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The world population is growing, leading to an increasing demand for
animal protein. Several environmental problems are associated with
conventional meat production. Insects could be an alternative, more
sustainable source of animal protein. Tenebrionid beetle larvae
(Tenebrio molitor, Zophobas atratus and Alphitobius diaperinus) are being
produced in The Netherlands for human consumption. These larvae
could be produced more sustainably on diets made from side streams
from the food and bio-ethanol industry. However, side streams can be
contaminated with mycotoxins. Zearalenone, ochratoxin A and T-2
toxin in a concentration of 500 μg/kg of diet had a minor effect on lar-
val growth and survival. Toxin was detected in larvae in concentra-
tions up to 45 μg/kg dry weight. Concentrations dropped rapidly when
larvae fasted or consumed control diet after feeding on toxin-contain-
ing diet. This shows the insects did not retain mycotoxins in their body
in unmetabolised form.
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The world population is growing, leading to an increasing demand for animal
derived protein (Tilman et al. 2011). Several environmental disadvantages are
associated with conventional meat production, such as greenhouse gas emission,
land and water use (Mekonnen & Hoekstra 2010, Steinfeld et al. 2006). The pro-
duction of mini-livestock, such as edible insects, could provide an alternative
protein source. Edible insects provide protein of similar quality to conventional
livestock (Verkerk et al. 2007), but compare favourably to conventional meat in
terms of greenhouse gas production and land use (Oonincx et al. 2010, Oonincx
& de Boer 2012).

Insects are already consumed in Africa, Asia and Latin-America (FAO 2013,
van Huis 2013). Initiatives are taken up to introduce insects as food in the
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Western world. Tenebrionid beetle larvae (mealworm), such as the Yellow
mealworm (Tenebrio molitor), Lesser mealworm (Alphitobius diaperinus) and
Giant mealworm (Zophobas atratus) are promising candidates for human con-
sumption. These insects are already commercially produced as pet food for fish,
birds and reptiles. More recently, several commercial rearing companies in The
Netherlands have started to produce these insects for human consumption. The
three species differ in size and development time. The larval development time
for T. molitor is approximately two to three months and larvae are harvested by
the insect breeder at a weight approximately 100 mg. Alphitobius diaperinus is the
smallest of the three species with a development time of approximately 6 weeks
and a harvest weight of 20 mg. The largest of the three species, Z. atratus, has a
development time of about 3-4 months and an approximate harvest weight of
600 mg. Upon harvest, these tenebrionid beetle larvae contain approximately 45-
67% protein and approximately 20-42% fat on a dry matter basis (Despins &
Axtell 1995, Finke 2002). Furthermore, tenebrionid beetle larvae contain all
essential amino acids as well as essential polyunsaturated fatty acids such as
linoleic acid and linolenic acid (Despins & Axtell 1995, Finke 2002).

Tenebrionid beetle larvae are commonly produced on wheat bran or, in some
cases, on more complex diets which include soybean. These insects could be pro-
duced more sustainably and efficiently on diets derived from organic side
streams from the local food and bio-ethanol industry. Compared to when pro-
duced on wheat bran only, side stream derived diets can result in increased
growth performance of the insects as well as in enhancement of their nutrition-
al value (Ramos-Elorduy et al. 2002). Food safety is an important aspect when
dealing with new food as well as feed sources (EC 1997, 2002b). Side streams
used as insect feed could be contaminated with toxic substances such as myco-
toxins, which could have a deleterious effect directly on the insect and/or, indi-
rectly, on the animal or human consumer of the insect material. Mycotoxins are
toxic secondary metabolites produced by fungi. Contamination can occur either
in the field during crop growth, or during storage of derived food products.
Mycotoxins commonly found in food are aflatoxins, ochratoxins, and Fusarium
toxins such as zearalenone and trichothecenes.

Elaborate research has been performed to determine the risks of mycotoxin
contamination of feed for conventional livestock (Duarte et al. 2010, EFSA 2004,
2011a, Zinedine et al. 2007). However, only few studies are available on the risk
of mycotoxin contamination of edible insects. Mycotoxigenic fungi such as
Aspergillus, Penicillium and Fusarium species were isolated from samples of
Saturniid caterpillars, viz. Imbrasia belina (Simpanya et al. 2000) and Bunaea alci-
noe (Braide et al. 2011). However, presence of mycotoxins was not investigated.
Abadon-Becognee et al. (1998) investigated the effect of fumonisin B1, a Fusarium
mycotoxin, on the growth and metabolism of T. molitor. The presence of fumon-
isin B1 at a concentration of 450 μg/g diet reduced larval growth and metabolism,
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but did not increase mortality. About 40% of the ingested fumonisin B1 was
excreted with the faeces. Davis & Schiefer (1982) reported reduced larval growth
of T. molitor feeding on diets containing up to 64 μg/g of the trichothecene T-2
toxin, but no increased mortality. Mycotoxin contamination can already form a
health risk for humans and animals at much lower concentrations, of which
there might be no directly visible effects on insect mortality or growth perform-
ance. To the authors' knowledge, no studies have been performed to determine
directly whether insects retain mycotoxins in their larval body when fed myco-
toxin contaminated diet. Low level contamination of edible insect feed could
thus form a possible threat for the human or animal consumer of the insects.

