reactive in raw, lyophilised and boileargdes. In addition, cross-reactive proteins
of ca. 25 kDa and 16 kDa appeared upon boiling of sasple

T. molitor Z. atratus A. digperinus T. molitor Z. atratus A. diaperinus
M B L B F R L B F R L B F MS MR L B F R L B F R L B F
kDa kDa
116.0
116.0 56.2
66.2 5.0
45.0
35.0
5.0
25.0
25.0 18.4
18.4 14.4
14.4
T. molitor Z. atratus A, dr‘%perinus T. molitor Z. atratus A, digperinus
M R L B F R L B F L F M 5 MR L B FR LB F RLB F
kDa kDa
- 6.0
116.0 - S
66.2
bi.2
5.0 - 45.0
a5 n 5.0
25.0
25.0
18.4
18.4
14.4
14.4

Figure 2: Immunoblot of non-digested (left panels) and in vitro digested (right panels) protein of three mealworm species
treated with control sera (upper panels) and antibodies only (lower panels), showing non-specific binding. M = marker, R
=raw, L = lyophilised, B = boiled, F = fried, S = Whiteleg shrimp (Litopenaeus vannamei) extract.

Identification of cross-reacting proteins

Several cross-reacting protein bands on immunaléat excised from the corresponding
Coomassie-stained SDS-PAGE gels (Figure 3) and sexrefor identification by MALDI-
MS/MS. Protein identification results of the excddgands are listed in Table Rroteins
identified to cross-react with IgE from HDM allecgpatients were a predicted long form
paramyosin ¢a. 100 kDa, band #1)y-amylase ¢a. 52 kDa, band #2), actircd. 42 kDa,
bands #3 and #4), a predicted larval cuticle pnofea. 27 kDa, band #6), hexamerin 1B
precursor ¢a. 94 kDa, band #8) and muscle myosia. (135 kDa, bands #9 and #10). No
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significant protein hit was found in the databasarsh for excised bands #5 (rawatratus
proteinca. 25 kDa) and #7 (boiled. diaperinus proteinca. 67 kDa).

Proteins identified to cross-react with IgE fronustacean allergic patients were actin
(ca. 35 kDa, band #1) and tropomyosioa( 30 kDa, bands #2, #5 and #6). However, no
significant protein hit was found in the databasarsh for excised bands #3 (boil&d
atratus proteinca. 45 kDa), #4 (boiledA. diaperinus proteinca. 116 kDa) and #7if vitro
digested boiled". molitor proteinca. 16 kDa).

T. molitor Z atmrus A dmperinus 7. molitor Z. atratus A. diaperinus
M R L B F M _HDM R B - 2 R 3
kDa n ' kDa
116.0 ' 116.0
3 e 66.2
66.2 & . 450
45.0 \ »
35.0
35.0 &
L 250
25.0 - [™] s ~ 18.4
184 . 14.4
14.4

kDa

116.0| | '
66.2 |

45.0

3501

250
184

14.4| @

T. molitor
R L B

Z. atratus A. diaperinus
R L B F R L B

T. molitor Z. atratus A. diaperinus
F M HDM R L B F R B F R L B F
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T. molitor Z. atratus A. diaperinus T. molitor Z. atratus A. diaperinus
M R L B F R L B F R L B F M S M R L B F R L B F R L B
kDa kDa
116.0 -

116.0 66.2

66.2 - 50

25.0 . 12.4|

184 || , - =1 -l

14,4 %
14.4 | -
T. molitor Z. atratus A. diaperinus T. molitor Z. atratus A. diaperinus
MR L B F R L B F R L B F MS MR L B F R L B F R L B F M

kDa kDa
116.0 116.0 H‘ : : : H
66.2 66.2 i E

3 e e s s — | s

450 45.0 . & — e e 2 -
350 35.0 — g :

25.0 250 L g .
18.4 18.4 .
14.4 14.4 L

B

Figure 3: Non-digested protein (left panels) and in vitro digested protein (right panels) of three mealworm species showing
cross-reactivity with sera from House dust mite allergic patients (A) or crustacean allergic patients (B) on Immunoblot (upper
panels). Bands of interest were excised from Coomassie-stained SDS-PAGE gel (lower panels). Yellow mealworm (T. molitor),
Giant mealworm (Z. atratus), Lesser mealworm (A. diaperinus); M = marker, R = raw, L = lyophilised, B = boiled, F = fried, HDM

= House dust mite (Dermatophagoides pteronyssinus) extract, S = White shrimp (Litopenaeus vannamei) extract. Numbers of
bands correspond with table 2.
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Table 2: Proteins cross-reacting with HDM allergic or crustacean allergic serum pool identified in
excised bands using MALDI-MS/MS and NCBI database. Band numbers correspond with figure 2A
(HDM allergic) and 2B (crustacean allergic).

Band #

Protein Accession Calculated Score Sequence

MW (kDa) coverage (%)

Cross-reacting with HDM allergic serum pool
1 Predicted: paramyosin long XP_970719.1 101.90 128 12

form
2 Chain A, Structure of 1TMQ_A 51.70 555 39

Tenebrio molitor larval a-

amylase in complex with

Ragi bifunctional inhibitor
3 Actin P90689 41.97 228 33
4 Actin-2 Q9Y707 41.98 81 21
5 - - - - -
6 Predicted: similar to Larval XP_975673 26.71 66 9

cuticle protein A1A (TM-

A1A) (TM-LCP A1A)
7 - - - - -
8 Hexamerin 1B precursor XP_966959 93.78 362 17
9 Muscle myosin heavy chain CAA37309 135.63 269 12
10 Muscle myosin heavy chain CAA37309 135.63 410 14
Cross-reacting with crustacean allergic serum pool
1 Actin beta/gamma 1 GAA36800 35.71 235 43
2 Tropomyosin 1, isoform A NP_524360 29.34 152 38
3 - - - - -
4 - - - - -
5 Tropomyosin P31816 32.45 200 40
6 Tropomyosin, partial AGJ71763 30.79 139 31
7 - - - - -

Hyphens indicate no significant protein hit was found in the database search.

Allergic potential of cross-reacting proteins

Of the proteins identified as cross-reacting witdrasfrom HDM allergic patients on
Immunoblot, the predicted long form paramyosin (b#&i) and muscle myosin (bands #9
and #10) showed significant identity to group l&rglens of several HDM species and the
parasitic nematodAnisakis smplex (Rudolphi) allergen Ani s 2 (Table 3). Alpha ansda
(band #2) showed identity to HDM allergens Der pD&rmatophagoides pteronyssinus)
and Eur m 4 Euroglyphus maynei Cooreman 1950). Hexamerin 1B precursor (band #8)
showed identity to American cockroadPe(iplaneta americana L.) allergen Per a 3. Actin
and the predicted larval cuticle protein A1A did show identity to any known allergens.
Of the proteins identified as cross-reacting wighasfrom crustacean allergic patients, the
tropomyosins showed significant identity to allergetropomyosins from, among others,
several crustacean, mite and insect species. Dtigettarge number of known allergens
found to show sequence identity to tropomyosindy @nlimited number of results are
represented in Table 3. Sequence identity of tromsmn 1 isoform A (band #2) to known
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allergens was lowercé. 60%) than for the other two tropomyosins identifieal 80-90%).
Beta/gamma-actin (band #1) did not show identitgrtown allergens.

Several peptides identified by MALDI-MS/MS partly atlched known crustacean
tropomyosin epitopes (Table 4, Figure 4). Two ofitemht epitopes were matched by
peptides found to resemble tropomyosin 1, isoforifbd&nd #2). For tropomyosin (band #5
and #6), five out of eight and four out of eighitepes were matched, respectively. Save
for tropomyosin epitopes, insufficient informatiam epitope sequences is available in
literature to compare with peptides found for thbeo putative allergenic mealworm
proteins in this study.

Table 3: Sequence identity of allergenic proteins identified (Table 2) with known allergens according to Allermatch™.

Band # Protein Sequence identity in Allermatch™
Allergen 88 AA sliding Full sequence alignment
window analysis
#hits >35% % hits >35% % Overlap E'
identity identity (AA)
Cross-reacting with HDM allergic serum pool
1 Predicted: paramyosin Derp 11 798 100.00 65.02 872 1.4
long form Blot11 798 100.00 64.11 872 1.2¢™%#
(XP_970719.1) Der f 11 685 85.84 64.31 692 9.8¢™
Anis2 787 98.62 49.08 870 4.9¢™*
2 Chain A, structure of Der p 4 392 100.00 50.20 494 1.1
Tenebrio molitor larval ~ Eurm 4 392 100.00 49.70 493 2.9¢®

a-amylase In complex
with Ragi bifunctional
inhibitor (1TMQ_A)

3 Actin (P90689) - - - - - -
4 Actin-2 (Q9Y707) - - - - - -
6 Predicted: Similar to - - - - - -

larval cuticle protein
A1A (TM-A1A) (TM-LCP
A1A) (XP_975673)

8 Hexamerin 1B precursor Per a 3.0201 441 63.91 39.88 652 3.1e™

(NP_001164358) Per a 3.0101 446 64.64 39.34 671 2.1e™®

9 Muscle myosin heavy Blot11 637 58.12 41.41 821 3.0e*
and 10  chain (CAA37309)

Derp 11 593 54.11 41.34 820 1.2e®

Anis2 560 51.09 39.71 831 1.7¢®

1Expected value (E) indicates the number of hits one can expect to observe by chance when searching a database of a
particular size.

’Because the large number of matches found for this protein, only the top five matches found are listed here.

Hyphens indicate no sequence identity with known allergens was found in Allermatch™.

Der p (Dermatophagoides pteronyssinus); Blo t (Blomia tropicalis); Der f (Dermatophagoides farinae); Ani s (Anisakis
simplex); Eur m (Euroglyphus maynei); Per a (Periplaneta americana); Cha f (Chironomus kiiensis); Pen m (Penaeus
monodon); Pan b (Pandalus borealis); Lit v (Litopenaeus vannamei); Hom a (Homarus americanus).
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Table 3 (continued): Sequence identity of allergenic proteins identified (Table 2) with known allergens

according to Allermatch™.

