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The yellow mealworm, Tenebrio molitor, is an important resource insect with a high

protein percentage that is widely farmed in many countries. In this study, the content

dynamics for protein, fat, chitin, and other components in the whole development

process of yellow mealworms were analyzed by sampling from different instars and

combining with their growth conditions. The results of the component dynamic analyses

in the different development stages showed that the percentages of protein, fat, and

chitin were the highest in the larval stage, pupal stage, and adult stage, respectively. The

results of amino acid composition dynamic analysis also indicated comparatively higher

essential amino acids in the earlier instar (e.g., before the 9th instar) larvae. Therefore, we

found that the earlier instar is better than the final instar as the insect farming harvest time.

Furthermore, the larvae in the earlier instar consumed dramatically less feed and could

effectively reduce the farming costs of insect farmers. This finding provides an alternative

option to farm insects for different purposes and in an economic way.

Keywords: Tenebrio molitor, major components, amino acids profile, developmental stages, harvest time

INTRODUCTION

Tenebrio molitor (Coleoptera: Tenebrionidae) is a common storage pest that is distributed
throughout the world. This mealworm goes through several stages: egg, larva, pupa, and adult.
Within these different stages, the mealworm morphologies vary greatly. Tenebrio molitor displays
variability in developmental time (1, 2), as the number of instars can vary from 9 to 20 (3, 4)
depending on several abiotic factors, such as temperature, humidity, oxygen concentration, and
biotic factors, such as population density, parental age, and feed quality (5–10). Furthermore, the
number of instars in T. molitor decreases in response to befitting conditions (1).

The larvae of T. molitor (AKA yellowmealworm) are a common protein source for livestock and
pets because they are easy to breed, high in protein, and have a high rate of assimilation of nitrogen
from their feed (11–14). The yellow mealworm is not only a good source of protein, for instance,
the effect of feeding yellow mealworms to chickens and fish as a protein supplement for herbivores
(15–18), but also beneficial for improving the utilization rate of the intestinal protein of livestock,
promoting their growth, increasing yield, and optimizing quality (19).

Numerous international organizations like the Food and Agriculture Organization (FAO) have
been investigating the possibility of using T. molitor as a protein source of human nutrition to
solve malnutrition worldwide (20, 21). Meanwhile, with the COVID-19 pandemic as a background,
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nutritional advice has suggested that protein is important to
immunity and recovery. Studies have shown that a high-protein
diet can ameliorate the decrease in amino acid absorption caused
by gastrointestinal disorders in patients with COVID-19 (22).
Thus, an increase in the daily protein intake of patients from
0.8 to 1 g/kg (23) has been recommended. With freeze-dried
yellow mealworm larvae containing approximately 50% crude
protein and its protein extract having a true protein content of
approximately 75%, it has been observed that mealworms are
increasingly being incorporated into food either as whole insects
in fresh or dried form, as rough machining products, or as crude
extracts to increase their nutritional value or functionality (24).

The nutritional values of proteins are determined by their
amino acid composition (25). The contents of leucine (Leu),
isoleucine (Ile), arginine (Arg), glycine (Gly), and Valine (Val)
are important protein indices of a rehabilitation diet. These
amino acids regulate the mechanistic target of rapamycin
(mTOR) pathway and contribute to the anti-inflammation and
reconstruction of damaged tissues for patients (24, 26, 27).
Furthermore, muscle development has been positively correlated
with essential amino acid intake (28). The yellow mealworm
has also been reported to contain all the essential amino acids
needed for human nutrition (29), but there is still a lack of
research on the nutritional characteristics of the different stages
of yellow mealworms.

As far as we know, few data available on the nutritional
characteristics of the different instars of T. molitor that contents
of the protein and information on the amino acid composition
together. Thus, the objective of this study was to determine the
nutrient, protein, and amino acid compositions and nutritional
values of T. molitor in relation to the different developmental
stages of the same sources to search for the appropriate stage
of harvest.

MATERIALS AND METHODS

Sample Preparation
The experimental yellow mealworms were reared by the authors
in the insect-breeding room of the Insect Museum of Northwest
A & F University. Mealworms were raised in plastic boxes (45 cm
long × 19 cm wide × 10 cm deep) and fed wheat bran with an
added 25–50 g of fresh cabbage leaves or broccoli once a day.
The amount of vegetables per day was adjusted according to
the daily consumption of the yellow mealworms to make sure
that all vegetables were consumed. The feeding conditions were
controlled at 25◦C with 60–70% relative humidity.

We first picked healthy individuals with similar sizes from
mealworms of every instar from the 3rd instar onwards, at both
the pupa and adult stages. Next, we stored the chosenmealworms
at −20◦C. They were then separated into 8 groups and placed in
clean test tubes, with every group containing 10mealworms from
every two adjacent instars. The samples were then put at 105◦C
for 15min with paper. After the stage of the destructive enzyme,
the samples were put at 65◦C for 24 h until the mass was stable
and then weighed three times to take the average. They were put
back at 65◦C for 3 h and then smashed. Finally, the prepared
samples were stored at−20◦C.