Three mycotoxins were selected for this study: zearalenone, ochratoxin A
and T-2 toxin. Zearalenone is produced by several Fusarium species (EFSA 2011b).
The toxin has oestrogenic activity and commonly occurs in cereal species.
Contamination usually occurs in the field, but can also occur during poor storage
conditions of cereal derived products. Maximum allowed levels for zearalenone
range from 50 μg/kg in processed grain products for human consumption to 350
μg/kg for unprocessed maize (EFSA 2011b). Zearalenone was found in wheat and
maize samples throughout Europe, in concentrations ranging from 15 μg/kg to as
high as 5700 μg/kg after a year with a particularly wet summer (Scudamore &
Patel 2000, Schollenberger et al. 2006, Hoogenboom et al. 2008). The maximum
tolerable daily intake of zearalenone was previously established on 0.5 μg/kg
body weight by the Joint FAO/WHO Expert Committee on Food Additives
(JECFA) in 2000, and on 0.2 μg/kg body weight by the Scientific Committee on
Food (SCF). More recently, the Panel on Contaminants in the Food Chain estab-
lished a tolerable daily intake of 0.25 μg/kg body weight (EFSA 2011b).

Ochratoxin A is produced by Aspergillus and Penicillium species. The toxin
has nephrotoxic (i.e., affecting the kidneys), neurotoxic, carcinogenic, immuno-
toxic and genotoxic activity. It occurs in a wide range of food components,
including cereals, nuts, grape and grape products, beer and coffee (EFSA).
Maximum allowed levels for ochratoxin A differ per country, but were set to 10
μg/kg for all food in The Netherlands (EC 2002a). Average levels of ochratoxin
A detected in food samples ranged from 0.03 μg/kg in beer and 0.29 μg/kg in
cereal products to 0.72 μg/kg in roasted coffee (EC, 2002a). The tolerably week-
ly intake of ochratoxin A was established to 100 ng/kg body weight, which cor-
responds with 14.3 ng/kg body weight per day.

T-2 toxin is a trichothecene mycotoxin produced by Fusarium species. The
toxin has haematoxic (i.e., affecting the blood) and immunotoxic activity and
occurs in cereals and cereal products (EFSA 2011a). Average concentrations of T-
2 toxin detected in food samples ranged from 0.11 μg/kg for wheat products and
0.09 μg/kg for rye products to 2.2 μg/kg for oat products in Germany
(Gottschalk et al. 2009). Biselli and Hummert (2005) analysed food products
from European origin and found up to 8.4 μg/kg in maize and up to 266 μg/kg in
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oat based products. The tolerable daily intake of T-2 toxin and HT-toxin, which
is its major metabolite, was established to 100 ng/kg body weight (EFSA 2011a).

The aim of this study is to determine whether mycotoxins remain in tenebri-
onid beetle larvae after feeding on contaminated diets. Furthermore, two differ-
ent methods for decreasing toxin concentration in the larval body were tested,
viz. fasting and feeding on uncontaminated control diet.

MATERIALS AND METHODS

Insect material
Newly hatched larvae of Yellow mealworm (T. molitor), Giant mealworm (Z.
atratus) and Lesser mealworm (A. diaperinus) were obtained from insect rearing
company Kreca (Ermelo, The Netherlands). Larvae were allowed to grow undis-
turbed in covered plastic crates (50 x 30 cm) in a climate chamber (28 °C, 65%
RH, 12h photoperiod) until the start of the experiment.

Mycotoxins
Crystalline powder of Zearalenone, Ochratoxin A and T-2 toxin of 99.5% puri-
ty were obtained from Sigma-Aldrich (St. Louis, MO, USA).