Band # Protein

Sequence identity in Allermatch™

Allergen 88 AAssliding Full sequence alignment
window analysis
# hits >35% % hits >35% % Overlap E'
identity identity (AA)
Cross-reacting with crustacean allergic serum pool
1 Actin beta/gamma 1 - - - - - -
(GAA36800)
2 Tropomyosin 1, Chaf1l 173 100.00 65.74 236 1.4
isoform A Penm1 173 100.00 61.25 240 8.1e™
(NP_524360) Panb 1 173 100.00 61.44 236 6.1e*
Litv1 173 100.00 61.25 240 8.1e™
Homa1lb 173 100.00 61.44 236 6.1e*
5 Tropomyosin® Chik 10 204 100.00 91.17 283 2.1e®
(P31816) Pera7b 204 100.00 90.43 282 4.0e®
Penm1 204 100.00 81.85 281 1.0e”*
Panb 1 204 100.00 81.85 281 1.6
Litv1 204 100.00 81.85 281 1.0e”*
6 Tropomyosin, partial®  Chik 10 188 100.00 9139 267 1.8e”°
(AGJ71763) Pera7b 188 100.00 93.63 267 1.8¢7®
Pera7a 188 100.00 92.88 267 1.4¢”7
Penm1 188 100.00 85.02 267 1.5
Panb 1 188 100.00 85.39 267 6.5¢""

'Expected value (E) indicates the number of hits one can expect to observe by chance when searching a

database of a particular size.

’Because the large number of matches found for this protein, only the top five matches found are listed here.
Hyphens indicate no sequence identity with known allergens was found in Allermatch™.
Der p (Dermatophagoides pteronyssinus); Blo t (Blomia tropicalis); Der f (Dermatophagoides farinae); Ani s
(Anisakis simplex); Eur m (Euroglyphus maynei); Per a (Periplaneta americana); Cha f (Chironomus kiiensis);

Pen m (Penaeus monodon); Pan b (Pandalus borealis); Lit v (Litopenaeus vannamei); Hom a (Homarus

americanus).

112



Influence of processing and vitro digestion on allergenicity

Table 4: Sequence identity of peptides in tropomyosins identified (Table 2) with known tropomyosin epitopes as
described by Ayuso et al. (2002). Shaded areas represent epitope cores as described by Reese et al. (2005).

Epitope Sequence (AA) Peptides identified Band # Tropomyosin identified Accession

number

1 VHNLQKRMQQLEN - - -

2 ALNRRIQLLEEDLER RIQLLEEDLER... 2 Tropomyosin 1, isoform A NP_524360
RIQLLEEDLER... 5 Tropomyosin P31816
RIQLLEEDLER... 6 Tropomyosin, partial AGJ71763

3a RSLSDEERMDALEN SLADEERMDALEN... 5 Tropomyosin P31816
RSLADEERMDALEN... 6 Tropomyosin, partial

3b ERMDALENQLKEARF ...ERMDALENQLK 5 Tropomyosin P31816
...ERMDALENQLK 6 Tropomyosin, partial AGJ71763

4 ESKIVELEEEL IVELEEEL... 2 Tropomyosin 1, isoform A NP_524360
IVELEEEL... 5 Tropomyosin P31816
IVELEEEL... 6 Tropomyosin, partial AGJ71763

5a LQKEVDRLEDEL LEDEL... 5 Tropomyosin P31816

Sb KYKSITDE - -

5c ELDQTFSEL - -

Hyphens indicate no peptides were identified similar to the epitope. Only those parts of peptides matching epitopes
are shown. Dots indicate peptides extended in this direction.

i0 20 30 4p 50 &0

1 MOATKKKMQA MELEKDNAMD RADTLEQQNK EANWRAEKSE EEVHNLOERM QQLENDLDQV

70 80 g 100 110 120

2 QESLLKANIQ LVEKDKALSM AEGEVAALNR RIQLLEEDLE RSEERLNTAT TKLAEASQAR

130 140 150 160 170 180

3a, b DESERMREVL ENRSLSDEER MOALENQLEE ARFLAFEADR KYDEVARKLL MVEADLERAE

130 200 210 220 230 240

4 ERAETGESKI VELEEELRVV CNNLESLEVS EEKANQREER YEEQIKTLTN KLKAAFEARAE
250 260 27 280

5z, b, c FAERSVQELY KEVDRLEDEL VHEKEKYKSI TDELDQTESE LSGY

Figure 4: Full sequence of Whiteleg shrimp (Litopenaeus vannamei) allergenic tropomyosin Lit v 1, showing
individual epitopes shaded in grey. Overlapping epitopes are marked dark grey.

Discussion

In this study, the effect of processing anmdvitro digestion on the allergenicity of three
edible mealworm species was determined. A study M®rhoeckx et al (2014)
demonstrated cross-reactivity between protein géracessedl. molitor and IgE from
patients with a crustacean/House dust mite Der @lHgy in vitro. The present study
shows that IgE from patients allergic to House danigé (HDM) or crustaceans is also able
to bind to proteins fronZ. atratus andA. diaperinus in vitro. Furthermore, depending on
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the type of protein, this cross-reactivity was rateby processing arid vitro digestion of
mealworms.

Suitable sera for this study were pre-selecteddiybtbt. Serum IgE of some non-atopic
donors showed unexpected cross-reactivity to prdteim D. pteronyssinus, L. vannamei
or the mealworm species (results not shown). Theblibd screening method detects single
as well as multiple binding of serum IgE to protatowever, a clinical allergic reaction
will only occur when two or more IgE molecules aress-linked by an allergen. Hence,
sensitisation to HDM or crustaceans (resulting pecsfic IgE production) might occur
without clinical relevanceOnly those sera not showing a reaction to aboveoresd
proteins were selected as control sera for furitmenunoblot studies. Serum IgE of three
HDM allergic patients showed low responsebtgpteronyssinus extract, even though these
patients were described as exhibiting clinicalrgileresponse to HDMDermatophagoides
pteronyssinus extract does, however, not contain all known gi@is of this species, as it
was produced from whole bodies, while some allesgamginate from mite faeces. Two
crustacean allergic patients showed low serum &gponse th. vannamel extract. These
patients are possibly allergic to a less consepredtacean allergen which might not be
present, or might have a very different structurk.ivannamei. Sera of patients #6, #7 and
#15 were nevertheless included in the respectivdésfor immunoblot studies because of a
high response observed to one or more mealwormeiprdtactions.Serum of patient
number #10 was excluded as it created a dark backdron dot-blot, which can interfere
with immunoblot visibility. Serum IgE of most allic patients bound to one or more
protein fractions for all three mealworm specieBpugh differences in degree of
sensitisation could be observed. Few patients refgabto lyophilisedh. diaperinus, which
was also visible on immunoblot for HDM allergic jeauts. A strong response was observed
on immunoblot for boiledl. molitor to crustacean allergic patient serum Igempared
with dot-blot results, the observed response likelyresents prominent binding of patient
#12 serum IgE, because IgE of other patients im $erum pool showed no response to
boiled T. molitor on dot-blot. An alternative explanation might hatt on dot-blot, the high
colour intensity caused by non-specific bindingoofe or more antibodies to boiléd
molitor protein partly masked the response of serum IgEhad$t patients to this protein
fraction.

Protein of raw as well as processed mealworm spessed in this study showed cross-
reactivity with IgE from selected patient sera gooh immunoblot, while not showing
cross-reactivity with IgE from the non-atopic serpool. For the crustacean allergic serum
pool, cross-reactivity appeared to be predominasglysed by tropomyosin, occurring in all
tested species, of which the epitopes are stabllyophilisation, boiling andin vitro
digestion. Several different proteins cross-reactéth IgE from HDM allergic patients.
Most of these proteins and their epitopes appearbd degraded bin vitro digestion. Not
all cross-reacting proteins could be identified\NBLDI-MS/MS. This is possibly because
not many proteins . atratus andA. diaperinus have been presently described in protein
databases. Proteins identified to cross-react Vgih from HDM allergic patients were
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predicted long form paramyosim-amylase, actin, a predicted larval cuticle pratein
hexamerin 1B precursor and heavy chain muscle myBsedicted long form paramyosin
showed approximately 65% sequence identity to HDMergens Der p 11 0.
pteronyssinus), Der f 11 D. farninae Hughes) and Blo t 11B{omia tropicalis Bronwijk,
Cock and Oshima) and 50% identityAosimplex allergen Ani s 2These allergens are all
paramyosins (Pérez-Pérez et al., 2000; Tsai et2@0DQ; Tsai et al., 2005), which are
invertebrate muscle proteins (Hooper and Thuma,5R08Ipha-amylase is a known
allergen in HDM and other mite species (Mills et 4B99; Thomas et al., 2010; Yan Chua
et al., 2007).Tenebrio molitor a-amylase identified as cross-reactive protein shlibwe
approximately 50% sequence identity with HDdamylases Der p 4 and Eur m 4
(Euroglyphus maynei). Alpha-amylases have a rather high degree of esempu similarity
between mites, insects and mammais 60%; Mills et al., 1999); hence the observed
sequence identity does not have to result in atflergross-reactivity. However,
Allermatch™ results indicated that 100% of 80 amino acid wimslshowed over 35%
similarity of T. molitor o-amylase to HDMa-amylases. This increases the chance of
potential binding sites for IgE antibodies and tetite chance of clinical allergic cross-
reactivity.

Hexamerins are storage proteins present in thectins@emolymph, as are arylphorins
(Burmester, 1999). Cockroach arylphorins have jsly been described as allergens
(American cockroach Per a XReriplaneta americana; Mindykowski et al., 2010).
Hexamerin 1B precursor showed approximately 40%iesece identity to Per a 3. Similar
to HDM, cockroaches are common sources of inddergdns (Arshad, 2010). Possibly,
one or more patients of which serum was used sgtidy were sensitised to cockroach in
addition to HDM. Although Mindykowski et al. (201@gscribed Per a 3 as heat stable, no
IgE cross-linking to a hexamerin protein was obsdmn the heat processed fractions in the
present study. Thus far, heavy chain muscle myasiim and larval cuticle proteins are not
known to be allergens. Long chain myosin does, weweshow sequence identity to HDM
paramyosins. Muscle protein was possibly partigitgken down byin vitro digestion,
thereby exposing or creating epitopes to serum WlEernatively, long chain muscle
myosin and actin are part of a myosin complex (Bt et al., 2012) and might have co-
eluted with an allergenic muscle protein on SDS-EA@Ithough it is surprising that this
strong response on immunoblot was only observedhi®g. atratus. Heavy chain muscle
myosin, actin and larval cuticle proteins couldnoxel allergens in mealworm species, but
this remains to be proven.

