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Abstract: The nutrient composition of yellow mealworm (YM) Tenebrio molitor varies based on the
stages of the life cycle, the rearing conditions, and the feeding substrate. This study monitored the
growth of yellow mealworm larvae at 8, 10, and 12 weeks of age, separating samples into large-sized
and small-sized insects. During the experiment, we measured the nutrient composition: dry matter
(DM), crude protein (CP), crude fat (CF), crude fibre, chitin, crude ash, and nitrogen free extract (NFE)
of YM at different age groups and sizes. We measured the nutrient composition of the pre-moult,
moult, cuticle, and pupae as well. The results show that there is no significant difference between the
compositions of the different age groups, but larger-sized individuals had a higher DM and crude
fibre and lower chitin and NFE than the smaller sizes. The pre-moult and moult stages showed no
significant difference in nutrient composition. Although the cuticle had a high DM (97.5%), that
did not cause any significant difference between the DM of the moult and pre-moult, because it is
only a negligible part of the total wet weight. With the increased DM, the crude protein content
and the chitin content, fibre, ash content, and NFE increased, while the fat content decreased. The
DM, CF, and chitin contents of pupae are significantly lower than those of the pre-moult and moult
stages. Our results show that it is the size and not the age that has a positive effect on the nutrient
composition of YM.
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1. Introduction

Insects show the highest diversity with more than 1 million species described, repre-
senting more than 90% of animal life forms on the Earth [1]. A definitive figure of edible
insects worldwide is difficult to ascertain, but there are about 2100 edible insect species [2,3].

As far back as 1975, the use of insects as human food and animal feed was suggested
by Meyer-Rochow (1975) [4], although entomophagy has been here with us since time
immemorial [5]. Since the publication in 1975, interest in insects as food and feed has
risen [6]. It is generally accepted that insects are the protein source of the future, because
they can be produced with less environmental impact compared to conventional protein
sources (fishmeal, soymeal, rapeseed meal, and cottonseed meal) [7].

Regulations of the production and utilisation of insects and insect meal vary glob-
ally [8], but one of the strictest regulations can be found in the EU. In 2017, the EU approved
the use of seven insect species in pet food and aquafeed (Commission Regulation (EU)
2017/893 of 24 May 2017) and in 2021 these insects were approved also for the poultry and
pig sectors (Commission Regulation (EU) 2021/882 of 1 June 2021) [9,10].

Compared to traditional feed protein sources, the sustainability of insects is relatively
high due to their rapid reproduction, high growth rates, feed conversion efficiency, minimal
environmental impact, and their ability to utilise various substrates as feed. Insects are
also nutritious, with a high protein content, carbohydrates, fatty acids, some vitamins, and
minerals such as calcium, iron, or zinc [11-15].
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Yellow mealworm (Tenebrio molitor L. 1758, Coleoptera: Tenebrionidae) is the most
widely bred and traded insect species in Europe [16-18]. The Eastern Mediterranean region
seems to be the origin of the T. molitor species, although it is currently present in various
regions worldwide due to colonisation and trade. Farmed yellow mealworms are usually
fed on wheat flour or bran, although they are omnivorous [19]. This omnivorous species
has a rapid growth, minimal breeding requirements, and it is easy to handle [20]. It is
also important to note that Tenebrio molitor is the only one of the seven species that has
been allowed for marketing as a novel food (Commission Regulation (EU) 2021 /1372 of
17 August 2021) [21].

Given the high nutritional and commercial value of YM, the agricultural industry has
considerable interest in its mass production. Research has shown that the nutrient profile
of mealworm meal is similar to that of soybean meal, making it a suitable replacement
of soybean meal and other conventional protein sources in animal feed [18,22,23]. YM
meal does not only serve as a protein source but has also been indicated to be a func-
tional feed source that improves the immune response, hence the resistance to invading
pathogens [5,20,23,24]. This is due to the presence of polysaccharides in the chitin content
that have immune-modulatory functions in animals [25].

