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Simple Summary: Tenebrio molitor(T. molitor) larvae, known as mealworm, have been considered
a good protein source for monogastric animals. They have a high quantity and quality of protein
content and amino acid pro�le. The inclusion of T. molitor larvae in broiler diets improved the
growth performance without having negative e � ects on carcass traits and blood pro�les in broiler
chickens, or had no in�uence on the growth performance and carcass yield of broiler chickens.
The supplementation of T. molitor larvae improved the growth performance and protein utilization
of weaning pigs. Furthermore, the replacement of �shmeal with T. molitor larvae resulted in no
di � erence in the growth performance and nutrient digestibility of weaning pigs. However, there are
some challenges regarding biosafety, consumer's acceptance, and price for the use ofT. moiltor larvae
in animal feed. Consequently, T. molitor larvae could be used as an alternative or sustainable protein
source in monogastric animal feed.

Abstract: Edible insects have been used as an alternative protein source for food and animal feed,
and the market size for edible insects has increased.Tenebrio molitorlarvae, also known as mealworm
and yellow mealworm, are considered a good protein source with nutritional value, digestibility,
�avor, and a functional ability. Additionally, they are easy to breed and feed for having a stable
protein content, regardless of their diets. Therefore, T. molitor larvae have been produced industrially
as feed for pets, zoo animals, and even for production animals. To maintain the nutrient composition
and safety of T. molitor larvae, slaughtering (heating or freezing) and post-slaughtering (drying and
grinding) procedures should be improved for animal feed. T. molitor larvae are also processed with
defatting or hydrolysis before grinding. They have a high quality and quantity of protein and amino
acid pro�le, so are considered a highly sustainable protein source for replacing soybean meal or
�shmeal. T. molitor has a chitin in its cuticle, which is an indigestible �ber with positive e � ects on the
immune system. In studies of poultry, the supplementation of T. molitor larvae improved the growth
performance of broiler chickens, without having negative e � ects on carcass traits, whereas some
studies have reported that there were no signi�cant di � erences in the growth performance and carcass
yield of broiler chickens. In studies of swine, the supplementation of T. molitor larvae improved the
growth performance and protein utilization of weaning pigs. Furthermore, 10% of T. molitor larvae
showed greater amino acid digestibility than conventional animal proteins in growing pigs. However,
there are some challenges regarding the biosafety, consumer's acceptance, and price for the use of
T. moiltor larvae in animal feed. Consequently, T. molitor larvae could be used as an alternative or
sustainable protein source in monogastric animal feed with a consideration of the nutritional values,
biosafety, consumer's acceptance, and market price ofT. molitor larvae products.
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1. Introduction

The International Feed Industry Federation (IFIF) reported that the world population will be
reach more than 10 billion people by 2050 [1]. Furthermore, the expanded population is expected to
consume almost double the amount of animal protein [ 2]. In the case of pork and poultry meat, the
expected growth of consumption from 2010 to 2050 is 105% and 173%, respectively [2]. This implies that
animal feed will be a critical component of the integrated food chain in the future. Meyer-Rochow [ 3]
suggested as far back as in 1975 that using edible insects as food and feed may ease global food
shortages. The Food and Agriculture Organization (FAO) stresses the importance of �nding alternatives
to conventional animal feed because of its limited amount [ 2]. Currently, the major protein sources
in monogastric animals (e.g., poultry and swine) diets are �shmeal, processed animal protein, milk
by-product, soybean meal (SBM), rapeseed meal, and canola meal. The price of these conventional
protein sources, however, has increased because of the limited production and the competition between
humans and animals [4]. Therefore, considering the increasing world population and the price of
conventional protein sources, it is important to �nd an alternative protein source in the future.

In the last few decades, edible insects (entomophagy) have been used as an alternative nutritional
source for both food and animal feed. This is because they are edible proteins source for both humans
and animals [5] and the percentage of edible parts is nearly 100% [6,7]. Moreover, the nutritional
value of insects is much better than that of plants in terms of higher protein, essential amino acids,
vitamin, and mineral contents (this will be discussed below). When they are fed to monogastric
animals (e.g., poultry and swine), the growth performance and digestibility seem to improve compared
to other protein sources [5]. Not only because of their nutritional value, but also because of their
environmental impact, the insects will play a major role in future protein sources for animal feed.
For instance, insects have lower greenhouse gas production [8], use of water [9], and use of arable
land [ 6] than other animal species (e.g., pig, cattle, and poultry). The production of insects for food
and feed is sustainable [10]. For instance, T. molitor is widely used for the biodegradation of organic
waste to proteins [11]. Furthermore, such specimens can degrade plastic waste to proteins because of
their unique gut microbiome [12,13].