Feed Consumption Determination
The yellow mealworms of the different instars were fed in
different plastic boxes with the same feeding conditions as
indicated in Section Sample preparation. Feed was added to each
box and its weight was recorded. The yellow mealworms and
their feces were screened every 3 days, and the weight of the
remaining food was measured until the yellow mealworms in the
box entered the next stage. The feeding amount of the yellow
mealworms in the different instars was measured. The percentage
value of the consumption of a single larva during a certain
period and the consumption of the whole larva period were
used as the food consumption proportion. Feed assimilability and
feed–protein conversion rate were calculated by these formulas:

Feed assimilability

=
Single larvae weight gained

Single larvae feed consumption
× 100%

Feed− protein conversion rate

=
Single larvae crude peotein gained

Single larvae feed consumption
× 100%

Crude Fats Content Determination
Crude fats were extracted using a Soxhlet extractor (Model
189101, from JuLaBo, Beijing, China) by the methods of
Smith and Tschinkel (30). Small holes were punctured at the
top and bottom of the gelatin capsules (Model 70116, from
HEAD Biotechnology, Beijing, China). Then, the sample was
contained in gelatin capsules held in place with wires. The flat-
bottomed flask, Soxhlet extractor, and condenser were mounted
from bottom to top. The ethyl ether was added to the flask
until it was two-thirds filled, and the sample-filled gelatin
capsules were placed into the Soxhlet extractor. The hotplate
was then heated to more than 37◦C and ran for 24 h. Crude
fat mass was determined by the difference between dry and
lean mass.

Chitin Content Determination
Chitin was extracted by the methods of Wang et al. (31).
The dried mealworms were weighed (WP) and then treated
with 3% HCl (v/v) for 24 h to demineralize them. After
demineralization, the samples were submerged using 10% NaOH
(m/v) at 100◦C for 5 h to remove the protein and fat. They were
then washed with tap water. The decolorization was performed
using a treatment with 5% KMnO4 (m/v) water solution for
5min and washed with tap water, followed by a treatment
of 10% oxalic acid (m/v) water solution. The chitin was then
dehydrated and weighed (WC). Chitin content was calculated by
the formula:

Chitin content=WC/WP×100%

P and Ca Determination
The contents of phosphorus (P) and calcium (Ca) were
determined by the method of McQuaker et al. (32). The
dry mealworms were homogenized, and a 1 g sample
was then digested in the presence of successive 15
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FIGURE 1 | The dynamic of weight of single Tenebrio molitor in different stages.

and 10ml aliquots of HNO3. After each addition, the
sample was taken to near dryness. Then, 5.5m HCIO4

was added, and the sample digested until dense white
fumes of HCIO4 appeared. A simultaneous multi-element
analysis was subsequently performed using the atomic
absorption spectrometer (Model: ZEEnit 700P, AnalytikJena,
Germany).

All results were obtained as the average of three replicates (1 g
of dry powder of mealworms per replication).

Crude Protein Determination
The mass of crude protein was determined by the Kjeldahl
method (33) and a nitrogen-to-protein conversion factor of 5.41
was used (34).

Amino Acid Analysis
The samples was pretreated with HCl (6 mol/L) at 110◦C for
22 h with N2 for determination of Trpand Cys by alkaline
hydrolysis and performic acid oxidation (35, 36), respectively.
After hydrolysis, the hydrolysate was dehydrated under a
vacuum, solved with sodium citrate (PH = 2.2), and then
filtered through by a 0.45-mm Millipore membrane filter.
The amino acid content was determined by an Amino Acid
Analyzer (Beckman 121Mb, Beckman Coulter, Inc., Chaska,
MN, USA). The Essential Amino Acid Index (EAAI) was
calculated using the method of Oser (37), in which reference
protein data was obtained from the US Department of
Agriculture (38), amino acid scores for the diverse developmental

stages of people were calculated using the method of Sarana
et al. (39), and the reference pattern was determined by
FAO/WHO (40).

Statistical Analysis
Data were collected from three independent replications and
were expressed in terms of mean ± SD. The regression analysis
of body weight changes at the larval stage was performed using
Microsoft Excel (version 2019). Results were expressed asmean±
SD. Multigroup comparisons of the means were carried out by a
one-way analysis ANOVA test using SPSS (version 22) with post-
hoc contrasts by the Student–Newman–Keuls test. The statistical
significance for all the tests was set at p < 0.05. Heating maps
were drawn by Origin (version 9.6).

RESULTS AND DISCUSSION

Incremental Analysis
The mealworms of this experiment had 13 instars, while the
individual weights of the yellow mealworms increased with the
growth of the instars during the larval stage (Figure 1). Fitting
equation of insect weight changes in the whole larval stage are
as follows:

y=−1.7519x3+19.105x2−36.129x+21.167 (R= 0.978)

According to the derivation of the formula, the growth rate of the
larvae was the fastest at the 7th to 10th instars and the weight
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TABLE 1 | Proximate analysis of Tenebrio molitor on a dry basis (mg/g, mean ± SD).