There are wide variations in the nutritional content among insects, which can be
attributed to several factors, such as the processing method, insect life stage, and insect
feed [26]. For example, in 2020, Gascol et al. examined mealworms from three different
production process and found a wide variation in the protein, fat, ash, and crude fibre
content [27]. The type of method applied for insect meal processing (full fat or fat extracted
meal) and the temperature of processing are some of the factors that can cause differences
in the nutrient composition of insect meals [27]. The life stage of the insects can also cause
differences in the nutrient composition because of several complex mechanisms, such as the
need to build up muscle, or the sedentary or active nature of the life cycle stage [26]. The
feeding substrate of insects affects their nutrient composition and can be used to modify
the nutrient composition, such as the fat content and fatty acid composition [28]. YM larvae
reared on wheat bran showed a higher protein yield, lower fat, higher linoleic acid, and
higher mineral content compared to those grown on oat and barley sprout [29].

One of the biggest questions about the utilisation of insect meal in the feed indus-
try is its chitin content. Although, because of its functional benefits, chitin is a valuable
nutrient component of insects, it has been stigmatised as an anti-nutritional factor and
non-digestible fibre [30]. However, studies have demonstrated that it can be utilised
by organisms that produce chitinolytic enzymes, such as humans, fish, poultry, and
swine [30-32]. The functional benefit of chitin was proven by the use of deacetylated chitin
from cricket as a media supplement. The chitosan-supplemented media were inoculated
with salmonella thypi and probiotic bacteria (Lactobacillus fermentum, Lactobacillus acidophilus,
and Bifidobacterium adolescentis); there was a significant decreased in the population of
pathogenic bacteria and significant increase in population of probiotic bacteria [33].

Research shows that the nutrient composition of insects varies based on several factors.
One of them is the stage of the insect’s life cycle [26]. This research aims at determining
whether age and size had any impact on the nutrient composition within the same stage of
the life cycle of the yellow mealworm (YM). We investigated the changes in the nutrient
composition of pre-moult mealworm, moulted mealworm, cuticle, and pupae as well. We
assumed that the chitin content of the larger YM would be less than that of the smaller YM
at the same age. We also assumed that the chitin content of newly moulted YM would be
lower than that of the pre-moult. These will be significant for the production of YM as this
information will provide a guide for an optimal harvesting.

2. Materials and Methods
2.1. Sample

The mealworms used for this experiment were obtained from the rearing system setup
at the Aquaculture Laboratory of the University of Debrecen. The mealworms and darkling
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beetles were kept in a transparent container (30.5 x 25 x 15 cm). The temperature was
maintained at 20-23 °C. The eggs were collected from the darkling beetle box every 2 weeks.
Three different batches were maintained for this experiment. The YM stocks used in this
experiment were uniform. The weeks of age were counted from the 21st day after the egg’s
collection, when there was visible activity in the rearing box.

During the whole experiment, all the stocks received the same feed. The feed consisted
of a mixture of semolina, flour, and oat flakes in equal part and the same quantity in each
rearing box. Potatoes, carrots, and apples were used as the water sources. The feed was
replaced every 2 weeks and the vegetables were replaced every 2 days to prevent moulding.
The duration of the YM development is given below (Table 1).

Table 1. The duration of mealworm development during the experiment.

Egg Larvae Pupae Bug
Days 1-21 22-105 106-114 115-198
Survival Rate % - 98.9 98.7 -

Samples were collected at weeks 8, 10, and 12. The YM were separated by the size into
large-sized and small-sized groups by passing them through a sieve (mesh 10; diameter:
2 mm) at week 8. The ones that passed through were considered small, while the ones
that remained in the sieve were the large ones. The large- and small-sized groups were
maintained in separate containers. All the samples were collected in 3 replicates; throughout
the sample collection, 200 pcs of each group were counted and weighed to determine the
average body weight. The samples of pre-moult mealworms, newly moulted mealworms,
cuticles, and pupae were collected at week 12. We determined the body mass/surface area
ratio by measuring the length and circumference of 50 mealworms from each group for
the calculation of the surface area. The samples were stored at —20 °C until the analysis.
Table 2 shows the sample collection schedule.

Table 2. Sample collection schedule of the different sizes and life stages of mealworm.

Larvae Larvae .

(Small) (Large) Moulted Pre-Moult Pupae Cuticle
Week 8 v v X X X X
Week 10 v v X X X X
Week 12 v v v v v v

All samples were collected in triplicates. v'Collected. x Not collected.