The major protein identified to cross-react withelffom crustacean allergic patients
was tropomyosin. This was expected because tropsimy® a well-known pan-allergen in
arthropods (Reese et al., 1999). Within crustaceamgpomyosins show over 90%
homology (Reese et al.,, 1999). Furthermore, creastivity of crustacean tropomyosins
has been demonstrated with tropomyosins from ingaseties such as cockroach.(80%;
Asturias et al., 1999; Santos et al., 1999) anekdish (ca. 65%; Barletta et al., 2005).
Tropomyosins identified in mealworm showea 60-90% identity to tropomyosins from
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other insect species and crustaceans. For all tmop®myosins, Allermatcl' results
indicated 100% of 80 amino acid windows showed @6 similarity to known allergenic
tropomyosins. Of the eight tropomyosin epitopescdbed by Ayuso et al. (2002) and
Reese et al. (2005), up to five epitopes were yarmhtched by peptides identified by
MALDI-MS/MS in cross-reactive mealworm protein. Heeincluded peptides identified in
boiled andin vitro digested protein fractions. This confirms thaptrmyosin allergenicity
appears to be stable to boiling (Besler et al.,1200amath et al., 2014) anieh vitro
digestion (Guo et al., 2009). Mostly similar epgspwere matched by peptides in
tropomyosin identified from protein bands #5 and wéh the exception of epitope 5a,
which was only found in protein band #5. This cohtl explained by tropomyosin being
further degraded by digestion in band #6, whichregponds with the lower molecular
weight. Fewer peptides matched epitopes for the tropomydsintified in protein band #2.
Possibly, this tropomyosin is a different isoformnnealworm species than the tropomyosin
identified in the boiled, digested fraction. Thiowld also explain the lower sequence
identity observed in AllermatéH analysis, compared to the tropomyosin identifiad i
protein bands #5 and #6.

In the present study, tropomyosin allergenicity egopd to be decreased in fried
samples and disappeared in frigdyitro digested samples. Fewer proteins were visible on
SDS-PAGE for fried samples. Possibly, some proatgs lost in the frying oil. Protein was
also observed to leak into the boiling water duringling of mealworms (personal
observation) and as tropomyosin was still obseteebe cross-reactive in these fractions,
an alternative explanation could be that tropomyasi less stable to digestion when
exposed to high temperatures used for frying (180°C

Tropomyosin was also observed to be a major altengehe study by Verhoeckx et al.
(2014), where the protein was identified in pateallergic to HDM.Serum IgE of HDM
allergic patients in the present study did not sn@act with tropomyosin. Bronnert et al
(2012) stated that patients with a combined HDM3tacean allergy are more likely to be
sensitised to HDM tropomyosin (Der p 10) while pats allergic to HDM only tend to be
sensitised to other HDM allergens. HDM allergicigats in this study were not allergic to
crustaceans.

To our knowledge, this is the first study to detemnthe putative allergic cross-
reactivity of serum IgE from patients allergic taustaceans or HDM to proteins frof
atratus and A. diaperinus in vitro, and the first study to examine the influence add
processing on the allergenicity of edible mealwmspecies. Results show that patients
allergic to HDM or crustaceans might experienceadargic reaction when consuming
mealworm species. Heat processing might decreaséeoes not eliminate this risk.
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Insectsasfood - the present situation

Since the renewed interest in insects as food eed during the 1990s and the early 2000s,
research on edible insects has dramatically ineced¥an Huis, 2013; Van Huis et al.,
2013). Research expanded from ethno-entomologiadies of insect consumption as an
indigenous practice in many tropical countries tpassible solution to the world food
problem. A growing world population and the inciegsdemand for meat result in a need
for alternative, more sustainable protein sourdes;ause production of conventional
livestock is associated with environmental problemwh as global warming, land
degradation, and loss of biodiversity. Edible insemmuld provide an alternative source of
animal protein. A first international conferencetited "Insects to feed the world",
organised by the Food and Agriculture Organizatdrthe United Nations (FAO) and
Wageningen University and Research Centre in 2@ttdctéed about 450 attendants from
45 different countries (Van Huis and Vantomme, 204@ntomme et al., 2014). Benefits of
edible insects over traditional livestock reviewsyl among others Van Huis (2013) and
Van Huis et al. (2013) include a good nutritionalue, lower greenhouse gas emission and
more efficient use of land and water, but also lgsk of zoonosis and better feed
conversion efficiency. Hence, arguments for intithin of entomophagy in Western
countries are largely based on health as well ag@mmental reasons. Data on nutrient
composition of different insect species, food-,dfeand industrial application as well as
possible food safety risks become increasingly lalgkd. However, there are still many
knowledge gaps that need to be filled. This theass,part of the project "Sustainable
production of insect proteins for human consumpti@UPRO2) aimed to contribute to the
growing research field of insects as food. Witloeus on three mealworm species suitable
for human consumption, this thesis explored thesipddy of producing the insects more
sustainably on diets composed of organic by-pragjumnd its effect on feed conversion
efficiency and nutrient composition. Although nbetobjective of this study, the results
may contribute to a better understanding of ushegé insects as a means to sustainably
produce protein as feed for pets, farm animalsfeshd Furthermore, with food safety being
a factor of major importance when introducing neod items to the Western market, this
thesis investigated two potential food safety riskgsntamination with mycotoxins and
allergenicity.

Sustainable production and feed conversion efficiency
One of the recurring arguments in favour of intradg edible insects into the Western
world is that they can be produced more sustaindfdyr conventional livestock. An

important factor contributing to this sustainalilis that due to being poikilothermic,
insects do not need to invest metabolic energyamtaining a constant body temperature.
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This allows them to invest more energy from feetb igrowth, and hence insects are
expected to have a higher feed conversion effigiethan conventional animals. For
example, for House cricket®\¢heta domesticus), the feed conversion ratio (FCR; kg of
feed needed to produce one kg of biomass) was fearuke 1.7 (Collavo et al., 2005).
Considering that the edible portion Af domesticus is greater than that of conventional
livestock,A. domesticus was reported to be twice as efficient as chickémg, times more
efficient than pigs, and ten times more efficidmrt cows at converting feed to biomass
(Van Huis, 2013). Insect diet has a major effecfemd conversion efficiency. Optimisation
of diets can thus improve sustainability of inspriduction. Sustainability can be further
improved when diets are composed of locally produzeganic by-products, for example
originating from the food industry, although suchetd could compromise insect
development and feed conversion efficiency. This whown in a study by Lundy and
Parrella on House crickets (2015). The insectsigavwell on human food waste that had
been subjected to an aerobic digestion process.ekenwdevelopment time took longer,
harvest weight was lower and FCR was increased fr@m on control diet to 1.91 on food
waste. Nadeau (2014) calculated that if the uswgdnic by-products as insect feed would
result in only half of the production yield compate using an optimal diet, then 15,586 ha
of mealworm production facilities could produce elergy needed to erase the food deficit
in the world. Assuming the organic by-products usemlld not require extra land for
production, this 15,586 ha represents only 0.00@3%hmhe agricultural land in the world
(Nadeau et al., 2014). Of course it has to be kemiind that production of mealworms,
like production of conventional production animdlas an economic footprint.

In Chapter 2 (Van Broekhoven et al., 2015n)molitor, Z. atratus and A. diaperinus
were produced on diets composed of organic by-prtsdoriginating from the Dutch food
and bio-ethanol industry. Diet composition had gomaffect on larval performance. Diets
with a high yeast-derived protein content resuliedaster development, a lower larval
mortality and higher pupal weight, compared to omntiets used by insect breeding
companies. This offers interesting opportunities fireeders to improve mealworm
production. Feed conversion efficiency was alsohéigon diets with a higher protein
content, which could contribute to a more sustdmglboduction process. The lowest feed
conversion efficiency founcté. 3) was comparable to the lowest value foundTianolitor
by Oonincx et al. (3.8; Oonincx et al., submitte@ll2) In addition to dietary differences
between the two studies, experimental setup halylikfluenced the feed conversion ratio.
In Chapter 2, feed conversion efficiency was orgyedmined for part of the larval stage,
while it was determined for the entire larval stame Oonincx et al. (Oonincx et al.,
submitted 2015). The feed conversion rati@af3 is comparable to the value for pigs (3.6)
but somewhat higher than the value for poultry ;(2AGlkinson, 2011). More research is
needed to further optimise diets in order to deswemealworm feed conversion ratio.
Rather than observing larval performance on diffedBets with varying nutrient contents,
as was done in Chapter 2 and by Oonincx et al.nfgtdd 2015), a suitable approach
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would be to first determine the macronutrient reguents of the insects. Rho and Lee
(2014) studied the dietary protein and carbohydratgpiirements for adull. molitor and
observed the beetles self-selected these macrentstrin a protein:carbohydrate ratio of
1:.1. The study was not performed for the larvalgstabut it is expected that the
protein:carbohydrate ratio would be higher thanddults to facilitate fast tissue growth.
This would correspond with results from Chapter tiere diets high in protein resulted in
faster growth. However, the protein content of ¢hdgets might have been in excess of
larval requirement. Larvae on high protein contertreted faeces higher in uric acid
(Chapter 2) and did not appear to consume their exuviae, contrary to larvae on diets
lower in protein (personal observation). According Mira (2000), cockroaches
(Periplaneta americana) exhibit higher exuviae feeding on diets lowempnotein. Feeding
excess protein is not desirable because protein atganic by-products are often more
costly. It would therefore be advantageous to fietperimentally determine the
macronutrient intake target of edible insects, tinah design diets that match this target as
closely as possible. It has to be kept in mind, évaw, that insect performance is not solely
determined by absolute amounts of macronutrienith Yéspect to carbohydrates, it might
make a difference whether the carbohydrate congeptimarily derived from sugars or
starch. Furthermore, starch source would have gacdibecause not all starch sources are
equally digestible (Hosen et al., 2004; Mereilealet2009). Similarly, amino acid profile
largely determines protein nutritional quality. &udition, organic by-products contain
micronutrients and might contain secondary plamhgounds with an anti-nutritive effect.
This was observed for diets containing cookie ream Chapter 2, and by Dastranj et al.
(2013) who found extracts of field bean and différevheat cultivars inhibited. molitor
digestive enzyme activity. Another factor that niigiomplicate the use of organic by-
products to compose insect diets is the possibifitpatch or seasonal variability, which
would impact nutritional composition of the by-pumd. Similarly to conventional
livestock, constant quality of organic by-produated for edible insect production would
have to be ensured.