Nutrition component Stages of development

Larvae instars

3–4 5–6 7–8 9–10 11–12 13 Pupa Adult

Crude protein 591.9 ± 10.9a 580.5 ± 14.4a 580.8 ± 17.0ab 555.3 ± 9.9b 490.2 ± 20.4c 486.1 ± 19.0c 451.5 ± 23.3c 395.9 ± 15.2d

Fat 304.1 ± 6.3c 302.4 ± 5.5c 319.5 ± 8.2b 333.8 ± 10.7b 351.0± 9.1ab 359.0 ± 11.3a 366.3 ± 14.4a 133.1 ± 10.7d

Chitin 71.9 ± 5.4e 84.5 ± 2.3d 92.6 ± 1.5c 92.3 ± 1.8c 101.3 ± 4.0b 99.3 ± 3.3b 95.4 ± 2.0bc 117.9 ± 1.4a

Ca 19.9 ± 1.0c 21.2 ± 0.3c 20.9 ± 0.9c 26.1 ± 1.0b 28.1 ± 1.2ab 29.3 ± 0.8a 27.1 ± 0.5b 27.2 ± 1.3ab

P 11.6 ± 0.1bc 11.0 ± 0.0c 12.7 ± 0.3a 11.6 ± 0.2bc 10.5± 1.0bc 10.4 ± 0.4c 10.7 ± 0.5c 9.3 ± 0.9c

Data are presented as the mean ± SD. Means with different superscripts in the column differ significantly (p ≤ 0.05). n = 3.

TABLE 2 | The single larvae weight, feed consumption, and percentage of crude protein for the different development stages of Tenebrio molitor.

Stages of development

Amount Larvae instars

3–4 5–6 7–8 9–10 11–12 13 Pupa Adult

Single larvae weight (mg) 2.1 ± 0.1f 12.7 ± 1.1e 34.8 ± 4.5d 72.7 ± 6.5b 98.0 ± 11.6a 114 ± 10.9a 73.0 ± 5.5b 46.5 ± 4.1c

Crude protein weight (mg) 1.24 ± 0.1f 7.37 ± 0.4e 20.2 ± 1.8d 40.4 ± 5.2b 48.0 ± 4.4ab 55.3 ± 2.9a 33.0 ± 1.9c 18.4 ± 1.2d

Crude protein proportion (%) 59.19 58.05 58.08 55.53 49.02 48.6 45.15 39.59

Single larvae feed consumption (mg) 17.3 ± 1.1f 36.3 ± 2.1e 88.7 ± 0.7d 200.7 ± 5.2c 214.0 ± 7.9b 236.67 ± 9.7a – –

Feed consume proportion (%) 2.18 4.58 11.17 25.28 26.96 29.82 – –

Feed assimilability (%) 61.26 60.83 42.74 12.61 7.48 –17.32 – –

Feed–protein conversion rate (%) 35.43 35.31 22.78 3.79 3.41 –9.42 – –

Data are presented as the mean ± SD. Means with different superscripts in column differ significantly (p ≤ 0.05). n = 3.

of the larvae reached its maximum at the 13th instar. In the
pupal and adult stages, the weight of single larvae decreased
significantly compared with that of mature larvae, which was
related to changes in the main components at the different stages
of the larvae.

Proximate Analysis
The proximate analysis on a dry basis is given in Table 1.
The main components were crude protein, fat, and chitin
in T. molitor. The percentage of fat in dry weight increased
from 30.4 to 36.6% before the adult phase and reached its
maximum at the pupa stage. The percentage of chitin in
dry weight increased from 7.2 to 11.8% with development.
The phosphorus content decreased slightly with the growth
of the larvae, but calcium content increased before the
pupal phase. The crude protein contents of the single larvae
increased with the increase of larvae weight and reached their
maximum value of 114mg at the 13th instar (Table 2). The
crude protein content in the pupal stage and adult stage
decreased significantly. From larval stages to pupation and
adult, the percentage of crude protein decreased from 59.2
to 39.6%. Furthermore, the content of the larval stage was
higher than that of the pupal and adult stages, with the
crude protein content of three to four instar larvae being
the highest.

Assimilation Ratio Analysis
The feed consumption and assimilation ratio analyses of single
larvae is given in Table 2. The feed intake of yellow mealworms
increased significantly after the 8th instar, which was the highest
of the 9th to 13th instars, accounting for 82.07% of the total.
In contrast, the assimilation rate and protein conversion rate
of the latter phases decreased significantly, with the rate of
feed assimilation of yellow mealworm falling to 7.48–12.61%.
In particular, the 13th instar of the yellow mealworms had the
largest feed intake; however, as they were about to enter the pupal
stage, both the weight and the protein content in the body of these
samples decreased instead of increasing, so the assimilation rate
and protein conversion rate were negative.

Amino Acid Analysis
The mealworms of the different periods all contained 18 amino
acids, which could be measured, including eight essential amino
acids (Table 3). The contents of glutamic, aspartic acid, and
alanine were the highest, while the contents of tryptophan,
cysteine, andmethionine were the lowest. The highest contents of
essential amino acids were Val, Lys, and Leu, which are involved
in muscle development, signal transduction, and energy supply
(26, 28, 41, 42). Among the non-essential amino acids, Glu, an
important component of nitrogen metabolism, had the highest
content (43). The four non-essential amino acids (glutamic acid,

Frontiers in Nutrition | www.frontiersin.org 4 September 2021 | Volume 8 | Article 689746

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Yu et al. Components Dynamic of Tenebrio molitor

TABLE 3 | Amino acid content at different development stages of Tenebrio molitor (mg/g, dry matter basis).