2.2. Measurement Procedure

The dry material was determined in a gravimetric measurement after drying [34].
The weight was determined as an average of the two measurements. The crude protein
content was determined according to the Kjeldahl method [34]. The total crude fat was
determined gravimetrically after the acid hydrolysis and solvent extraction [34]. The crude
fibre was determined by the Fibertec method (FOSS, Hilleroed, Denmark) according to
ISO 6865:2000 [35]

The chitin was determined according to Hahn et al. [36] as a subtraction of the acid de-
tergent lignin content (ADL) from the acid detergent fibre (ADF) that were both measured
by the gravimetric method according to the ISO 13906:2008 standard method [37]. The sam-
ples were defatted by a hexane solvent extraction and ground into a particle size < 0.5 mm
as the sample’s preparation.

A total of 1 g of the defatted sample was suspended in 100 mL of 0.5 mol/L HpSO4
and 20 g/L of cetyl trimethylammonium bromide (CTAB) and boiled under reflux for
1 h. The suspension was transferred to a fritted disc crucible and filtered under a vacuum.
The retentate was then suspended in 50 mL of 80 °C demineralised water for 5 min. The
suspension was filtered under a vacuum and the washing step was repeated two times.
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An additional washing step with 50 mL of acetone was also done twice. The sample was
dried and weighted. The ADF content was expressed as the percentage of the mass fraction
of the dry defatted biomass relative to the applied dry mass before the process of the
lipid extraction.

After the determination of the ADF, the residuum was treated further with 12 mol/L
of HySOy4 for 3 h, then it was filtered under a vacuum and washed with water. After drying
and weighting the residuum, it was cremated at 525 £ 15 °C in an incineration furnace
and weighted again for the ADL calculation [36]. The chitin content was obtained by a
subtraction of the ADL content from the calculated ADF value and expressed as the chitin
of the dry weight of the insect larvae.

The crude ash was determined gravimetrically [34]. The NFE was calculated by
subtracting the sum of the DM, CP, CF, fibre, and ash content from 100.

2.3. Statistical Analysis

The results were analysed with IBM SPSS 22.0 (Armonk, NY, USA). The homogeneity
of the data was checked by Levene test. A one-way analysis of variance (ANOVA) Tukey
test (p < 0.05) was used to evaluate the results of the growth. The mean values of the
nutrient composition were compared using a univariate analysis of variance Tukey test
(p <0.05).

3. Results
3.1. Growth of Yellow Mealworm
3.1.1. Overall Growth of Yellow Mealworm
Table 3 shows the changes in the weights and percentage increase in the weight of the
YM during the experiment. Although there is a steady weight increase in the weight of

8- 10- and 12-week-old insects, the only significant difference was found between week 10
and week 12.

Table 3. Yellow mealworm overall average weight (g).

Week 8 Week 10 Week 12
Weight 0.074 + 0.006 @ 0.084 4 0.005 @ 0.104 + 0.007 P

Means in the same row with different superscripts differ significantly (p < 0.05).

3.1.2. Growth of Different Age and Size Groups of Yellow Mealworm

Table 4 shows the growth of two sizes of mealworms (large and small) and the weight
increase percentage. While at the start of the measurements (week 8) there was an almost
three-fold difference in the average body weight between the two groups (large: 0.111 g;
small: 0.036 g), at the end of the experiment it was reduced to slightly more than a two-fold
difference (large: 0.139 g; small: 0.067 g).

Table 4. Average weight by size and age (g) of the yellow mealworm.

Week 8 Week 10 Week 12
Large 0.111 + 0.007 @ 0.121 + 0.009 2 0.139 4 0.009
Small 0.036 £ 0.008 © 0.046 £ 0.005 © 0.067 £ 0.0154

Means with no common letters in their superscript differ significantly (p < 0.05).

Large YM shows the lowest growth rate (9%), while small YM showed the highest
growth rate. Between weeks 8 and 10, the weight of the mealworms increased by only
13.5%, while there was a 23.8% increase between week 10 and week 12 (Figure 1).
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Figure 1. Shows the growth rate of YM.