Edible insects as animal feed ingredients have been studied by many researchers. In particular,
insects as an alternative protein source in broiler chicken [ 14–17] and pig [ 18–20] diets have been
widely investigated. It seems that the demand for edible insects for feed ingredients will increase in
the near future. Accordingly, many companies have started the large-scale production of insects for
food and feed worldwide (e.g., France and China). Therefore, the price and usage of an insect as a feed
ingredient will become reasonable and broaden, respectively.

In this review, we focused on T. molitor larvae as an alternative protein source for monogastric
animals because they have recently been proven to be a proper feed ingredient for poultry and swine
diets by many researchers. We aimed to provide their nutritional value, their impact on the growth
performance, and possible challenges when they are fed to monogastric animals.

2. Tenebrio molitor Larvae

Among insect sources,T. molitor larvae are known to have a good nutritional value, such as protein
and fat content [7,14,15,21,22], digestibility [ 19,20], �avor [ 18,23], and functional ability (e.g., chitin
and antimicrobial peptides, i.e., AMPs) [ 24–28]. They are easy to breed and raise and have a stable
protein content, regardless of their diets [ 29], which implies that T. molitor larvae can be produced
stably. For this reason, they have been produced industrially as feed for pets, zoo animals, and even
for production animals, such as �sh, pigs, and poultry [14,18].
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T. molitor is a pest of �our, grain, and food and is distributed worldwide [ 14]. It is a species of
darkling beetle and has four life stages: egg, larva, pupa, and adult. Female T. molitor specimens lay
approximately 500 eggs, which hatch after 3–9 days and become larvae at 25� C [30–32]. The larva
stage lasts 1–8 months and has a light yellow-brown color [ 30,31]. The pupal stage lasts 5–28 days
at 18� C [30–32] and the adult stage lasts 2–3 months [30]. The size of the larva is usually about
2.0–3.5 cmor more [30,33] and that of adults is approximately 1 cm [ 30]. This adult is one of the
biggest beetles [32]. It is omnivorous and can eat plant and animal products, such as meat and
feathers, but the diet should be formulated to contain 20% protein [ 14]. In a commercial situation, these
specimens are mainly fed on cereal bran or �our (wheat, oats, and maize), and fruits and vegetables are
supplemented for moisture. The protein sources for T. molitor are soybean �our, skimmed milk powder,
and yeast [11,33]. Compositions of T. molitor seem to be a� ected by diets. Some studies have observed
that the composition of a cereal-based diet did not alter the major nutritional composition (e.g., crude
protein, crude fat, and moisture) of T. molitor larvae [14,29,34], whereas the fatty acid (e.g., caprylic
acid) composition seemed to be a� ected by an unsaturated fatty acid-enriched diet [ 34]. Higher protein
and lower fat contents were observed when they were fed plant waste compared to a cereal-based
diet [ 31]. A recent study also showed that the composition of T. molitor larvae was a� ected by the
type of diet [ 35]. This implies that we should identify the optimal diet for T. molitor to obtain a stable
and better nutritional composition for food and feed. T. molitor has an e� cient growth rate compared
to other production animals. T. molitor has more than 3 for feed conversion ratio (FCR) for fresh
weight [ 29,36], while poultry meat and pork have 2.3 and 4.0 for FCR, respectively [ 37]. Considering
the edible part of insect is almost 100%, FCR ofT. molitor seems to be higher than that of total edible
parts of poultry meat and pork (1.7 and 2.3, respectively; [ 37]). Bjørge et al. [38] also observed a 16.6%
growth rate (growth rate /day, %) for T. molitor at an optimal temperature, which is higher than that of
poultry. Ghaly and Alkoaik [ 30] suggested that the early larva stage (about 100–120 mg of weight)
is the most e� cient because the growth rate decreased after that stage. The type of diet also a� ects
the growth and reproduction performance of T. molitor larvae [35]. In the study of Rumbos et al. [ 35],
a better reproductive performance and larvae development were observed in amylaceous substrates,
such as wheat bran and white �our. Therefore, optimized feeding for T. molitor larvae represents one
option for providing a proper nutritional composition and ensuring e � cient production.

As the interest in T. molitor larvae has increased as a future food and feed ingredient, there have
been many e� orts to �nd the optimal rearing condition [ 38,39]. In general, they are commercially
available with a low level of technology for the biological control industry [ 39]. This may allow T. molitor
larvae to become an e� cient protein source. Furthermore, the commercial production market has
also broadened. Based on recent studies, it seems that commercialT. molitor larvae are available in
China [15,40,41], the USA [13], France [42], and Spain [43]. Therefore, T. molitor larvae may become a
proper alternative protein source in the future.