Diet preparation
Control diet was obtained from Kreca and consisted of pure wheat bran for T.
molitor and Z. atratus. For A. diaperinus, the diet contained maize, wheat, wheat
bran, soy, limestone and palm-, sunflower- and soybean oil. Carrot was provid-
ed for moisture ad libitum. Toxin powder was mixed with the diets in a concen-
tration of 500 μg per kg of diet. This fairly high concentration was chosen to
increase the chance that levels detected in larvae after the experiment would
exceed the LC-MS/MS detection limit (see Chemical analysis) while being low
enough to expect no larval mortality as was observed by Abado-Becognee et al.
(1998) and Davis & Schiefer (1982) when mycotoxin concentrations exceeded
450 and 64 μg/g, respectively.

Feeding experiment
Newly hatched larvae were allowed to grow on control diet for 21 days for A. dia-
perinus, 26 days for T. molitor, and 33 days for Z. atratus prior to the start of the
experiment. The different feeding times were based on the different develop-
ment times of the species. Larvae were weighed and then transferred to either a
control diet or a diet containing one of the three mycotoxins. Five replicate were
used per diet, per species. Each replicate was a 12 x 12 x 7 cm plastic box with aer-
ation slits containing 70 larvae for A. diaperinus, 50 larvae for T. molitor and 35
larvae for Z. atratus. Larvae were supplied with 1 g (A. diaperinus), 2 g (T. moli-
tor) or 4 g (Z. atratus) of toxic diet at the start of the experiment and more was
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added as needed. For A. diaperinus and T. molitor, 2 g of carrot was added twice a
week. For Z. atratus this amount was 3 g twice a week. Differences in larval den-
sity and feed amounts were based on the different sizes of the species. Larvae
were allowed to feed on toxic diet for 15 days for A. diaperinus, 28 days for T. moli-
tor and 40 days for Z. atratus. These differences were based on the different
development times of the species. After this time, the larvae were expected to be
at harvest weight, which is the general size at which the larvae stop growing and
are expected to go into pupation. At the end of the feeding experiment, larval
samples were taken from each replication to a combined expected dry weight of
about 1 g and were stored at -20 °C until further analysis.

Reducing toxin concentration by allowing to feed on control
diet
After the feeding experiment, larvae were cleaned of diet with a brush, weighed
and transferred to uncontaminated control diet for 24, 48 and 72 h before harvest.
One gram diet and 1 g carrot was supplied for A. diaperinus and T. molitor and 2
g diet and 2 g carrot was supplied for Z. atratus. After the indicated feeding
times, larvae were cleaned of diet, weighed and stored at -20 °C until further
analysis.

Reducing toxin concentration by fasting
After the feeding experiment, larvae were weighed and deprived of food for 24,
48 and 72 h before harvest. To eliminate the risk of cannibalism, Z. atratus lar-
vae fasting for 48 and 72 h were placed individually in separate cylindrical plas-
tic containers (2 cm diameter, 7 cm high). Larvae were subsequently weighed
and stored at -20 °C until further analysis.

Chemical analysis
Larvae were lyophilised until a constant weight using a GRI Lyophilizer (GR
Instruments, Wijk bij Duurstede, The Netherlands) and were subsequently
ground to powder using a Retch 301 mixer mill. Replications were pooled and
sent to food safety research institute RIKILT (Rijks-Kwaliteitsinstituut voor
Land- en Tuinbouwproducten, Nation's-Quality Institute for Agricultural and
Horticultural Products, Wageningen, The Netherlands) to detect the presence
and amount of mycotoxins by high performance liquid chromatography coupled
to a triple quadrupole mass spectrometer. The limit of detection (LOD) was 2
μg/kg for zearalenone and T-2 toxin and 1 μg/kg for ochratoxin A. Results are
based on single pooled sample analysis.

Statistical analysis
Data on larval survival and weight gain were analysed by one-way ANOVA
using IBM SPSS Statistics v.20. The Šidák correction was applied to determine
differences between individual means.
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RESULTS

Survival and weight gain
Survival and weight gain of larvae was determined after feeding on either con-
trol diets or diets containing mycotoxin. Survival exceeded 80% for A. diaperinus
and 90% for T. molitor and Z. atratus (Figure 1). For A. diaperinus, no significant
difference was observed in survival between larvae which fed on control diet and
larvae which fed on toxin-containing diets. For T. molitor, higher survival was
observed for larvae which fed on diets containing ochratoxin A (98%, P = 0.008)
and T-2 toxin (97.8%, P = 0.012) compared to larvae which fed on control diet
(92.4%). For Z. atratus, lower survival was observed for larvae which fed on diet
contaminated with T-2 toxin (92%, P<0.001) compared to the control (100%).