3.2. Surface Area/Body Mass Ratio, Length and Width of Yellow Mealworm at Week 12

Table 5 shows the surface area/body mass ratio (SA:BM), length, and width of yellow
mealworms at week 12. The SA:BM ratio is higher at the small-sized mealworms, but
there was no statistical difference between the ratios of large- and small-sized worms. The
average length of the large-sized mealworm stock was significantly higher than that of the
small-sized stock, but no significant difference was found between the width values.

Table 5. Average surface area (SA)/body mass (BM) ratio, length, and width of yellow mealworm at

week 12.
Large Small
SA:SB 1:55+92 1:62 + 242
Length (cm) 2740202 1.9 +0.10°
Width (cm) 0.4 +0.052 0.3+ 0.052

Means in the same row with different superscript differ significantly (p < 0.05). SA: surface area. BM: body mass.

3.3. Nutrient Composition
3.3.1. Nutrient Composition at Different Ages
The nutrient compositions of YM at different ages are shown in Table 6. The dry

matter content, fat content, chitin, and NFE decreased, while the crude protein fibre and
ash increased with the ages.

Table 6. Average nutrient composition of yellow mealworm at different ages (%).

Week 8 Week 10 Week 12
DM 3742 +1.332 37.27 +1.882 36.57 +1.472
Crude protein 4335 +0.672 4472 +2.162 4493 +1.752
Crude Fat 39.47 +£0.612 38.02+1.682 37.85+1.782
Crude fibre 11.30 £ 0.04 11.38 & 0.05 11.52 4+ 0.06
Chitin 2273 +1.002 2225 +1.072 21.68 =1.032
Crude ash 3.64 +0.052 3.66 + 0.06 2 3.68 +0.052
NFE 229 +£0.032 226 +0.132 2104+0.102

Means in the same row with different superscripts differ significantly (p < 0.05).
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The dry matter content, fat content, and chitin content decreased, while the protein
content increased with the age both at the large- and the small-sized mealworms (Table 7).
Significant differences can be observed between the sizes and not the ages. The dry matter
contents of the large yellow mealworms were always significantly higher than those of
the small-sized groups, independently of the age, but the chitin contents and NFE of the
small-sized groups showed a significantly higher value. The ash content of the large-sized
mealworm is consistently higher than the small-size in all ages. There is no noticeable trend
in the NFE in all samples.

Table 7. Average nutrient composition of yellow mealworm at different ages and sizes (%).

Week 8 Week 10 Week 12
Large Small Large Small Large Small

DM 38.60 +0.302 36.23 +0.40 P 38.53 + 1.60 2 36.00 = 1.22P 37.50 +1.132 35.63 +£1.25P
Iii‘:g; 43.70 £ 0.50 2 43.00 +£0.702 4523 £ 2572 4420 +2.062 4513 +£2.382 4473 + 1342
Crude fat 39.60 + 0.53 2 39.33 +0.772 38.10 +2.002 3793 +1.742 37.80 £ 2232 37.90 +1.712
Fibre 11.53 +£0.612 11.00 £ 0.10° 11.83 £0.152 10.93 +0.25P 12.13 £0.254 10.90 + 0.26 ©
Chitin 21.93 + 0.56 P 23.53 + 0.50 @ 21.40 + 0.61P 23.10 + 0.55 2 20.87 & 0.58 P 22.50 + 0.56 2
Crude ash 3.65 +0.082 3.62 £+ 0.052 3.64 £0.052 3.62 £+ 0.052 3.64 £+ 0.012 3.60 £ 0.06 2
NFE 1.52 +0.03P 3.05+0.10 1.24+0.01" 3324+ 0.09° 13+0.13b 2.87 +0.022

Means in the same row with different superscripts differ significantly (p < 0.05).

3.3.2. Nutrient Composition of Yellow Mealworm at Different Development Stages and
Nutrient Composition of the Cuticle

Nutrient compositions of yellow mealworms at the different development stages are
shown in Table 8. The pupa stage showed a lower dry matter, crude fat, and chitin content
compared to the moult and pre-moult stages. These differences in the dry matter, crude fat,
and chitin contents of the pupae were significant. All the nutrient components measured
were higher for the pre-moult compared to the moult, but no statistical differences were
found. The nutrient composition of the cuticle was totally different from that of the three
development stages. The dry matter content was much higher (97.5%) and contained more
crude protein, fibre, chitin, ash, and NFE but much less crude fat than the mealworms at
any stage.