In addition to studying larval performance on diffet diets, studies spanning several
insect generations should be performed to deterthmeffect of diet composition on adult
fecundity. In Chapter 2, successful adult eclosi@s observed for all experimental diets,
but this does not give an indication for adult fediy. Possible detrimental effects of diet
on insect development might only become manifessubsequent insect generations.
Therefore, diets optimal for fast larval developtmeould be different from diets optimal
for adult fecundity. In such case, it would be g@tian for insect breeders to supply insects
kept for reproduction with a different diet thar tinsects produced to be sold as food.
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Nutritional quality

Edible insect nutrient composition has been extehgireviewed by Bukkens (1997) and
more recently by Rumpold and Schluter (2013a), Wellat al. (2013) and Finke and
Oonincx (2014). There is considerable variatiomutrient composition not only between
species, but also between life stages. Insectpragominantly high in protein and fat. In
general, larval stages contain more protein anthéat adults. In this thesis, protein content
and fatty acid profile of three mealworm speciess wiatermined after larvae had been
feeding on different diets composed of organic bydpcts (Chapter 2: Van Broekhoven et
al., 2015b). Protein content was relatively stablgardless of diet, which corresponds with
the findings of Ramos-Elorduy et al. (2002) and @gaal. (2010) wher&. molitor larvae
were produced on different diets composed of omyamd non-organic waste materials,
respectively. Amino acid composition, which proddenportant information on protein
quality, was not determined in Chapter 2. Larvadhi@a study of Ramos-Elorduy et al.
(2002) differed in amino acid profile dependingdiat, with levels of isoleucine, leucine,
tryptophan and methionine showing the most vamatldowever, amino acid profile was
not determined for the different diets. Yi et &0{3) determined the amino acid profile of
different insect species including the mealworm cgg®e studied in this thesis, when
obtained from a commercial insect rearing compdimg total of essential amino acids was
comparable to soybean, but lower than for caseaweaver, quantities were sufficient for
humans according to FAO/WHO/UNO recommendations ddults. Yi et al. (2013)
furthermore analysed functional properties of ing@otein, which is important when this
protein is to be used in the food industry. Watelulsle fractions were used to study
foaming and gelation capacity. Out of the three Imean species, only. atratus protein
formed stable foams, but protein from all threecgg®e was able to form a gel. These are
promising first results for future food industrypdipation. Other researchers have also
studied the possibilities of insect-derived compsufor application in the food industry.
For example, Ulanova and Kravchenko (2014) usedsEldly (Musca domestica) protein
to develop a milk substitute. The product was simtb whole milk in terms of colour,
odour and viscosity. The protein content was sintidacow's milk with respect to protein
content and had a good amino acid score comparEd@recommendations. Mariod and
Fadul (2014) used gelatine extracted from melon (@agidius viduatus) and sorghum bug
(Adonoscelis versicoloratus versicoloratus) for ice cream preparation. However, ice cream
made with insect gelatine scored lower for tastktarture in a sensory test than that made
with commercial gelatine. Digestive proteinasesrird. molitor are active against wheat
gluten and could potentially be used medicinallytteat celiac disease (Elpidina and
Goptar, 2007; Mika et al., 2014)

In Chapter 2, mealworm fat content and fatty acigfife varied depending on the diet
consumed, though larvae on all diets were predamiynigh in palmitic acid, oleic acid
and linoleic acid. This corresponds to previougigtsl such as those by Finke (2002) and
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Tzompa-Sosa et al. (2014). Polyunsaturated fafty @JFA) content ranged between 20
and 30% of total fat. PUFAs are important for hunmealth (Kouba and Mourot, 2011).
Wang et al. (2014) investigated the effectTofmolitor PUFA on obesity and found the
PUFA to reduce body weight and cholesterol in a\stusing obese mice. In addition to
total PUFA content, the ratio betweer6 andw-3 PUFAs (n6/n3 ratio) is of importance
for human health, with an optimal ratio being 5rll@ver (Kouba and Mourot, 2011).
Mealworm n6/n3 ratio exceeded 18:1 (Chapter 2: Bavekhoven et al., 2015; Tzompa-
Sosa et al., 2014), which is much higher than thmin@l ratio and the FAO
recommendation of 10:1 (FAO, 2010; Tzompa-Sosd. e2@14). Fatty acid profile can be
altered by diet and thus, possibilities exist iwdo mealworm n6/n3 ratio in order to obtain
a healthier product. To lower the insect n6/n3oralizompa-Sosa et al. (2014) proposed an
insect diet low in linoleic acid, am-6 fatty acid. However, in Chapter 2, diets low in
linoleic acid compared to control diet did not pmod mealworms lower in n6/n3 ratio. A
higher amount ofi-linolenic acid, contributing to a highes-3 concentration in the diet,
might have a stronger effect on mealworm n6/n3rdthis should, however, be subject to
further study. An important aspect to considehat &ltering edible insect fatty acid profile
will likely influence the sensory characteristics &ell as the shelf life of the insects. In
meat from conventional livestock (Diaz et al., 200Mbod et al., 2008; Wood et al., 2004),
as well as in fish (Waagbg et al., 1993), fattydgmiofile influences flavour and texture. A
high ©-3 content resulted in a more rancid flavour esgbciafter longer storage time,
caused by oxidation of fatty acids. Anti-oxidantgls as vitamin E can prevent quality
deterioration. When altering insect diet to obtimore favourable n6/n3 fatty acid ratio, it
might thus be important to also provide an highmoant of vitamin E in the diet.

In addition to diet, extraction methods can infloerinsect fatty acid profile as was
shown by Tzompa-Sosa et al. (2014). The Folch nadetiwbich was also used in Chapter 2,
showed a total fat extraction similar to Soxhletrastion, but higher than aqueous
extraction. Furthermore, extraction by the Folchthmd showed higher amounts of total
polyunsaturated fatty acids (PUFASs) than the otinethods, but a lowen-3 PUFA
concentration than aqueous extraction. The Folcthodeis widely used on laboratory
scale, but Soxhlet and aqueous extraction have mdrestrial relevance. It is therefore
important to realise that insect fatty acid profiteght differ when fat is extracted on
industrial scale than when determined on laborasoafe. When extracted insect fat is used
in the food industry or for other applications,tyaacid profile should be determined and
optimal extraction methods might depend on theiegibn. However, this does not play a
role when whole insects are used whether in resapie form or ground to powder.

Nowak et al. (2014) compiled nutritional data ofmolitor to confirm claims on its
nutritional value. According to the WHO and FAO iisifor the labels 'source of' and 'high
in', Tenebrio molitor larvae can be considered a source of calcium amg and high in
protein and magnesium. A limitation of the studietermining the nutrient composition of
T. molitor and other mealworms is that raw insects were amdlyHumans in Western
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societies do no consume mealworms raw, and foodepsing methods can influence
nutrient composition. For example, Kinyuru et 20Q9) studied the effect of the traditional
processing methods toasting and sun-drying on tfaenin content of an edible winged
termite Macrotermes subhylanus) and an edible katydid specigRugpolia differens) and
found a general decrease in vitamin content foh lspecies, which was especially evident
after toasting. It is at present unknown how preges might influence nutrient
composition of mealworm species.

In addition to nutrient composition, digestibilipfays an important role in determining
nutritional value of edible insects for human canption. Data on digestibility of
mealworm species for humans is at present limi¥edet al. (unpublised) determined the
digestibility of T. molitor in vitro using a human gastric-duodenal system. Proteatidrzs
containing low molecular weight hemolymph proteinere more rapidly digested than
fractions containing muscle proteins. Bosch et(2014) determined the digestibility of
several insect species, including the three meaivnspecies discussed in this thesis, for pet
animals using a caninm vitro digestion system. The organic matter digestibilitgs
higher for mealworms than for the reference subetraoultry meat meal, fish meal and
soybean meal. In general, chitin is consideredefibr studies determining insect nutrient
composition. Insect chitin is tightly cross-linkedth proteins (Cauchie, 2002), which
might make these proteins inaccessible for humiisvever, chitinolytic enzymes have
been found in the human stomach (Paoletti et @d72and colon, where they are produced
by chitinolytic bacteria (DuSkova et al., 2011) rther research still has to be performed to
determine whether the amounts of these enzymesudfieient to digest insect chitin.
Furthermore, processing of insects can influenaar tdigestibility, as was shown by
Kinyuru et al. (2009), where toasting as well as-dwying resulted in a decreasedvitro
protein digestibility forR. differens, but not forM. subhylanus.

Food safety

Compared to the number of studies on nutritionalpprties, research on the food safety
aspects of edible insects is still limited, althbughas increased in recent years (Belluco et
al., 2015; Rumpold and Schliuter, 2013a, b). In Alessocieties, food security is of less
concern and food safety has a large impact on co@strust, among others due to longer
and more complex food processing chains. Furthegmathen new food products or
ingredients are introduced on the market, theidfeafety needs to be assessed in terms of
microbial, toxicological and allergenic risks. Thigesis explored two food safety aspects:
risk of mycotoxin contamination and risk of allergiross-reactivity.
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Contamination risk

Contamination of edible insects with pathogensoaict compounds can occur during the
insect's life cycle as well as after harvest of itteect. Research on the presence of toxic
compounds and pathogens, present in either fresétyested or processed and stored
edible insects, has recently been reviewed (Belkical.,, 2013; Van der Spiegel et al.,
2013; Van Huis, 2013). However, most studies caméesects harvested from nature in
tropical and sub-tropical countries. When insecés@llected from nature, contamination
can occur in the form of pesticides, heavy metald aoil-borne pathogens (Van der
Spiegel et al., 2013; Van Huis, 2013). Post-hargesilage is a relevant risk in countries
where edible insects are traditionally sun-driedi amot refrigerated. Even though the
above-mentioned concerns do not apply in Westeumtcies where edible insects are
produced in closed farming systems and food pra@duen be refrigerated, the risk of
contamination should not be underestimated. Stughesved tha#. diaperinus is capable
of harbouring human pathogens for a time span wérsé¢ hours in case @@ampylobacter
jguni (Strother et al., 2005; Templeton et al., 2006)s&veral days forSalmonella
typhimurium (McAllister et al., 1994).Tenebrio molitor was found to consume fungi
without any visible adverse effect (Chuku et alQ2; Davis et al., 1975). Contamination of
edible insects can occur during the production @secwhen contaminated organic by-
products are used as substrate, or when hygieaipes are applied insufficiently. The
Hazard Analysis and Critical Control Points (HACCH)stem is a widely used approach
aiming to ensure food safety by preventing physicaémical and biological contamination
during the food production process (Gurnari, 20¢&n Huis et al., 2013). The HACCP
system should be adopted by commercial edible inggoducers and companies
developing insect-based food products in order $suee a food product free of
contamination. This will also increase consumerfidemce in edible insect products (Van
Huis et al., 2013). Gurnari (2015) stresses theomamce of the HACCP system, and also
indicates the problem of microbial toxins such a&otoxins as one of the most important
challenges in the food industry today. A worldwidervey by Rodrigues and Naehrer
(2012) shows that mycotoxins are also prevalegrain used as animal feed. One or more
mycotoxins were present in 65% to 81% of samplstete depending on the sensitivity of
the detection method. The most prevalent mycotofanad in samples from Europe were
deoxynivalenol and ochratoxin A. Several studiesneixed the effect of mycotoxins dn
molitor (Abado-Becognee et al., 1998; Davis and Schief®82; Davis et al., 1975).
Because the objectives of these studies were nagdess the safety ©f molitor as food,
the presence of mycotoxins in the larval bodies was determined. However, larval
growth and mortality were not affected up to refalty high concentrations of mycotoxins.
This fact, together with mycotoxins still being obncern in the food and feed industry
today, emphasises the importance of studying thle of mycotoxin contamination in
commercially produced edible insects. In this the$i molitor was fed wheat flour
containing deoxynivalenol (Chapter 3) and presafdéis mycotoxin in the larval bodies,
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as well as excretion through faeces, were asseBsa@ntly, Guo et al. (2014), in a study
on food choice, weight gain and mortality Bf molitor larvae on wheat colonised with
several differenfusarium species, determined the presence of mycotoxirieanarvae,
but not in the faeces. Similar to Chapter 3, lewtldeoxinivalenol found in the larvae were
below the detection limit in the study by Guo et @014). Several other mycotoxins,
including zearalenone, fumonisin B1 and severalaims, were detected in concentrations
<2 ug/g in larval samples, but 13 pug/g enantianas wetected in larvae that had been
feeding on wheat containing >90 pg/g enniatin Baghar 3 shows that up to about 40% of
ingested deoxynivalenol was excreted in the faeG¢ég remaining portion was likely
metabolised to compounds not determined in ChapteMore research is needed to
determine the fate of mycotoxins in mealworms, ey because it is unknown whether
possible metabolites could still have a toxic dff@ben consumed by humans. Guo et al.
(2014) hypothesised that Tenebrionidae might hawdved adaptations to neutralise toxic
fungi encountered in their natural environmenthit is indeed the case, and mealworms
successfully detoxify mycotoxins into metabolitekieh pose no threat to humans, this
would be a beneficial trait for the insect prodooti sector. Risk of mycotoxin
contamination acquired during the production preces mealworms would be strongly
diminished. However, it would have to be kept inndhithat when using organic by-
products as feed for mealworms, diets may contaiterial on which mealworms have not
evolved to feed, and may thus also contain mycagxot normally encountered by
mealworms. It is therefore important to assessstfety of mealworms, as well as other
edible insects, when grown on feed contaminateti witvider range of mycotoxins than
those commonly present in grains.