3. Processing of Tenebrio molitor Larvae

The International Platform of Insects for Food and Feed (IPIFF) [ 44] reported that insects
are typically processed by slaughtering (heating or freezing) and post-slaughtering (drying and
grinding) procedures for animal feed (Figure 1). These procedures are important not only for
ensuring safety, but also for maintaining the nutrient composition. The slaughtering process includes
blanching, freezing, chilling, and drying. This allows the long-term storage and transport of T. molitor
larvae. Many researchers have attempted to �nd the optimal method for optimizing both the
safety and nutritional value. Vandeweyer et al. [ 45] suggested blanching before chilling or drying
because blanching enables vegetative cells to be killed and prevents microbial growth during storage.
After slaughtering, drying is important because of the high moisture content of the T. molitor larvae
(approximately 68%). This high moisture content might cause enzymatic or non-enzymatic degradation
and microbiological spoilage [ 46]. Therefore, a 4 to 5% moisture content is recommended to avoid
possible problems [47]. The major methods employed for drying are oven drying [ 46], vacuum
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drying [ 46], freeze-drying [ 46,48], and microwave drying [ 45]. Kröncke et al. [46] reported that di � erent
drying types did not result in hugely di � erent nutritional values for the T. molitor larvae. Moreover,
all of those drying types resulted in low water activity in T. molitor larvae and this content does not
allow microbiological growth [ 49]. In the study of Kröncke et al. [ 46], on the other hand, oven drying
had the shortest processing time and lowest energy consumption. Therefore, blanching and oven
drying might be the most e � cient way to process T. molitor larvae. After drying, the specimens are
usually �nely ground to the same particle size as other feed ingredients.

Figure 1. Scheme ofTenebrio molitorlarvae processing for animal feed.

Before grinding, T. molitor larvae may undergo additional processing steps such as defatting or
hydrolysis (Figure 1). T. molitor larvae have been supplemented as whole (full-fat) ground [ 14,18,50],
defatted ground [ 20,51–53], or hydrolyzed ground [ 20] feed ingredients. Defatting is important for
ensuring longer storage and processing. This is because full-fat T. molitor larvae contain a high fat
(25–35%) and fatty acid composition (10–30%) and those contents make them susceptible to lipid
oxidation during drying and storage [ 54,55]. Defatting can be conducted by either high pressing [ 42], or
using an organic solvent [ 56] and supercritical CO 2 [57,58]. A recent study supplemented hydrolyzed
T. molitor larvae in pig diet to reduce the possible anti-nutritive factors [ 20]. They observed that
hydrolyzed T. molitor larvae improved the ileal digestibility of pigs. Extracting and purifying the
protein or fat from T. molitor larvae have also been made possible as the processing technique has
evolved [ 48,56]. Until now, they have been used as food ingredients for humans with nutritional and
functional aspects [59]. However, extracted protein or fat from T. molitor larvae could also be used
for animal feed and this needs to be studied. The functional properties of protein extracted from
T. molitor larvae seem to be a� ected by the processing temperature and time [56,60]. Therefore, suitable
and e� cient processing steps ofT. molitor larvae for animal feed ingredients should be established in
the future.

4. Nutritional Value of Tenebrio molitor Larvae

T. molitor larvae have been used as feed ingredients for animal diets. This is because the production
e� ciency of T. molitor larvae is higher than that of the adults. The ingredient of T. molitor larvae is
produced by drying and grinding and larvae meal is produced from a by-product of oil extraction for
T. molitor larvae.

The nutritional value of T. molitor larvae or larvae meal is presented in Table 1. The crude protein
(CP) content of T. molitor larvae shows an average of 52.4% and ranges from 47.0% to 60.2%, which is
greater than that of conventional SBM (49.4%, [61]) and less than that of �shmeal (67.5%, [ 61]). The crude
protein values for T. molitor larvae or larvae meal presented in Table 1 were analyzed by combustion
(Dumas) method [ 28], Randall method [ 62,63], Kjeldahl method [ 15,16,19,54,64,65], and elemental
analysis method [65]. It should be noted that protein contents for insect are often overestimated with
the use of nitrogen-to-protein conversion factor ( kp) 6.25 [66]. The chitin exoskeleton, a polysaccharide
of glucosamine and N-acetylgluocsamine, is considered non-protein nitrogen and indigestible protein.
Recent studies have suggested that nitrogen-to-protein conversion factor for T. molitor larvae is 4.74 [67],
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4.75 [68], or 5.41 [65]. With regard to the application of kp 5.41 for T. molitor larvae [65], the CP content
of T. molitor larvae shows an average 47.2% and ranges from 43.9% to 51.0%, which is similar to that
of conventional SBM (49.4%, [61]) and less than that of �shmeal (67.5%, [ 61]). The T. molitor larvae
contain an average of 30.8% (range from 19.1% to 36.7%) of crude fat and this varies depending on
the processing method. The crude fat values for T. molitor larvae were greater than those for SBM
(1.4%) and �shmeal (10.4%) that were reported by national research council (NRC) [ 61]. However,
the average content of crude ash (4.2%) forT. molitor larvae is lower than those for SBM (7.2%, [61])
and �shmeal (17.2%, [61]) and ranges from 2.65% to 6.99%.