No significant difference in weight gain was observed between larvae of A.
diaperinus that fed on control diet and larvae that fed on toxin-containing diets
(Figure 2). For T. molitor, larvae that fed on diets containing ochratoxin A and
T-2 toxin gained more weight (3.07 mg/day, P = 0.004 and 2.89 mg/day, P =
0.021, respectively) than larvae that fed on control diet (2.19 mg/day). For Z.
atratus, larvae that fed on diet containing T-2 toxin gained less weight (4.23
mg/day, P<0.001) than larvae that fed on control diet (6.92 mg/day).
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Figure 1. Larval survival of Alphitobius diaperinus (A), Tenebrio molitor (B) and Zophobas
atratus (C) after feeding on a control diet or a toxin-containing diet. Asterisks denote
statistical differences compared to the control (*P<0.05, **P<0.01, ***P<0.001; one-way
ANOVA followed by Šidák correction).



Toxin concentration
No toxin was detected in samples of larvae which had only fed on control diets
(Table 1). Toxin concentrations detected in samples of larvae which had fed on
toxin-containing diets are listed in Table 2. Amount of sample analysed ranged
from 0.92 to 1.39 g dry weight for A. diaperinus, 1.05 to 3.56 g for T. molitor and 0.20
to 6.73 g dry weight for Z. atratus.

Mycotoxins were detected in low concentrations compared to the concentra-
tion of 500 μg/kg present in the diets. The highest level of zearalenone was
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Figure 2. Larval weight gain per day of Alphitobius diaperinus (A), Tenebrio molitor (B)
and Zophobas atratus (C) while feeding on control diet or a toxin-containing diet.
Asterisks denote statistical differences (*P<0.05, **P<0.01, ***P<0.001; one-way
ANOVA followed by Šidák correction).

Table 1. Toxin concentrations detected by LC-MS/MS in larvae of three tenebrionid
beetle species directly after feeding on control diets. ND = not detected. LOD was 2
μg/kg for zearalenone and T-2 toxin and 1 μg/kg for ochratoxin A. Results are based on
single analysis.

Concentration (µg/kg dry weight)
Species Zearalenone Ochratoxin A T-2 toxin
Alphitobius diaperinus ND ND ND
Tenebrio molitor ND ND ND
Zophobas atratus ND ND ND



detected in T. molitor larvae directly after feeding on toxin-containing diet (42.0
μg/kg). Toxin levels seemed to drop below the LOD after methods for reducing
the concentration were applied. Zearalenone was detected in low levels in A. dia-
perinus, though a gradual decrease was not observed. No zearalenone was detect-
ed in any Z. atratus samples. The highest level of ochratoxin A was detected in
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Table 2. Toxin concentrations detected by LC-MS/MS in larvae of three tenebrionid
beetle species directly after feeding on diets containing one of the three mycotoxins at
500 μg/kg of diet and after fasting or feeding on control diet for different time periods.
ND = not detected. LOD was 2 μg/kg for zearalenone and T-2 toxin and 1 μg/kg for
ochratoxin A. Results are based on single analysis.

Concentration (µg/kg dry weight)
Species Time point Zearalenone Ochratoxin A T-2 toxin
Alphitobius diaperinus Directly after feeding 2.7 ND ND

Fasting
24 h ND ND ND
48 h ND 1.8 5.9
72 h 4.5 ND 11
Control diet
24 h ND ND 7.7
48 h ND ND ND
72 h ND ND ND

Tenebrio molitor Directly after feeding 42.0 2.5 45.0
Fasting
24 h ND ND 14.0
48 h ND 1.1 4.9
72 h ND ND 2.2
Control diet
24 h ND 3.4 3.7
48 h ND 1.9 2.1
72 h ND 1.2 ND

Zophobas atratus Directly after feeding ND 2.8 ND
Fasting
24 h ND 2.2 2.9
48 h ND ND ND
72 h ND ND ND
Control diet
24 h ND ND ND
48 h ND ND ND
72 h ND ND ND
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Z. atratus directly after feeding on toxin-containing diet (2.8 μg/kg). Levels
quickly dropped below LOD during fasting and feeding on control diet. For T.
molitor, decrease of ochratoxin A concentration seemed more rapid during fast-
ing than during feeding on control diet. The highest level of T-2 toxin was
observed in T. molitor directly after feeding on toxin-containing diet (45.0
μg/kg). Levels decreased gradually when methods for reducing the concentra-
tion were applied and decrease was more rapid for larvae that fed on control diet
than for larvae that fasted. For A. diaperinus, an increase in T-2 toxin concentra-
tion could be observed rather than a decrease when methods to reduce the con-
centration were applied.