Other forms of contamination which could occur dgrthe production process, such as
contamination by heavy metals or pathogens, weraddressed in this thesis. These forms
of contamination are less likely to occur in clodadming systems when producing for
human consumption, but still do have relevance @afpe when producing insects on
organic by-products. Special consideration is negbivhen producing insects to be used as
animal feed on manure. Heavy metals or pathogeuls d® harboured in the insects and
subsequently end up inside the consuming livestdbis would pose a threat not only to
the animals, but also to humans consuming meatexfet animals. Lalander et al. (2014)
used Black soldier fliesHermetia illucens) to convert organic waste into larval biomass
which could be fed to animals. The researchers doanreduced concentration of
Salmonella spp. and viruses in the organic waste material &ftillucens had been feeding
on it, but no reduced concentrationEsfterococcus spp.. Furthermord. illucens presence
did not inactivate eggs of the parasitecaris suum. In a study producingf. illucens on
human faeces, Lalander et al. (2013) found a gixclgcle reduction ofalmonella spp.
concentration in the faeces after larvae had beedirig on it, but only a small reduction in
concentration oEnterococcus spp. (< 1 log cycle). Larvae and prepupaeHofillucens
were examined for presence of these pathogens fateest. A higher concentration of

131



Chapter 6

Enterococcus spp. was found in the larval gut f16fu/g) than in the prepupal gut {10
cfu/g), but less than 1 cfu/g and 0.5 cfuBglmonella spp. respectively. The high
concentration ofEnterococcus spp. shows that additional processing steps ayeires
before feeding the insects to animals. Charltormlet(2015) examined the presence of
harmful chemical contaminants in several fly speaeitable for animal feed, produced on
organic waste substrates such as manure, fish afilpig offal. Contaminants analysed
included pesticides, heavy metals and veterinarydiomees. Fly larvae contained
contaminants in levels below the maximum conceioinatecommended by European
Commission, World Health Organisation and Codexmglintarius, with the exception of
several samples d¥l. domestica in which cadmium and the medicine nicarbazin were
present in levels exceeding the lowest EU limitdomal feed.

Insects produced on feed expected to be free offtbicompounds or pathogens still
contain large amounts of microorganisms, due tarittte microbial flora in the insect gut.
Microorganisms from the insect gut are, howevekomamically very different from
vertebrate pathogens and are therefore not expextedse a health concern (Eilenberg et
al., 2015; Giaccone, 2005). Giaccone (2005) andlybe microbial count of several
species of edible insects, including molitor, Z. atratus and the House crickeA.
domesticus and found over 10cfu/g, mostly made up of Gram-negative bacteria.
Pathogenic species such &almonella spp., Listeria spp., Bacillus cereus and
Staphylococcus aureus were not found. Nevertheless, several commeraiatycers of
edible insects in The Netherlands allow insectfash for one day to void the gut content
prior to harvest (Van Huis et al., 2013). Belludoaé (2013) argue that safe storage and
preservation of insect-derived products is moreartgnt from a food safety perspective
than the microbial count of freshly harvested, lingects. Microbial count of fresh as well
as processed. molitor andA. domesticus under different storage conditions and durations
was determined by Klunder et al. (2012). Heatingpstsuch as boiling and roasting
strongly reduced the overall microbial count, alip spore forming bacteria were not
fully eliminated. Fermentation of composite flowwntaining powdered roastéd molitor
reduced both Enterobacteriaceae and bacterial spm increased shelf-life. Rumpold et
al. (2014) explored the possibility of using noestimal methods such as high hydrostatic
pressure and cold plasma treatment to presErvaolitor. Indirect cold plasma treatment
was found most effective for surface decontamimabé the larvae. This method could
potentially be used to surface sterilise live meaiwns, although more research is required
to explore this option. Indirect cold plasma haohited penetration capacity and was
therefore not suitable for reduction of overall rolwal count, for which thermal treatments
at 90°C were most effective. A combination of treant is suggested for most effective
decontamination.

Contamination risk of edible insects can thus lskiced both by ensuring the material
used as feed for the insects is free of pathogadst@exic compounds, and by applying
appropriate decontamination and processing stdps ladrvest of the insects. Safe storage

132



General discussion

of the edible insect product is also essentiak-ews (2014) stresses, dried insects can
pick up moisture when stored in moist areas, wheh then lead to growth of bacteria and
fungi.

Allergenicity
Allergenicity is a safety concern relevant for falbd products. Around 5% of the general

population is affected by food allergy (Sichered &ampson, 2014). Symptoms range from
local mild reactions to potentially fatal anaphytaxXPerry and Pesek, 2013). Correct
labelling of food products to provide informatiom angredients and allergenicity risk is
essential for allergic individuals in order to avgiotentially harmful food ingredients.
Research on the allergenicity of edible insectstiis in its infancy, and mostly concerns
case descriptions of individuals experiencing gltereaction to an edible insect. Most
incidents of food allergy to edible insects conceeople from countries having a tradition
of insect consumption, and symptoms can be selFereexample in China, there were over
60 reported cases of anaphylaxis upon consumptiomsects including Domesticated
silkworm pupae Bombyx mori), bee larvae and locust and cricket species inptred
1980-2007 (Ji et al., 2009). A Thai hospital repdrseven cases of anaphylaxis to fried
insects (grasshopper and cricket species) in theg2005-2006 (Ji et al., 2009; Piromrat
et al., 2008). One case of anaphylaxis upon consampf T. molitor has been described
(Freye et al., 1996). Often, it is unknown whicloteins are responsible for the allergic
reaction. A more widely studied case of allergyinsect extract in food in the West
concerns cochineal, the natural red food dye etedafrom Dactylopius coccus. Allergic
individuals reported asthma in response to foodainimg cochineal (Lizaso et al., 2000;
Oplatowska-Stachowiak and Elliott, 2015). Lizasocakt(2000) identified three different
allergens in cochineal, though more informatiomthaolecular weight is not yet available
for these proteins. According to Oplatowska-Stada&vand Elliott (2015), cochineal has
been reported to be used unauthorized and in o ¢twncentrations, which represents a
food safety concern.

In this thesis, the allergenicity of mealworm spsaivas determinad vitro (Chapter 5:
Van Broekhoven et al., 2015a; Chapter 4: Verhoestkal., 2014). A factor complicating
research on allergenicity of edible insects in\test is that at present, only few people are
known to experience allergic reactions upon inseasumption, meaning very few sera are
available for research purposes. For this reasmgarch in this thesis focussed on risk of
allergic cross-reactivity for people allergic tdfdrent arthropods: crustaceans or House
dust mite. Determining allergic potential througbss-reactivity is relevant because in the
West, the number of people sensitized to ediblectssis far fewer than in countries
accustomed to insect consumption. People expengratllergic reactions to edible insects
are thus likely to have been sensitised throughffarent route, for example through
inhalant allergy to House dust mites or cockroacloesthrough food allergy to related
arthropod foods, in particular crustaceans. Insantscrustaceans are more closely related
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than was generally thought until recently, both up® together forming the clade
Pancrustacea (Pennisi, 2015; Regier et al., 2010).

Allergic potential and cross-reactivity were detared, as well as which proteins are
responsible for the observed reaction. In Chaptéropomyosin and arginine kinase were
identified as major cross-reactive proteins in mawnolitor when using sera of people with
combined crustacean and House dust mite allergyCHapter 5, cross-reactivity was
determined for all three mealworm species usinga seff people allergic to either
crustaceans or House dust mite, and effects ofegsiieg andn vitro digestion were
studied. Tropomyosin, but not arginine kinase, wastified to be the major cross-reactive
protein for crustacean allergic individuals and esaVl different proteins including.-
amylase, hexamerin 1B precursor and muscle myasissaeacted with IgE from sera
from House dust mite allergic individuals. Heatgqessing as well as vitro digestion did
reduce, but not eliminate allergenicity.

Assessing allergic potential by comparison of groteequence with well-described
allergens, which can be done with software suchAlkermatch™, allows for a broad
exploration of potential allergens even when atsen¢, the number of people having
experienced allergic reactions upon the consumpaiomsects is still scarce. However,
when the complete proteome is not yet known, dabdscase with the mealworm species
used in this thesis, potential allergens can besetis Identification of cross-reactive
proteins obtained from different patient sera isistimportant in order to obtain a
representative list of allergenic proteins. Thisswhustrated by the fact that several
different allergenic proteins were identified in aiters 4 and 5, even though all patients
were allergic to House dust mite and/or crustaceafiether these allergies are combined
or individually present already makes a differerinethe types of proteins allergic
individuals respond to. To get a more complete vad\wotentially allergenic proteins, sera
are best used in individual tests, rather than ¢oetbin a pool. However, due to the
scarcity of sera and the amount used, this is Im@tyes possible.