Components Larvae instar *Reference substance

3–4 5–6 7–8 9–10 11–12 13 Pupa Adult Whole egg

NEAA

Ala 52.2±0.6b 53.9±0.2a 52.1±0.1b 51.3±0.3b 49.4±0.1c 46.4±0.7d 44.3±0.8e 36.2±1.0f 6.67

Arg 41.0±0.7a 40.5±0.9a 38.6±0.2b 36.9±1.1c 36.2±1.2c 33.3±2.7cd 29.3±1.3d 21.5±1.1e 7.87

Asp 55.1±2.4ab 55.7±0.8a 53.9±2.0ab 53.1±1.3b 51.3±0.9bc 50.1±0.6c 48.5±1.1c 41.1±3.3d 12.7

Cys 7.7±0.2c 8.9±0.0a 8.1±0.0b 7.2±0.1d 6.3±0.2e 5.5±0.1f 4.6±0.4g 3.2±0.4h 3.85

Glu 69.9±1.1b 71.9±0.9a 70.2±0.5b 68.4±1.1bc 67.2±0.6c 65.7±0.6d 60.4±0.9e 53.7±2.7f 16.3

Gly 29.8±0.3c 30.6±0.2b 31.4±0.1a 28.9±0.7c 26.2±0.9d 26.1±0.3d 24.2±0.6e 19.7±1.0f 4.08

Pro 49.1±1.2a 50.5±0.8a 50.1±1.0a 48.2±3.2ab 44.2±1.7b 40.4±2.3b 35.1±1.8c 31.4±0.9d 5.6

Ser 26.9±0.5a 27.1±0.9a 28.0±1.2a 27.1±1.5a 24.3±0.6b 23.4±0.3b 20.9±0.2c 16.8±0.9d 9.19

Tyr 41.3±0.3c 42.0±0.2b 43.1±0.1a 39.7±0.1d 36.9±0.8e 35.0±1.8e 30.6±0.8f 28.7±1.4f 5.12

EAA

His 29.9±0.5a 28.1±0.6b 27.9±0.1b 26.1±0.3c 24.4±0.9d 22.4±1.0e 19.0±0.6f 16.4±1.7g 2.83

Lys 33.3±0.1c 36.9±0.9a 36.1±0.7a 34.1±0.2b 32.1±1.0d 32.3±1.0cd 31.5±1.4d 30.6±1.9d 8.32

Thr 30.5±1.9a 29.7±1.7ab 28.7±1.1ab 26.1±2.0b 22.6±0.7c 21.5±1.2cd 20.3±1.4d 19.1±0.9d 5.94

Ile 27.5±0.0b 27.9±0.3a 26.1±0.1c 24.2±0.3d 21.5±0.5e 19.7±0.2f 16.1±0.1g 13.2±0.5h 6.16

Leu 35.9±0.4b 36.6±0.1a 35.1±0.2c 33.3±0.2d 32.4±0.1e 29.7±1.9f 22.1±0.3g 19.1±1.1h 10.5

Met 9.8±0.1a 8.1±0.0b 7.2±0.0c 6.5±0.0e 6.9±0.1d 5.9±0.9de 4.4±0.1f 3.2±0.1g 4.18

Phe 24.4±0.2a 23.1±0.0b 23.9±0.4a 22.6±0.1c 20.6±0.9d 18.8±0.1e 15.3±0.5f 12.3±1.0g 6.6

Trp 4.5±0.1a 4.2±0.0b 3.9±0.2c 3.2±0.1d 3.0±0.2d 2.6±0.0e 1.9±0.1f 1.4±0.3g 1.66

Val 39.5±0.3b 40.4±0.5a 40.7±0.2a 38.6±0.2c 35.1±0.5d 34.4±1.5de 32.1±0.9e 25.4±0.7f 7.34

EAAI 88.16 89.22 86.06 82.52 86.79 80.62 72.77 68.66

*The data of reference substances from the United States Department of Agriculture (USDA) (38); NEAA, non-essential amino acid; EAA, essential amino acid; EAAI, Essential Amino

Acid Index. Data are presented as the mean ± SD. Means with different superscripts in column differ significantly (p ≤ 0.05). n = 3.

aspartic acid, glycine, and alanine) related to flavor accounted for
approximately 20% of the dry weight of T. molitor, which were
beneficial to the development and production of the flavorings
derived from the protein of the yellowmealworm. The content of
the amino acids decreased with the development of the worms,
and the contents of amino acids in the pupal and adult stages
as significantly lower than that in the larval stage. Thus, it can
be concluded that the pupal and adult stages of T. molitor are
not good sources of protein. In addition, the adult mealworms
cannot be eaten because they contain certain toxic compounds
and secretions with a strange smell (44), which is in line with the
harvest situation in the production of yellow mealworms.