DISCUSSION
Small differences were observed in survival percentage when comparing larvae
that fed on control diet to larvae that fed on toxin-contained diets. Differences
were not expected, because Abado-Becognee et al. (1998) and Davis & Schiefer
(1982) only observed larval mortality of T. molitor at very high concentrations
which well exceeded natural levels found in food. A higher survival percentage
observed in toxin-containing diets in the present study could have been due to
the experimental setup. Due to a limited availability of insects, 26-day-old T.
molitor larvae that fed on control diet were smaller at the beginning of the feed-
ing experiment than the larvae that fed on toxin-containing diets (13.7 mg for the
control vs. 18.7 mg for the toxin-containing diet treatments). Smaller larvae are
more vulnerable to handling. This might also explain why the survival percent-
age of A. diaperinus larvae was lower overall than for the two larger species.
Similarly, the higher weight gain observed in T. molitor larvae which fed on
ochratoxin A and T-2 toxin compared to the larvae feeding on control diet was
most likely due to the fact these larvae were already larger at the beginning of
the experiment and achieved a higher growth rate during the experiment. The
significant differences observed are therefore more likely to have occurred due
to the experimental setup rather than as a result of the presence of toxins.

No mycotoxins were detected by LC-MS/MS analysis in more than half of
the harvested larval samples. This was not expected for those samples taken
directly after termination of the exposure to toxin-containing diets, because lar-
val guts were filled with diet. Ochratoxin A was not detected in A. diaperinus and
was detected in levels little above the LOD in T. molitor and Z. atratus. Possibly,
ochratoxin A was present in A. diaperinus, but the level was too low to be detect-
ed by LC-MS/MS. Zearalenone and T-2 toxin were found in relatively high
concentrations in T. molitor directly after feeding, but were not detected or
detected in a very low concentration in the other two species.

For T. molitor, toxin concentration in larvae which fasted or fed on control diet
decreased in general, which was according to expectation. Zearalenone concentra-
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tions seemed to drop below LOD already after 24 h of fasting or feeding on con-
trol diet. For T-2 toxin, the concentration decreased more gradually and feeding on
control diet seemed to be more efficient for decreasing toxin concentration than
fasting. Ochratoxin A toxin was only detected in a very low level in one sample
and therefore conclusions cannot be made on decrease of toxin concentration with
time. For Z. atratus, ochratoxin A concentrations appeared to decrease gradually.

Unexpected results were obtained after A. diaperinus had been fasting or trans-
ferred to a control diet. For zearalenone and T-2 toxin, higher concentrations of
toxin were detected in samples where lower concentrations were expected because
larvae had been fasting or feeding on control diet for longer periods of time.
Larvae did lose weight during fasting. It is possible that, if toxin is not excreted
through faeces, the concentration within the larval body would increase when the
insect loses moisture during fasting. However, this could not lead to a two times
higher toxin concentration over 24 h as was detected in samples of larvae that fed
on diet containing T-2 toxin. It is possible that some individual larvae ingested
more toxin than others, creating high individual variability for this species.

This study shows that insect diet that contains high levels of mycotoxins
(500 μg/kg) have no notable effect on larval survival or weight gain, meaning
that no negative effects of such high levels are noticed. This could pose a threat
to the consumer. Based on the mycotoxin levels found in this study for T. moli-
tor before methods were applied to reduce the concentration, a 70 kg human
being would have to consume 417 g dry larvae to exceed the maximum tolerable
daily intake for zearalenone. For ochratoxin A and T-2 toxin, this would be 400
and 28 g dry larvae, respectively.

In this study, the tenebrionid beetle larvae did not retain mycotoxins in
unmetabolised form in their body, despite the high concentration present in the
diets. Furthermore, mycotoxin concentration decreased rapidly during fasting
and feeding on control diets. It is therefore recommended for insect rearing com-
panies to allow insects to fast for at least 24 h prior to harvest. Mycotoxins are
expected to be largely excreted by the insects through the faeces and this would
be a plausible explanation for the rapid decline in toxin concentration detected
in T. molitor when larvae fasted or fed on control diet for longer periods of time.
However, mycotoxin presence in faeces was not determined in this study. tene-
brionid beetle larvae are known to practice coprophagy (i.e., the consumption of
faeces) and excreted mycotoxins could thus be re-ingested by other larvae.
Further research is needed to obtain better understanding on the ingestion,
excretion and possible metabolism of mycotoxins by edible insect species.
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