Although in vitro tests are powerful as first steps in researchet@rchine allergic
potential,in vivo tests are important to confirm allergenicity obdoproteins, with oral food
challenges such as the double-blind placebo-cdattdlood challenge being the gold
standard in allergy diagnosis. Recently, Broekmaal.(2014) further explored allergenic
cross-reactivity fofT. molitor by means of skin prick tests on shrimp allergidividuals.

All experienced a positive reaction 1o molitor extract. Double blind placebo controlled
food challenges to further confirm allergenicitg amderway.

Determination of potential cross-reactive allergen®oth a more readily executable
and a relevant first step in allergy research tblednsects in the West. As more sera of
people experiencing allergic reactions upon ing&ctsumption become available, more
different allergenic proteins are expected to bscaliered, because individuals being
primarily sensitized to insect protein might retxdifferent proteins than those primarily
sensitized to House dust mites or crustaceans. awpan-allergens such as tropomyosin
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and arginine kinase, which are major allergens gmesacross different classes of
organisms, will likely remain of major importanceo date, tropomyosin has not yet been
described as allergen in other species of edilsliecits than mealworms. Arginine kinase, on
the other hand, was described as major allergéh mori (Liu et al., 2009) and the Field
cricket specie$ryllus bimaculatus (Srinroch et al., 2015). In Chapters 4 and 5, waiter
soluble protein was extracted in addition to wateluble protein and tropomyosin was
found to be present in the non-water soluble foactiThe protein extraction procedures
used by Liu et al. (2009) and Srinroch et al. (20dibght not have yielded tropomyosin.
Alternatively, serum used in these studies washfilabtained from patients primarily
allergic to arginine kinase. Chapters 4 and 5 shiatlvat patients allergic to arginine kinase
were not allergic to tropomyosin and vice versan®ch et al. (2015) furthermore
described hemocyanin, glyceraldehyde 3-phosphatgddegenase and hexamerin 1B
precursor as allergens f&. bimaculatus. Hexamerin 1B precursor froff. molitor was
found to be cross-reactive with sera from Housd dhite allergic individuals. Although
not found to be cross-reactive with the sera usglyceraldehyde 3-phosphate
dehydrogenase was identifiedTinmolitor protein (Verhoeckx et al., 2014) and could thus
be another potential allergen in mealworms. Srinret al. (2015) founds. bimaculatus
cross-reactsn vitro with serum from people allergic to freshwater pna@Macrobrachium
spp.). Cross-reactivity between allergens from dtssend crustaceans remains clinically
important also when people are primarily sensitiged edible insects rather than
crustaceans, as was illustrated by Piromrat (20A8)voman experiencing anaphylaxis
upon consuming fried insect (presumably a crickdboust species) developed anaphylaxis
caused by consumption of shrimp several months. late

Allergenicity of heat processed in addition to ragible insects should be determined,
because insects are generally not consumed ravweinMlest and heat processing can
influence protein integrity and thus allergenicitjhe effect of heat processing on allergic
cross-reactivity of mealworm protein was exploredGhapter 5. Allergenicity was not
eliminated by heat processing. This correspond$ w&itreview on the effect of food
processing on allergenicity by Verhoeckx et al.1&)0in which it was concluded that heat
processing does not completely eliminate the atiepgtential of proteins. On the other
hand, fermentation, hydrolysis and potentially pues treatments may reduce allergenicity
to such an extent that the food product would bk $ar consumption by allergic
individuals. Allergenicity of fermented insect prards might be worth investigating; for
example, fermentation of mealworms as studied mn#ér et al. (2012) might provide for
a product that has increased shelf life and is k&naously less allergenic than heat
processed mealworms.
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Further research contributing to consumption of insectsin the West

Consumer acceptance

In Western societies, the idea of eating insectsten regarded as primitive and disgusting
(Deroy et al., 2015; Looy and Wood, 2006; Van Hatial., 2013). Several authors agreed
that consumer acceptance is one of the major batoghe introduction of edible insects in
the West (Halloran et al., 2014; Rumpold and Sehni2015; Van Huis et al., 2013).
Therefore, studies on consumer acceptance of edibbkcts, especially when exploring
methods to effectively improve consumer acceptafu@n an important contribution to
research on insects as food.

Food acceptance and disgust are typically cultptatiund (Martins and Pliner, 2005;
Tan et al., 2015), although personal and situatifatdors also play a role. Positive sensory
perception such as good taste and familiar and g@mearance are important arguments
for food acceptance, while a bad taste or appearaxwell as the belief a food product
might be harmful or unhealthy, are important argntedor food rejection. Healthiness is
sometimes listed as another important argumenfdfod acceptance (Martins and Pliner,
2005), and Van Huis (2013) argues that nutritianfdrmation as well as the advantages
for sustainability and animal welfare edible inselebld over conventional livestock can be
motives for unaccustomed consumers to recogniseirtiportance of edible insects.
Although these arguments deserve considerationerakwstudies found that rational
arguments alone are not sufficient in order to awre Western consumers to include
insects in their diet (Deroy et al., 2015; Lenselt Steenbekkers, 2014; Looy et al., 2014;
Tan et al., 2015; Verbeke, 2015). Deroy (2015) hfainnore argues that providing
information on the widespread custom of insect non#ion in the world will not convince
the Western consumer. Instead, insects should dy@aprd in such a way as to appeal to
Western consumers both in taste and appearanaged3i0g method has a strong influence
on consumer acceptance of edible insects. For deaagtudy by Caparros Megido (2013)
on Belgian consumers willing to try edible insestsowed that crispy textures were
preferred. Similarly, according to Fellows (201#dgstaurant chefs report that customers
tend to prefer crisp insects over soft texturecedts Grinding or processing insects in
order to make them less recognisable helps to lother barrier for unaccustomed
consumers (Caparros Megido et al., 2013; Van Huial.e 2013). In a study involving
Dutch and Australian consumers, Lensvelt and Stadmys (2014) found that participants
from both countries were more willing to try inseaivhen made unrecognisable, for
example by grinding into flour. Tan et al. (201®)mpared perception of edible insects in
groups of Thai and Dutch participants and found thducing the visibility of the insects,
as well as incorporating them into familiar foo@gucts improved the willingness to try an
unfamiliar species. Hwang et al. (2015) studiedscomer preference and purchase intention
of sautéed and oven roasté&d molitor in whole, chopped or powder form in Korea.
Participants preferred the powdered form regardiégseparation method.
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Initiatives are taken up to develop food produastaining insects for the Western
market. For example, 'Buqadilla’ is a deep friedcgknwhich contains 40% grounrél.
diaperinus and 'Crikizz', developed by Ynsect, is a cassawacls containing 10-20%
groundT. molitor (Van Huis et al., 2013). The Nordic Food Lab (Qupegen, Denmark)
recognises taste as the most important aspectodf &md aims to assess the gastronomic
value of various edible insect species, includints &ormica rufa andLasius fuliginosus)
and locusts Schistocerca gregaria and Locusta migratoria), by including them in newly
developed dishes appealing to Western consume@né:z\2014). Similar to exposure to
insect dishes, where consumers have the opportimniyste, information on which insect
species can be used for food and how they shouldréeared is key to acceptance by
unaccustomed consumers (Lensvelt and Steenbel@t3; Looy et al., 2014; Tan et al.,
2015; Van Huis, 2013). The Insect Cookbook writbgnVan Huis et al. (2014) can aid in
this endeavour.

Scaling up of production

The intensive production of conventional livestdes a long history in Western society
and as a result, much research has contributedctease and optimise the production
process, leading to higher yield and reduction adtg and labour. In contrast, the large
scale production of insects for human consumptsostill in its infancy (Van Huis et al.,
2013). Currently, labour costs in insect farming aArgh and the resulting relatively high
market price of edible insects on the Dutch markaht pose a barrier for consumers
(Lensvelt and Steenbekkers, 2014; Van Huis et2813). Research into automation of
large scale production is thus recommended. Insagtable for large scale production
should among others have the ability to live inhhdgnsities, have a high rate of biomass
increase and a high oviposition rate (Van HuislgtZ913). Inexpensive feed should be
used to decrease production costs. Producing sisgcbrganic by-products might aid in
the process of cost reduction, although more rebesr needed, as well as more food
production regulation, to explore the possibilitafsusing organic by-products as feed for
insects.

Post-harvest processing steps, such as freezegdrtgimmonly applied to edible insects
sold in The Netherlands, further increase the nigokiee. Similarly, while extraction of
insect protein might be an effective method to éase acceptance of edible insects by
Western consumers, the high production costs wocldrently not provide for
economically feasible products (Van Huis et al.120 In addition, additional processing
steps require use of energy, which will make prdéidacof edible insects considerably less
sustainable.

Scaling up and automation of edible insect productvill aid in increased production
and cost reduction, but might also come with thallehge of increased disease pressure
(Eilenberg et al., 2015). For examplscheta domesticus densovirus (AdDNV) poses a
frequent problem in the mass-productionfoflomesticus (Liu et al., 2011) and. molitor
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has been found susceptible to among otBemiveria bassana, especially when inbred
(Rantala et al., 2011). Research on diseases wattinle insect production is still scarce
and protocols for diagnosis and control of disedse®dible insects are currently lacking
(Eilenberg et al., 2015). Because use of antilsoicundesirable, it is important to select
for strains with high disease resistance for lagale production of edible insects, and to
provide for sufficient genetic diversity.