We obtained the amino acid scores of the yellow mealworms
at different stages according to the amino acid scoring patterns
for infants, children, adolescents, and adults from the 2007
WHO/FAO/UNU report (40). As shown in Figure 2, the yellow
mealworms contained all phases of the restrictive amino acids
such as tryptophan, isoleucine, sulfur-containing amino acids
(SAA) and other aromatic amino acids (AAA), however, the
amino acid score is declining with the development of yellow
mealworms. Thus, the protein nutritional value of 13th instar
yellow mealworms that insect farming chose usually is obviously
inferior to that of the earlier instar larvae due to the deficiency of
tryptophan, leucine and sulfur-containing amino acids.

The score of amino acids and the EAAI increased when
mealworms were aged at instars 3–6, then decreased at instars

7–10, and then showed a slight rebound at instars 11–12. The
amino acid scores of 13-instar larvae decreased continuously
until the pupal and adult stages (Table 3, Figure 2). Compared
with the growth curve of the yellow mealworms, the results
were analyzed by combining with the study of Babu D E
(45): 7–10 instars were the stage of rapid growth for yellow
mealworms. The amino acids in the body of these yellow
mealworms, especially in terms of the content of essential
amino acids, were rapidly consumed by individuals as energy
and raw materials, so the score of essential amino acids in
the body and the EAAI value decreased during this period.
Before and after 7–10 instars, the growth rate slowed down
and the larvae entered a developmental slow period. The
yellow mealworms reserved substances and energy for the
later pupal stage, so the score of essential amino acids and
EAAI increased.

Selection of Harvest Time
To summarize, the final larvae, which are usually used as
harvest options, scored the worst in nutritional estimates of
protein compared to larvae with other instars. The amino acid
contents of the young and middle-aged larvae were higher
than that of the old mature larvae. The contents of all kinds
of essential amino acids were also more in line with the
requirement standard of essential amino acids recommended
by WHO/FAO (40). On the other hand, the contents of chitin
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FIGURE 2 | Amino acid scores at the different development stages of Tenebrio molitor for infants, children, adolescents and adults.

and fat increased with the development of mealworms, but
humans cannot absorb and digest chitin. Furthermore, the
fat rich in yellow mealworms accelerates the rancidity of the
coarse processed products of yellow mealworms, which is not
conducive to preservation (46). Thus, younger mealworms are
easier to digest and preserve because they are lower in chitin
and fat.

It must be admitted that the larvae with smaller harvest instars
did not have the yield advantage. From another point of view, the
advantage of the single weight of older larvae can make up for the
disadvantage of low amino acid contents, but the feed utilization
efficiency of insects will continue to decline with the aging of
larvae. It can be inferred from the analysis in 3.2 that, under
the condition of the same intake of feed, the growth rate slows
down significantly and the biomass conversion ratio decreases
significantly with the development of larvae. A large amount
of feed is used to provide energy, and the rate of feed waste
increases (47). In fact, instar growth was considered to be the
most effective factor in reducing feed availability in mealworms
(48). Therefore, it is not economical to insist on harvesting final
instar larvae.

As a result, the earlier instars (the 9th to 10th instars in this
study) are the better choices because of their nutritional value,
preservation, feed cost, and other factors. Considering the cost
and risk of feeding under various circumstances, the optimal
harvest age of yellow mealworms still needs further study.

CONCLUSION

The study was helpful in understanding the diversity of T. molitor
at different developmental phases in terms of their growth curve,
proportions of different nutritional ingredients, and amino acid
composition. The study concluded that fat content is the highest
in the pupal stage and chitin content is the highest in the adult
stage. The protein content of T. molitor also decreased with
the increase of instars, and the nutritional value of the proteins
changed with the variation of the physiological status of the
yellow mealworms. Furthermore, it was found that the protein
yield and quality of the earlier stage of larvae are better. Due
to the low chitin and fat content, easy digestion, utilization
and preservation, better protein content and nutritional value,
and higher feed utilization rate, a good harvest time could be
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when the larvae are still young. Combined with the yield, feed
availability, nutritional value of protein, and other factors, 9th-
to 10th-instar yellow mealworms would be a better choice for
harvesting than the 13th-instar larvae. This study will provide
reference for the improvement of mealworm production value
and the selection of the best harvest time for other edible insects
in the future.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

DW conceived the project and provided lab condition and
funding. XY and QH conducted the experiments and data
collection. XY performed data analysis and wrote the original
draft of the manuscript. All authors read to the manuscript and
approved the submitted version.

FUNDING

This study was supported by Innovation and Transformation
Project for Agricultural Science and Technology of Shaanxi
Province (NYKJ-2019-YL37).