Table 8. Average nutrient compositions of YM at different development stages and average nutrient
composition of the cuticle (%).

Pre-Moult Moult Pupae Cuticle
DM 40.15 4+ 0.14 P 39.13 +£ 098" 3712 £0.11¢ 975 +1.322
Crude protein 4418 +0.03P 43.97 +0.02° 44.00 + 0.08 P 53.40 £ 0.17 2
Crude fat 39.38 £ 0.032 39.29 +£0.012 38.25 + 0.04 P 12.20 £ 0.13¢
Crude fibre 10.53 4+ 0.03 b 10.82 + 0.02 b 119+ 0.06P 19.8+0.212
Chitin 23.82 +0.01P 23.65 + 0.03° 2342 +0.04°¢ 35.60 £ 0.26 2
Ash 3.66 +0.04b 3.65 +0.02b 3.62+0.05b 98+0.192
NFE 225+ 0.03b 227 +£0.02b 223 +0.03b 4440202

Means in the same row with different superscripts differ significantly (p < 0.05).

4. Discussion
4.1. Growth

Considering the overall growth, although there was an increase in the growth among
each age group, the growth was statistically different only between week 10 and week 12.
This shows that, in order to harvest a significantly higher amount of biomass, it is better to
wait until week 12 of the development. Additionally, in terms of the size growth across the
age groups, waiting until week 12 for the harvesting of the biomass will bring advantages,
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because only the 12-week-old larvae show a statistically higher weight compared with the
8-week-old ones. The small-sized larvae almost doubled in weight from week 8 to week 12
(86.1%), while the weight of the large-sized ones increased only by 25.2% from week 8 to
week 12. This shows that over time, the differences in weight between the small and large
sized individuals are reduced. Consequently, week 12 is also the optimal harvesting time
for the small sized larvae. In our experiment, the average body weight of large-sized YM
was in the upper range of the average body weight of 0.040-0.111 g, as was reported in
another study. Although their experiment ended at week 9, the study reported achieving a
0.134 g weight, which our study achieved only by week 12; this could be explained by the
difference in the feed. Their study reared YM on industrial residue (chicken feed, rapeseed
meal, wheat bran and willow leaf sunflower residues). The weight observed at week 8 of
that study was similar (0.075 g) to the weight that we achieved at week 8 [38].

4.2. Nutrient Composition
4.2.1. Nutrient Composition Based on Age and Size

When examining the DM, CP, CF, fibre, chitin ash content, and NFE contents, the
nutrient composition of the mealworms showed no significant difference among the age
groups. The DM content observed was slightly higher than the 32.2% reported by Jones et al.
in 1972, but the 36.5% reported by Yi et al. in 2013 falls within the range of the DM content
we observed [39,40]. The ash content observed is higher than what was reported by the
studies of Finke in 2002, while the NFE we observed is lower than what was reported by
the same study [41]. Contrary to this, the ash content measured in our study was lower,
while the NFE was higher than those reported by Ghosh et al. [6]

The CP value observed in this study was lower than the 46% and 49% reported by
Ravzanaadii et al. in 2012, and Finke in 2002, respectively. The CP content of 52% reported
by Jones et al. in 1972, Yi et al. in 2013, and Zhao et al. in 2016 is higher than what
we could obtain in our results. Each of the above cited studies reported higher protein
contents, but we can see that at the same time, they measured lower chitin contents (15%
and 8.5% by Finke in 2002, and Jones et al. in 1972, respectively). This can be attributed
to an overlapping amino acid content between the chitin part and the crude protein. This
could be a potential overestimation of the bioavailable amino acids [38—44]. The protein
content and ash content measured in our studies generally showed an increase with age,
while the fat reduced with age, which is consistent with the results of Meyer-Rochow et al.,
2021 [26].