Legislation
According to the General Food Law of the Europeamob), food business operators are

responsible for ensuring their product and prodauctiprocess complies with all
requirements of food law (Van der Spiegel et a@13). At present, no clear legislation
regarding insects as food exists within the EU (dan Spiegel et al., 2013) (Belluco et al.,
2013; Van Huis et al., 2013). Van Huis et al. (20ii@ntified this unclear legislation as a
major obstacle for investors in insect production food and feed. Belluco et al. (2013)
and Van der Spiegel et al. (2013) extensively nsgk the current state of European
legislation regarding edible insects. Insects asdfare currently not included in food
regulations and it is not yet clear whether inseglisbe classified as novel foods under the
Novel Food Regulation (EC, 1997). An insect-deriy@dduct which is authorized and
commonly used in the EU is the red food dye El2aeted fromD. coccus. However,
this food dye will be re-evaluated in 2015, togethwth other food additives (Belluco et
al., 2013). If consumption of edible insects tagmgicant degree in the EU before May 15,
1997 cannot be proven, insects would likely besifeesl under categorg of the Novel
Food Regulation, which states "foods and food idigmts consisting of or isolated from
plants and food ingredients isolated from anim@&in der Spiegel et al., 2013);(Belluco
et al., 2013). This would especially apply whentei isolated from insects is used in
food. However, the classification might not applyhqem whole insects are consumed.
According to Food Standard Agency of the Unitedd¢iam, insects are exempt from the
scope of the Novel Food category because they@raatly consumed whole and thus do
not fall under the definition of a novel food. lontrast, a batch of Domesticated silkworm
pupae was recently rejected in Italy under classiifbn as unauthorized "novel food
ingredient in food supplement” (Belluco et al., 2D1

Within the context of the new Novel Food Regulatiahich is at present only available
in draft form (COM, (2007) 872 final), edible ingeaenight classify as traditional food from
third countries (Belluco et al., 2013). For thidegpory, if a history of safe use in the
country of origin has been demonstrated and EU reeratates as well as EFSA do not
present safety objections based on scientific emdethe food can be placed on the EU
market (COM, (2007) 872 final). This new regulaticould lead to more clear legislation
regarding the use as food of already more commasdyl edible insects suchBsmolitor,
A. domesticus and Locusta migratoria. While progress regarding clear legislation idl sti
underway in the EU, individual countries can algeadplement regulation regarding the
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production and use of whole edible insects (thatasisolated protein or other components
to be used as food ingredients) for human consmpEor example, in Belgium, a list of
10 already farmed insect species were approvedidaran consumption by the Federal
Food Agency of Belgium in December 2013 (FAVV, 20Halloran et al., 2014). This list
includes the three mealworm species used in tléisighseveral cricket and locust species
as well adB. mori.

Strict EU regulations apply not only to the fooagbuct to be consumed, but also to the
safety of the production process. Annex Ill of Ragan (EC) 767/2009 lists materials
which are not allowed to be used as feed matasrgbfoduction animals, including faeces
and household waste (EC, 2009; Van der Spiegel.,eP@l3). Furthermore, in order to
prevent the risk of transmittable spongiform enedpbathies such as BSE, protein of
animal origin is not allowed to be fed to ruminasiteh as cows (EC, 2001). This could be
a complicating factor when using organic by-produas feed for insects to be used as
human food or animal feed. Several studies havéoesg the possibility of producingl.
illucens andM. domestica on manure (Khan et al., 2012; Lalander et al. 4204yers et al.,
2008; Oonincx et al., 2015). Larvae of these speotelld be used as animal feed (Sealey et
al., 2011; Zuidhof et al., 2003); however, underrent EU regulations, these cannot be
produced on manure. Different organic by-productshsas those used in Chapter 2 to
produce mealworm species would not provide a latisi problem, because the same
organic by-products are currently used as feedeutignts for conventional livestock.
However, the regulation has to be kept in mind whemploring the possibilities of
producing edible insects on other types of orgdmyigproducts originating from the food
industry, such as the organic wastes used by R&lwduy et al. to feedl. molitor
(Ramos-Elorduy et al., 2002).

Conclusion and way forward

This thesis contributed to the research field s&wts as food by demonstrating plasticity in
growth and development, as well as nutritional cosmon of three mealworm species
when grown on different diets. Although more resbarn effect and optimisation of insect
diet is needed, results of Chapter 2 are promisimgerms of possibilities to alter
production vyield, feed conversion efficiency andritiwnal composition of mealworms.
Furthermore, this thesis added to the increasiaglyilable data on food safety aspects
associated with edible insect consumption. The agpaf T. molitor to partially excrete
mycotoxin present in the diet through faeces asveha Chapter 3 is promising. However,
more research should determine the fate of theexareted part in the larval body, as well
as the effect of other mycotoxins and other typlesomtaminants that may be present in
insect feed composed of organic by-products or evasaterial. Chapters 4 and 5 show
individuals allergic to crustaceans and House dutt may experience allergic reactions
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when consuming mealworms. Products containing nwahs or mealworm protein that
may appear on the food market in the future shtuld be clearly labelled with allergy
information in order to protect the consumer.

Diet fed to insects will have an effect on the eonination risk of the end product and
should therefore be taken into account when asgpsbe food safety of a given edible
insect species, especially when organic by-prodactsused as feed. Before determining
the risk of contamination through feed, it is imjamt to assess which risks are expected to
be relevant depending on the feed used. For examplzobial risks would be more
relevant when manure is used, while mycotoxins e¢qudse a higher risk when dried
material originating from the food industry is usédbre research is needed into the effect
of processing, shelf life and storage of edibleeats because this influences food safety,
nutrient composition and sensory parameters.

Consumer acceptance is a major factor determirfiegsticcess of inclusion of edible
insects into the Western diet, while legislatioraisnajor factor influencing production of
edible insects. Food technology and consumer seiame vital in research determining
consumer acceptance of insect-derived food produRésearch determining nutritional
value and food safety as well as sustainabilitypfduction and processing of different
edible insect species could form the basis in dgmknt of coherent guidelines and
regulations on insects as food. This is necessatrgmly to allow for the presence of edible
insects on the EU market, but also to provide tihresamer with a safe product. The above
shows that a multi- and transdisciplinary approeclkssential for research on insects as
food.
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Summary

Insects are included in the human diet in manyspairthe world, especially in the tropics
and subtropics. Globally, over 2000 species ofdtssare consumed. In Western countries,
insects no longer form part of the diet, but stranguments exist for their reintroduction.
The global demand for animal protein is increasing to a growing world population and
increasing welfare. Production of conventional $ivek is associated with detrimental
effects on the environment, such as global warmiagd degradation and loss of
biodiversity. Insect nutritional composition varibetween species and life stages, but is
comparable to meat. Furthermore, insect product@s several benefits over the
production of conventional livestock. Insects néest land area to be produced and emit
less greenhouse gases per unit of growth. In addlitnsects are poikilotherm, that is, they
do not invest energy in keeping a constant bodyp&rature. As a consequence, they can
invest more energy in growth. This means that, ameg to conventional livestock, insects
require relatively less feed to gain biomass.

This thesis is part of the SUPRO-2 project for aumstble insect production for human
consumption. The aims of the research presentethisnthesis were to 1) explore the
possibility to produce edible insects more sustain@n organic by-products and 2) to
investigate potential associated food safety riskssearch focused on three species of
edible beetle larvae of the family Tenebrionidaettdr known as mealworms, which are
commercially produced by several Dutch insect bregdompanies: the Yellow mealworm
(Tenebrio molitor L.), the Giant mealworm Zpphobas atratus Fab.) and the Lesser
mealworm Alphitobius diaperinus Panzer). An overview of the nutritional value oéske
mealworm species, as well as an overview of foddtgaisks, is provided in the first
chapter.

Chapter 2 focused on production of the three meahwgpecies on diets composed of
organic by-products originating from the food andeihanol industry. Four diets were
composed, differing from each other in protein atdrch content. Larval growth and
survival was monitored and compared to larvae grawn control diet as used by
commercial insect breeders. Effects of dietary cosiipn on larval feed conversion
efficiency, as well as on larval protein conteradt €ontent and fatty acid profile, were
determined. Diets high in protein, which was maicdyised by brewer’s yeast, allowed for
shorter larval development time, increased weigim,gand increased survival compared to
control diet. With respect to body compositionyimprotein content did not differ between
different diets, while dietary fat did affect latviat content and fatty acid profile. Larval
fatty acid profile did, however, not necessarilyldo the same trend as dietary fatty acid
composition. Favourable diets with respect to fastal grown and high survival led to
comparable or less favourable n6/n3 fatty acidosatompared to control diets. Results
from this study show that mealworms can by sucodggbroduced on diets composed of
organic by-products. Altered diets can be used bynmercial breeders to increase
production yield as well as produce more sustajndidbre research is needed to determine
which diet compositions lead to a more favoural@ima fatty acid ratio. Furthermore, it is
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yet unknown how altered diet might affect adultuiedity or viability of future insect
generations.

In chapter 3, risk of contamination @enebrio molitor with a common mycotoxin,
deoxynivalenol (DON), was investigated. Insect slieespecially when composed of
organic by-products, can be contaminated with nodas, which are stable to food
processing. Larvae of. molitor were grown for two weeks on three different tymds
wholegrain wheat flour: uncontaminated (controlgturally contaminated with several
mycotoxins, including 4.9 mg/kg DON; and wheat fi@piked with 8 mg/kg DON. Larval
survival and weight gain were compared on the tlliets. After harvest, the presence of
DON and DON derivatives in larvae as well as lafeagices was analysed by LC-MS/MS.
Larvae grown on contaminated diets did not showeesly effects on survival and weight
gain compared to larvae grown on control diet. N@NDor DON derivatives were detected
in unmetabolised form in the larvae after harvétawever, excretion of DON in was
observed in faeces after feeding on naturally comtated diet¢a. 14% of ingested DON)
and after feeding on DON-spiked diea(41% of ingested DON). It is not known why the
excretion of DON was lower in naturally contamirthigiet. Because not all DON was
excreted and none was detected in the larval bodias suggested DON is partially
metabolised byTenebrio molitor. Metabolites could be either sequestered or exdret
through faeces, but the nature of these metaboltesains to be investigated. It is
promising for commercial mealworm breeders that D@Mot sequestered By molitor.
However, further studies are necessary to ensisgifge DON metabolites produced by
molitor do not pose a health risk to the consumer.

Chapters 4 and 5 explored the potential of allecgiss-reactivity of mealworm protein.
In Chapter 4, the allergic potential ®f molitor was assesseih vitro using sera from
individuals allergic to both House dust mites angastaceans. Cross-reactivity was assessed
by immunoblotting and basophil activation. Furthera) protein stability was determined
using anin vitro pepsin digestion test. Serum IgE from House dugt and crustacean
allergic individuals cross-reacted withmolitor protein in both immunoblotting as well as
basophil activation tests. This suggests a realiggk of allergic reaction can be expected
upon consumption of this mealworm species. The majoss-reactive proteins were
identified as tropomyosin and arginine kinase, Wwhace well known arthropod allergens.
The proteins were moderately stable agamsitro digestion with pepsin.

Chapter 5 expands on the study of Chapter 4 byssisgethe allergic potential of all
three mealworm species vitro using sera from individuals allergic to either ldewlust
mites or crustaceans. Because insects are notroedstaw in the West, influence of the
food processing methods boiling, frying and lyosation on allergenicity were
determined. Furthermore, the effectinfvitro digestion on allergenicity was determined.
Serum IgE from both House dust mite allergic angstacean allergic individuals cross-
reacted with protein from all three mealworm specie immunoblot. Proteins cross-
reacting with serum from House dust mite allergidividuals werex-amylase, hexamerin
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1B precursor and muscle myosin. For crustaceamgatlendividuals, the major cross-
reacting protein was tropomyosin. Heat processiagwall asin vitro digestion did
diminish, but not eliminate cross-reactivity. TBisows that heat processing of mealworms
cannot eliminate allergenicity. Two studies showatlgrgic potential of edible mealworm
species indicates food products containing mealwamay need to be labelled with allergy
information to ensure consumer safety.