REFERENCES

1. Esperk T, Tammaru T, Nylin S. Intraspecific variability in number

of larval instars in insects. J Econ Entomol. (2007) 100:627–45.

doi: 10.1603/0022-0493(2007)100[627:IVINOL]2.0.CO;2

2. Morales-Ramos JA, Kay S, Rojas MG, Shapiro-Ilan DI, Tedders

WL. Morphometric analysis of instar variation in tenebrio molitor

(Coleoptera: Tenebrionidae). Ann Entomol Soc Am. (2015) 108:146–59.

doi: 10.1093/aesa/sau049

3. Cotton RT. Notes on the biology of the meal worms, tenebrio

molitor linne and T. obscurus fab. Ann Entomol Soc Am. 1927(1):81-

6.doi: 10.1093/aesa/20.1.81

4. Cotton RT, George R. The Meal Worms. Technical Bulletins. United States

Department of Agriculture, Economic Research Service. Washington, DC:

Government Printing Office (1929). doi: 10.22004/ag.econ.156679

5. Loudon C. Development of Tenebrio molitor in low oxygen levels. J Insect

Physiol. (1988) 34:97–103. doi: 10.1016/0022-1910(88)90160-6

6. Morales-Ramos JA, Rojas MG, Shapiro-Ilan DI, Tedders WL. Developmental

plasticity in tenebrio molitor (coleoptera: tenebrionidae): analysis of instar

variation in number and development time under different diets. J Entomol

Sci. (2010) 45:75–90. doi: 10.18474/0749-8004-45.2.75

7. Urs K, Hopkins TL. Effect of moisture on growth rate and development

of two strains of Tenebrio molitor L. (Coleoptera, Tenebrionidae).

J Stored Products Res. (1973) 8:291–7. doi: 10.1016/0022-474X(73)90

045-3

8. Ludwig D, Fiore C. Further studies on the relationship between parental age

and the life cycle of the mealworm, tenebrio molitor. Ann Entomol Soc Am.

(1960) 53:595–600. doi: 10.1093/aesa/53.5.595

9. Connat JL, Delbecque JP, Glitho I, Delachambre J. The onset of

metamorphosis in Tenebrio molitor larvae (Insecta, Coleoptera) under

grouped, isolated and starved conditions. J Insect Physiol. (1991) 37:653–62.

doi: 10.1016/0022-1910(91)90042-X

10. Daniel L. Effects of temperature and parental age on the life cycle of

the mealworm, tenebrio molitor linnaeus (Coleoptera, Tenebrionidae). Ann

Entomol Soc Am. (1956) 51:12–4. doi: 10.1093/aesa/49.1.12

11. Finke M. Complete nutrient composition of commercially raised

invertebrates used as food for insectivores. Zoo Biol. (2002) 21:269–85.

doi: 10.1002/zoo.10031

12. Martin RD, Rivers J, Cowgill UM. Culturing mealworms as food

for animals in captivity. Int Zoo Yearbook. (2010) 16:63–70.

doi: 10.1111/j.1748-1090.1976.tb00130.x

13. Barker D, Fitzpatrick MP, Dierenfeld ES. Nutrient composition of selected

whole invertebrates. Zoo Biol. (1998) 17:123–34. doi: 10.1002/(SICI)1098-

2361(1998)17:2<123::AID-ZOO7>3.0.CO;2-B

14. Wang HM, Ya-Fang LI, Yang MM, Zhang XH. Effects of temperature

on weight gain, food conversion efficiency and digestive enzyme activities

of Tenebrio molitor larvae. Chin J Appl Entomol. (2017) 54:434–9.

doi: 10.7679/j.issn.2095-1353.2017.052

15. Rema P, Saravanan S, Armenjon B, Motte C, Dias J. Graded incorporation

of defatted yellow mealworm (Tenebrio molitor) in rainbow trout

(Oncorhynchus mykiss) diet improves growth performance and nutrient

retention. Animals. (2019) 9:187. doi: 10.3390/ani9040187

16. Kovitvadhi A, Chundang P, Thongprajukaew K, Tirawattanawanich C,

Srikachar S, Chotimanothum B. Potential of insect meals as protein sources

for meat-type ducks based on in vitro digestibility. Animals. (2019) 9:155.

doi: 10.3390/ani9040155

17. Shariat Zadeh Z, Kheiri F, Faghani M. Productive performance, egg-related

indices, blood profiles, and interferon-È gene expression of laying Japanese

quails fed on Tenebrio molitor larva meal as a replacement for fish meal. Ital J

Anim Sci. (2020) 19:274–81. doi: 10.1080/1828051x.2020.1722970

18. Liu C, Masri J, Perez V, Maya C, Zhao J. Growth performance and nutrient

composition of mealworms (Tenebrio Molitor) fed on fresh plant materials-

supplemented diets. Foods. (2020) 9:151. doi: 10.3390/foods9020151

19. Liu H, Tan B, Kong X, Li J, Li G, He L, et al. Dietary insect powder protein

sources improve protein utilization by regulation on intestinal amino acid-

chemosensing system. Animals. (2020) 10:1590. doi: 10.3390/ani10091590

20. De Prins J. Book review on Edible insects: future prospects for food and feed

security. Adv Entomol. (2014) 2:47–8. doi: 10.4236/ae.2014.21008

21. Kar SK, Jansman AJM, Schokker D, Kruijt L, Harms AC, Wells JM, et al.

Amine metabolism is influenced by dietary protein source. Front Nutr. (2017)

4:41. doi: 10.3389/fnut.2017.00041

22. Nisoli E, Cinti S, Valerio A. COVID-19 and Hartnup disease: an affair of

intestinal amino acid malabsorption. Eat Weight Disord. (2021) 26:1647–51.

doi: 10.1007/s40519-020-00963-y

23. BourBour F, Mirzaei Dahka S, Gholamalizadeh M, Akbari ME, Shadnoush M,

Haghighi M, et al. Nutrients in prevention, treatment, and management of

viral infections special focus on Coronavirus. Arch Physiol Biochem. (2020) 1–

10.doi: 10.1080/13813455.2020.1791188

24. Zhao X, Vazquez-Gutierrez JL, Johansson DP, Landberg R, LangtonM. Yellow

mealworm protein for food purposes - extraction and functional properties.