The chitin content measurement revealed a higher chitin content than the 15% shown
in the study conducted by Hahn et al. in 2017. The difference between the chitin contents
reported in our current study and in that of Hahn et al. in 2017 could have resulted from the
different environmental conditions and feeding, as the methods of the chitin’s measurement
were the same. Although the chitin content was higher than the 5.6% reported by Finke in
2007, this difference could be due to the difference in the chitin measurement methods. The
study adjusted the ADF for the amino acid content to determine the estimated chitin content
instead [44]. It showed that amino acids represented 10% to 55% of the ADF [36,39-44].

The CF measured in our experiment was within the range described by Finke in
2002. However, the fat content was higher than the values of 35.4% and 32.9% reported by
Jones et al. in 1972 and Zhao et al. in 2016, respectively, which could be due to the different
feeding and environmental conditions. The YM used in the study of Jones and Zhao were
sourced from a commercial insect farm, while the study of Zhoa fed wheat, wheat bran,
and carrot; there is no available data on the feed used in the study of Jones [36,39—44].

The CP and CF values of the different size groups did not show significant differences,
unlike the DM, fibre, chitin and NFE, which differed significantly. The DM and fibre were
higher in the large-sized group than the small-sized ones, while the chitin content and
NFE of the smaller sizes was higher than that of the larger ones. This can be attributed
to the smaller size having a higher surface area/body mass ratio, while the larger size
individuals have a lower surface area/body mass ratio. This means that the proportion
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of the exoskeleton is higher in the smaller size than the larger size. This presents the
opportunity to increase the DM and reduce the chitin content by increasing the average
body weight at harvesting.

The ash content was lower than the 4.9% and 4.0% reported by Zhao et al. and
Ghosh et al., respectively, but higher than the 2.4% reported by Finke [6,43,44]

4.2.2. Nutrient Composition Based on the Developmental Stages and of the Cuticle

When considering the nutrient compositions of the moult and pre-moult, the DM,
CP, and the chitin values were not significantly different. The fat content, however, was
an exemption as it was higher for the pre-moult. The lack of difference between the
moult and the pre-moult further buttresses the point made by Finke in 2002, claiming
that the sclerotization of protein is more important than chitin in determining the physical
characteristics of the insects’ cuticle [44]. The lack of significant differences between the
dark brown pre-moult and the white newly moulted YM suggest that there is no advantage
in using ecdysterone to synchronise the moulting [45].

The pupae, however, show significant differences in the DM, CF, and chitin values,
which are lower than those observed in the moult and pre-moult stages, while the CP values
remain relatively consistent across the three stages, showing no significant differences. This
could be explained by the fact that the pupal stage is a stage where the YM does not feed.
Little quantitative data exist concerning the chitin contents of whole insects. However,
Cauchie (2002) [46] reported that the aquatic insect larvae contained 2.9 to 10.1% chitin
on a dry weight basis [41,47]. The lower fat content in pupae as compared to the larvae
is consistent with the result of Dreasi et al. in 2017 who compared the fat content of YM
raised on six different diets. The pupae showed a consistently lower fat content than the
larvae, except in two instances [28].

The DM content in the cuticle was high, which was self-evident, as most of the
moisture content is locked in the body of the larvae and protected by the fat present in
the cuticle. This, however, did not affect the DM of the pre-moult and moult, because the
cuticle represents only a negligible part (0.4%) of the total weight of the larvae. With the
increased DM the crude protein content and the chitin content, the fibre, ash content, and
NFE increased, while the fat content decreased. Our result was consistent with the findings
of the literature, pointing out that the major component of the insect cuticle consists mainly
of chitin and protein [48,49].

5. Conclusions

This study shows that there is no significant difference in the composition of YM larvae
of different age groups. Our results show that the size has an effect on the DM, fibre chitin
contents, and NFE, therefore, by exploring feed substrates that can cause a rapid increase in
the average body weight, insect farmers can achieve a shorter production time, a higher dry
matter content, a lower chitin content, and a lower NFE, and ultimately a better digestibility.
The higher DM and lower chitin content of large-sized larvae, compared with the lower DM
and higher chitin content of small-sized ones, indicates an inverse relationship between the
DM and chitin. The difference in the chitin content is in line with our hypothesis that the
higher the surface area/body mass ratio, the higher the chitin content.
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