In Chapter 6, the results presented in this thesie discussed in a broader context.
Limitations and topics for further research arenitfeed. By exploring sustainably
production and two different food safety risks,sthithesis aimed to contribute to the
growing research field of insects as food. Althougginy follow-up studies are required to
form a better understanding on the influence of die mealworm body composition, as
well as on possible food safety risks associated miealworm production and processing,
this thesis provides a first insight. In additialifferent aspects that may create barriers to
the introduction of edible insects are discusse@hapter 6, such as consumer acceptance
and legislation. The discussion shows that a mualtid transdisciplinary approach is
essential for research on insects as food.
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Samenvatting

Insecten vormen onderdeel van het menselijk dreeeel delen van de wereld, met name
in de tropen en subtropen. Wereldwijd worden er rmgan 2000 soorten insecten

geconsumeerd. In Westerse landen vormen insectem gederdeel meer van het dieet,
echter, er bestaan sterke argumenten voor het tioeliteren van eetbare insecten.
Wereldwijs is er een toenemende vraag naar diegljkit; dit komt door een groeiende

wereldbevolking en toenemende welvaart. De produan conventionele landbouwdieren
wordt in verband gebracht met schadelijke effectprnet milieu, zoals het broeikaseffect,
degradatie van landbouwgrond en verlies aan biositet. De voedingswaarde van

eetbare insecten varieert afhankelijk van soofeeansstadium, maar is vergelijkbaar met
vlees. Daarnaast heeft de productie van insect&elervoordelen ten opzichte van de
productie van conventionele landbouwdieren. Inse¢tennen worden geproduceerd op
een kleiner landoppervlak en produceren minderikasgassen per groeieenheid. Ook zijn
insecten koudbloedig, waardoor zij geen energieesteren in het behouden van een
constante lichaamstemperatuur. Zij kunnen daardw®r energie investeren in groei. Dit
betekent dat insecten relatief minder voedsel noldé&ben om lichaamsmassa te
produceren, vergeleken met conventionele landbcenedi

Dit proefschrift is onderdeel van het SUPRO-2 prbjaver het duurzaam produceren
van insecten voor menselijke consumptie. De doetanhet onderzoek in dit proefschrift
waren 1) het onderzoeken van de mogelijkheid orbagetinsecten duurzamer produceren
op diéten vervaardigd uit organische bijproducter2ehet onderzoeken van het mogelijke
voedselveiligheidsrisico’s. Het onderzoek richtiehzop drie soorten eetbare keverlarven
uit de familie Tenebrionidae, beter bekend als wmeehen, welke commercieel
geproduceerd worden door verschillende Nederlandsectenkwekers: de Gewone
meelworm Tenebrio molitor L.), de reuzemeelwormZgphobas atratus Fab.) en de
buffaloworm @lphitobius diaperinus Panzer). Een overzicht van de voedingswaarde van
deze meelwormsoorten, alsook een overzicht van sebegiligheidsrisico’s, is
weergegeven in het eerste hoofdstuk.

Hoofstuk 2 richtte zich op de productie van de die®rten meelwormen op diéten
vervaardigd uit organische bijproducten uit de vogs- en bioethanolindustrie. Vier diéten
waren geproduceerd met verschillende eiwit- en eetgehalten. De groei en overleving
van de larven was bijgehouden en vergeleken meterardie werden gevoerd met
controledieet dat ook wordt gebruikt door commedeciinsectenkwekers. Effecten van
dieetsamenstelling op zowel de voederconversidetreiwit- en vetgehalte van de larven
was bepaald. Diéten die hoog waren in eiwit, voorelgk veroorzaakt door biergist,
leidden tot een kortere ontwikkelingstijd van devémn, een toename aan gewicht en lagere
mortaliteit vergeleken met controledieet. Wat biétiehaamssamenstelling verschilde het
larvale eiwitgehalte niet tussen de verschillendged, terwijl het vetgehalte van het dieet
wel invloed had op het vetgehalte en de vetzuursateling van de larven. De
vetzuursamenstelling van de larven volgde echter modzakelijk dezelfde trend als de
vetzuursamenstelling van het dieet. Gunstige diéteh betrekking tot snellere groei en

157



Samenvatting

lagere mortaliteit van de larven leidde tot vergbkre dan wel minder gunstige n6/n3
vetzuurverhoudingen vergeleken met controlediéRasultaten van deze studie laten zien
dat meelwormen succesvol geproduceerd kunnen wongendiéten vervaardigd uit
organische bijproducten. Aangepaste diéten kunrer dommerciéle kwekers worden
gebruikt om de meelwormoogst te vergroten, alsowkduurzamer te produceren. Meer
onderzoek is nodig om te bepalen welke dieetsamiingen leiden tot een gunstiger
n6/n3 vetzuurverhouding. Daarnaast is het nog cermbkvelk effect aangepaste diéten
hebben op de vruchtbaarheid van het volwassentingéop de levensvatbaarheid van
latere generaties insecten.

In hoofstuk 3 werd het risico op contaminatie vBnmolitor met een algemeen
voorkomend mycotoxine, deoxynivalenol (DON) ondef#o Insectendiéten, met name
wanneer deze vervaardigd zijn uit organische bgpoten, kunnen gecontamineerd zijn
met mycotoxinen, welke stabiel zijn tijdens voedselerking. Larven vail. molitor werd
gedurende twee weken verschillende soorten volktmememeel als voedsel voorgezet:
niet gecontamineerd (controle); natuurlijk gecontaard met verschillende mycotoxinen,
waaronder 4.9 mg/kg DON; en meel waaraan 8 mg/kl@s toegevoegd. Mortaliteit en
gewichtstoename van de larven werd vergelekenaweirie diéten. Na de oogst werden de
aanwezigheid van DON en DON derivaten bepaald wetae larven als de feces van de
larven met behulp van LC-MS/MS. Larven op geconteeide diéten vertoonden geen
negatieve effecten op mortaliteit en gewichtstoemanergeleken met larven op
controledieet. DON en DON derivaten werden niet gadwond in de larven in
ongemetaboliseerde vorm. Echter, DON werd uitgadehein feces van zowel larven op
natuurlijk gecontamineerd dieata( 14% van ingenomen DON) als in feces van larven op
dieet waar DON aan was toegevoegd. 41% van ingenomen DON). Het is onbekend
waarom de uitscheiding van DON lager was voor faturlijk gecontamineerde dieet.
Omdat niet alle DON was uitgescheiden en er niets gedetecteerd in de larven zelf, is
het aannemelijk dat DON gedeeltelijk gemetabolidasrdoorT. molitor. Metabolieten
kunnen zowel opgeslagen worden in het lichaamwalslen uitgescheiden in feces, maar
de soort en eigenschappen van deze metabolieteh mogeworden onderzocht. Het is
veelbelovend voor commerciéle insectenkwekers dee¢ PON niet wordt opgeslagen in
het lichaam varil. molitor. Echter, meer studies zijn nodig om te bepalemogelijke
DON-metabolieten geproduceerd dolrmolitor een risico vormen voor de gezondheid
van de consument.

In Hoofdstukken 4 en 5 werd onderzocht of meelwarensit mogelijk allergische
kruisreacties kan veroorzaken. In hoofdstuk 4 veerdllergeniciteit vail. molitor-eiwit in
vitro bepaald met behulp van sera van mensen allergisoh zowel huisstofmijt als
schaaldieren. Kruisreactiviteit was bepaald dooddmi van immunoblot en basophil
activatie. Daarnaast was de stabiliteit van heitdimepaald door middel van eém vitro
digestietest met pepsine. Serum IgE van menserrgisitd voor huisstofmijt en
schaaldieren vertoonde allergische kruisreactiviteiet T. molitor-eiwit in zowel
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immunoblot als basophil activatietests. Dit sugggdrdat er een realistische kans is op een
allergische reactie na het consumeren van deze woestoort. De belangrijkste
kruisreagerende eiwitten waren tropomyosine emargikinase, welke bekende allergenen
zijn in geleedpotigen. De eiwitten waren redeliflaksel tegenin vitro vertering met
pepsine.

Hoofdstuk 5 breidde uit op Hoofdstuk 4 door hetemadeken van de allergeniciteit van
alle drie de meelwormsoorténvitro met behulp van sera van mensen die allergischrnware
tegen huisstofmijt of schaaldieren. Omdat inseatest rauw worden geconsumeerd in
Westerse landen, werd het effect van de voedsetr&mgsmethoden koken, frituren en
vriesdrogen op de allergeniciteit onderzocht. Daash werd het effect vam vitro
vertering op de allergeniciteit onderzocht. Sergh van zowel mensen allergisch tegen
huisstofmijt als mensen allergisch tegen schaadi®ertoonde kruisreacties met eiwit van
alle drie de meelwormsoorten op immunoblot. Eiwitthe kruisreageerden met serum van
huisstofmijt-allergische mensen waren-amylase, hexamerin 1B precursor en
spiermyosine. Zowel hittebereiding alsvitro vertering deden kruisreactiviteit afnemen,
maar niet geheel verdwijnen. Dit toont aan datebgteiding van meelwormen niet
voldoende is om de allergeniciteit te doen afnemé&wee studies lieten potentiéle
allergeniciteit zien van eetbare meelwormen. Diefgeaan dat voedselproducten met
meelwormen mogelijk moeten worden gelabeld metgilieinformatie om de veiligheid
van de consument te garanderen.

In Hoofdstuk 6 worden de resultaten uit dit probfgft bediscussieerd in een bredere
context. Beperkingen en onderwerpen voor verdeeutk worden besproken. Door het
onderzoeken van duurzame productie en twee voeskgheidsrisico’s streeft dit
proefschrift naar het bijdragen aan het groeiemiiexoeksveld van insecten als voedsel.
Hoewel er veel verder onderzoek nodig is om eeerldagrip te vormen van de invioed
van dieet op de lichaamssamenstelling van meelwormésook van de verschillende
voedselveiligheidsrisico’s verbonden aan de pradueh verwerking van meelwormen,
geeft dit proefschrift een eerste indruk. Daarnaastden er in Hoofdstuk 6 verschillende
aspecten besproken die barriéres kunnen vormen tbgentroductie van eetbare insecten,
zoals acceptatie door de consument en wetgevinglifdeissie laat zien dat een multi- en
transdisciplinaire aanpak essentieel is voor oraknaar insecten als voedsel.
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