PLoS ONE. (2016) 11:e0147791. doi: 10.1371/journal.pone.0147791

25. Ihekoronye AI. Estimation of the biological value of food proteins by a

modified equation of the essential amino acid index and the chemical score.

Mol Nutr Food Res. (2010) 32:783–8. doi: 10.1002/food.19880320818

26. Dreyer HC, Drummond MJ, Pennings B, Fujita S, Glynn EL, Chinkes DL,

et al. Leucine-enriched essential amino acid and carbohydrate ingestion

following resistance exercise enhances mTOR signaling and protein synthesis

in human muscle. Am J Physiol Endocrinol Metab. (2008) 294:E392–400.

doi: 10.1152/ajpendo.00582.2007

27. Agostini D, ZeppaDonati S, Lucertini F, Annibalini G, GervasiM, FerriMarini

C, et al. Muscle and bone health in postmenopausal women: role of protein

and vitamin D supplementation combined with exercise training. Nutrients.

(2018) 10:1103. doi: 10.3390/nu10081103

28. Brsheim E, Tipton KD, Wolf SE, Wolfe RR. Essential amino acids and

muscle protein recovery from resistance exercise. Am J Physiol Endocrinol

Metabolism. (2002) 283:E648. doi: 10.1152/ajpendo.00466.200

Frontiers in Nutrition | www.frontiersin.org 7 September 2021 | Volume 8 | Article 689746

https://doi.org/10.1603/0022-0493(2007)100[627:IVINOL]2.0.CO;2
https://doi.org/10.1093/aesa/sau049
https://doi.org/10.1093/aesa/20.1.81
https://doi.org/10.22004/ag.econ.156679
https://doi.org/10.1016/0022-1910(88)90160-6
https://doi.org/10.18474/0749-8004-45.2.75
https://doi.org/10.1016/0022-474X(73)90045-3
https://doi.org/10.1093/aesa/53.5.595
https://doi.org/10.1016/0022-1910(91)90042-X
https://doi.org/10.1093/aesa/49.1.12
https://doi.org/10.1002/zoo.10031
https://doi.org/10.1111/j.1748-1090.1976.tb00130.x
https://doi.org/10.1002/(SICI)1098-2361(1998)17:2<123::AID-ZOO7>3.0.CO;2-B
https://doi.org/10.7679/j.issn.2095-1353.2017.052
https://doi.org/10.3390/ani9040187
https://doi.org/10.3390/ani9040155
https://doi.org/10.1080/1828051x.2020.1722970
https://doi.org/10.3390/foods9020151
https://doi.org/10.3390/ani10091590
https://doi.org/10.4236/ae.2014.21008
https://doi.org/10.3389/fnut.2017.00041
https://doi.org/10.1007/s40519-020-00963-y
https://doi.org/10.1080/13813455.2020.1791188
https://doi.org/10.1371/journal.pone.0147791
https://doi.org/10.1002/food.19880320818
https://doi.org/10.1152/ajpendo.00582.2007
https://doi.org/10.3390/nu10081103
https://doi.org/10.1152/ajpendo.00466.200
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Yu et al. Components Dynamic of Tenebrio molitor

29. Ghaly AE, Alkoaik FN. The yellowmealworm as a novel source of protein.Am

J Agric Biol Sci. (2009) 4:319–31. doi: 10.3844/ajabssp.2009.319.331

30. Smith CR, Tschinkel WR. Ant fat extraction with a Soxhlet extractor. Cold

Spring Harb Protoc. (2009) 2009:pdb prot5243.doi: 10.1101/pdb.prot5243

31. Wang D, Hu JJ, Liu MT. The research of abstraction chitosan

from leaf chafer. J Northwest Sci-Tech Univ Agri. (2003) 31:127–30.

doi: 10.13207/j.cnki.jnwafu.2003.04.035

32. Mcquaker NR, BrownDF, Kluckner PD. Digestion of environmental materials

for analysis by inductively coupled plasma-atomic emission spectrometry.

Anal Chem. (1979) 51:1082–4. doi: 10.1021/ac50043a071

33. Kolthoff IM, Sandell EB, Meehan EJ. Quantitative Chemical Analysis, 4 Edn.

London: The Macmillan Company (1969). p. 793–1075.

34. Boulos S, Tannler A, Nystrom L. Nitrogen-to-protein conversion factors for

edible insects on the swiss market: T. molitor, A domesticus, and Lmigratoria.