Whole insects contain a variable amount of �ber as measured by crude �ber, acid detergent �ber
(ADF), and neutral detergent �ber (NDF) [ 69–72]. The content of �ber in T. molitor larvae originates
from their cuticles. The crude �ber content of T. molitor larvae exhibits an average 7.43% and ranges
from 4.19% to 22.35%. The average crude �ber content ofT. molitor larvae is similar to that of SBM
(7.43%) and higher than that of �shmeal (0.26%) [ 61]. The ADF value for T. molitor larvae is 7.66% [16]
and the NDF value for T. molitor larvae is 17.4% [72]. The ADF content of T. molitor larvae is similar to
that of SBM (7.66% vs. 7.50%, respectively) [16,61], but the NDF value (17.4%) for T. molitor larvae is
higher than that for SBM (17.4% vs. 11.06%, respectively) [61,72]. The �ber in insects represents chitin,
which is in a complex matrix with cuticular proteins, lipids, and other compounds [ 73]. Since chitin
(linear polymer of � -(1-4)N-acetyl-D-glucosamine units) has a similar molecular structure to that of
cellulose (linear polymer of � -(1-4)D-glucopyranose units), ADF values adjusted for the amino acid
content can be recommended for estimating chitin contents in insects [74].

T. molitor larvae have a high quality and quantity of protein and amino acid pro�le, so are
considered a highly sustainable protein source alternative to SBM or �shmeal. The amino acid pro�le
of T. molitor larvae is presented in Table 2. The Leu, Val, and Lys are the most abundant indispensable
amino acids in T. molitor larvae, whereas His, Met, and Trp are the least abundant. The Lys content
for T. molitor larvae ranges from 1.58% to 5.76%, and the Met content forT. molitor larvae ranges from
0.52% to 2.20%. Additionally, the Thr values for T. molitor larvae ranges from 1.57% to 4.29%, and the
Trp values for T. molitor larvae ranges from 0.02% to 1.86%. TheT. molitor larvae have greater contents
of Lys, Met, Thr, Trp, Val, and Ile compared to those of SBM [ 61]. Although the Lys, Met, and Thr
contents for T. molitor larvae are lower than those for �shmeal, the Trp, Val, and Ile contents are greater
than those for �shmeal [61].

The fatty acid composition of T. molitor larvae is presented in Table 3. Regarding the saturated
fatty acids (SFA) of T. molitor larvae, myristic acid (C14:0) ranges from 2.12% to 5.21%, palmitic acid
(C16:0) ranges from 9.33% to 17.21%, and stearic acid (C18:0) ranges from 0.26% to 3.06%. Palmitoleic
acid (C16:1) ranges from 9.33% to 17.24%, oleic acid (C18:1n9) ranges from 40.78% to 49.71%, linoleic
acid (C18:2n6) ranges from 24.19% to 35.58%, linolenic acid (C18:3n3) ranges from 0.35% to 2.27%,
 -linoleic acid (C18:3n6) ranges from 0.03% to 1.85%, and eicosenoic acid (C20:1n9) ranges from 0.06%
to 0.39%, which were reported as the unsaturated fatty acids (UFA) in T. molitor larvae. The SFA and
UFA for T. molitor larvae range from 22.3% to 23.3% and from 77.7% to 79.0%, respectively [62,63].
The T. molitor larvae have similar composition of UFA when compared to poultry meal and �shmeal [ 19].
Furthermore, T. molitor larvae contain essential polyunsaturated fatty acids (PUFAs), such as omega 3
and 6 acids. A total of 46.1 to 47.3 g/100 g of omega 3 acid and 31.1 to 31.6 g/100 g of omega 6 acid were
detected in T. molitor larvae [62,63].
