Front Nutr. (2020) 7:89. doi: 10.3389/fnut.2020.00089

35. Zhang JZ, Xue XF, Zhou JH, Chen F, Wu LM Li Y, et al. Determination

of tryptophan in bee pollen and royal jelly by high-performance liquid

chromatography with fluorescence detection. Biomed Chromatogr. (2009)

23:994–8. doi: 10.1002/bmc.1213

36. Wang D, Bai YY, Li JH, Zhang CX. Nutritional value of the field

cricket (Gryllus Testaceus Walker). Insect Sci. (2004) 11:275–83.

doi: 10.1111/j.1744-7917.2004.tb00424.x

37. Oser BL. An integrated essential amino acid index for predicting the

biological value of proteins. Protein Amino Acid Nutrition. (1959) 1:281.

doi: 10.1016/B978-0-12-395683-5.50014-6

38. Agriculture USDo. Eggs, Grade A, Large, egg whole (2019). Available online

at: https://fdc.nal.usda.gov//fdc-app.html#/food-details/748967/nutrients.

39. Sommano SR, Bhat FM,WongkeawM, Sriwichai T, Sunanta P, Chuttong B, et

al. Amino acid profiling and chemometric relations of black dwarf honey and

bee pollen. Front Nutr. (2020) 7:558579. doi: 10.3389/fnut.2020.558579

40. Millward DJ. Amino acid scoring patterns for protein quality assessment. Br J

Nutr. (2012) 108:S31–43. doi: 10.1017/S0007114512002462

41. Xiao CW,Wood C, Bertinato J. Dietary supplementation with L-lysine affects

body weight and blood hematological and biochemical parameters in rats.Mol

Biol Rep. (2019) 46:433–42. doi: 10.1007/s11033-018-4492-1

42. Shimomura Y, Murakami T, Nagasaki M, Honda T, Goto H, Kotake

K, et al. Regulation of branched-chain amino acid metabolism and

pharmacological effects of branched-chain amino acids. Hepatol Res.

2004 30S:3–8.doi: 10.1016/j.hepres.2004.09.001

43. Matthews DE, Campbell RG. The effect of dietary protein intake on glutamine

and glutamate nitrogen metabolism in humans. Am J Clin Nutr. (1992)

1992:963. doi: 10.1093/ajcn/55.5.963

44. Liu C, Zhao J. Tenebrio molitor larvae are a better food option

than adults. J Insects Food Feed. (2019) 5(3):241–2. doi: 10.3920/JIFF20

19.x003

45. Babu DE. Observations on the embryonic development and energy

source in the crab Xantho bidentatus. Mar Biol. (1987) 95:123–7.

doi: 10.1007/BF00447493

46. Borremans A, Smets R, Van Campenhout L. Fermentation versus meat

preservatives to extend the shelf life of mealworm (Tenebrio Molitor)

paste for feed and food applications. Front Microbiol. (2020) 11:1510.

doi: 10.3389/fmicb.2020.01510

47. Blake EA, Wagner MR. Effect of sex and instar on food

consumption, nutritional indices, and foliage wasting by the western

spruce budworm, choristoneura occidentalis. Environ Entomol.

(1984) 13:1634–8.doi: 10.1093/ee/13.6.1634

48. Morales-Ramos JA, Rojas MG. Effect of larval density on

food utilization efficiency of tenebrio molitor (Coleoptera:

Tenebrionidae). J Econ Entomol. (2015) 108:2259–67. doi: 10.1093/jee/t

ov208

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Yu, He and Wang. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org 8 September 2021 | Volume 8 | Article 689746

https://doi.org/10.3844/ajabssp.2009.319.331
https://doi.org/10.1101/pdb.prot5243
https://doi.org/10.13207/j.cnki.jnwafu.2003.04.035
https://doi.org/10.1021/ac50043a071
https://doi.org/10.3389/fnut.2020.00089
https://doi.org/10.1002/bmc.1213
https://doi.org/10.1111/j.1744-7917.2004.tb00424.x
https://doi.org/10.1016/B978-0-12-395683-5.50014-6
https://fdc.nal.usda.gov//fdc-app.html#/food-details/748967/nutrients
https://doi.org/10.3389/fnut.2020.558579
https://doi.org/10.1017/S0007114512002462
https://doi.org/10.1007/s11033-018-4492-1
https://doi.org/10.1016/j.hepres.2004.09.001
https://doi.org/10.1093/ajcn/55.5.963
https://doi.org/10.3920/JIFF2019.x003
https://doi.org/10.1007/BF00447493
https://doi.org/10.3389/fmicb.2020.01510
https://doi.org/10.1093/ee/13.6.1634
https://doi.org/10.1093/jee/tov208
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Dynamic Analysis of Major Components in the Different Developmental Stages of Tenebrio molitor
	Introduction
	Materials and Methods
	Sample Preparation
	Feed Consumption Determination
	Crude Fats Content Determination
	Chitin Content Determination
	P and Ca Determination
	Crude Protein Determination
	Amino Acid Analysis
	Statistical Analysis

	Results and Discussion
	Incremental Analysis
	Proximate Analysis
	Assimilation Ratio Analysis
	Amino Acid Analysis
	Selection of Harvest Time

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


