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Abstract. Increasing chicken meat production needs an alternative and easily available protein
source as a potentional substitute for soybean meal or fishmeal. The insect meals seem to be the
most appropriate alternative. Of all insect species, Tenebrio molitor, Hermetia illucens and Musca
domestica are the most suitable species for commercial exploitation in poultry feed. On the basis
of numerous studies, insect meals contain sufficient nutrients (high quality protein and fat) for
broiler production. Potential of insect meals used for feed of chickens is discussed based on
published data. Many reviews summarizing the latest insights about the insect meals as an
alternative protein source in poultry have been written. However, the present work describes not
only the insect production, nutritional value and digestibility of the insect meals, but mainly the
effect on performance, carcass characteristics and meat quality of chickens fed insect meals,
which has not been in any review summarized yet. The study describes also the risks and safety
of the insect meals. Based on numerous studies, insect meals can have a positive influence on
growth without negative impact on carcass and meat quality characteristics.
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INTRODUCTION

Protein is the major nutrient required for optimal broiler production and an
increasing poultry production call for growing amount of protein to cover requirement
of amino acids. One of the main sources of protein and fat in the feeding of poultry is
soybean (Woods et al., 2019). Livestock production in the western hemisphere is
consuming 85% of global soya production (Stamer, 2015). However, due to high cost of
soybean and the competition between livestock and humans for consumption of arable
crops, there is an increased request for the alternative and easily available protein sources
(Khan et al. (2016, 2018); Woods et al., 2019). Currently, there is an increasing interest
in the use of the insects as an alternative protein source either for total or partial
replacements of commonly used protein sources as for example soybean or fishmeal in
poultry diet, due to a high nutritive value. Insect meals are safe and do not have negative
effect on the environment contrary to soybean (global warming, biodiversity loss,
deforestation and destruction of ecosystems, increasing greenhouse gas emissions, large
carbon footprint, FEFAC, 2012) or fishmeal (decline in native fish stock, biodiversity
loss, high disease rate and coastal habitat impairment, Henry et al., 2015) production.
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However, in the European Union, the insect meals utilization in livestock nutrition
is banned (Regulation (EC) No. 1069/2009) because these compounds are considered to
be processed animal protein (PAP, Regulation (EC) No. 999/2001) prohibited in feeding
of farmed animals (Kieronczyk et al., 2018). Nevertheless, insect feed is currently
allowed in pet food and in fish feed. Only a few insect species are allowed in the
European Union for aquatic animals’ nutrition. Due to the potential ecological
advantages and good acceptance among farmers and consumers (Verbeke, 2015), it is
probable that the political framework may change in the future and make use of the insect
protein possible also in poultry diets (Leiber et al., 2017). One of the reasons for a likely
permit is that poultry consume insects as part of their natural diet.

Many reviews reported the information about the insect meals as an alternative
protein source in poultry nutrition. However, there is a lack studies summarizing the
results on slaughter parameters and meat quality of chickens. Therefore, the aim of this
work was to update, present and discuss the previous studies regarding the insect as a
potential alternative protein source and describe its effect on poultry performance,
carcass traits and meat quality.

INSECTS PRODUCTION

Approximately 2,000 species of insects are known to be a highly digestible and
edible protein source for humans or animals (Ramos-Elorduy, 2005). Insects have
several useful physiological characteristics such as high reproductive ability, high feed
conversion rate and easy rearing with low feed cost (Liu et al., 2011). Insect species are
efficient feed converters because they are cold-blooded (Cullere et al., 2016) and do not
use energy to maintain body temperature (Biasato et al., 2018a). Insects effectively
utilize water and, in most cases, the feed is the main source of water (Jozefiak &
Engberg, 2015). Generally, the breeding of insects does not require a complex
infrastructure and their care is simple (Khusro et al., 2012). Insects can grow on various
substrates as for example cereals, decomposing organic materials, fruit or vegetables,
poultry, pigs and cattle manure, industry by-products or waste products, which would be
environmental problems (Sanchez-Muros et al., 2014; Cullere et al., 2016). However, in
European Union is forbidden to use manure and other animal by-products in insects
nutrition which are produced as a feed for livestock (Article 7 and Annex IV to
Regulation (EC) No 999/2001; Regulation (EC) No 1069/2009). Khan et al. (2016)
reported that use of insect meals or larvae meals (Kareem et al., 2018) can decrease the
cost of poultry feed especially if it is reared on bio-waste. Insects can transform waste
into valuable biomass (Nguyen et al., 2015) and convert low-quality plant waste into
high-quality crude protein, fat and energy in short time (Makkar et al., 2014). The
amount of manure is reduced by at least 50% and the resulting product contains nutrients
such as phosphorus (60% to 70%) and nitrogen (30% to 50%; van Huis et al., 2013). The
other advantage is the ability of larvae to decrease bacterial growth in the manure and
thus reduce odour (Jozefiak & Engberg, 2015).

The growth rate of insects depends on microclimate. The optimal temperature for
most insect species rearing is 27-30 °C (Jozefiak et al., 2016). The larvae of insects are
the most effective for production and it is possible to produce more than 180 kg of live
weight of Hermetia illucens larvae in 42 days from 1 m* (Jozefiak et al., 2016).
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The insect market for animal feed is continually increasing in the world, especially
focused on Tenebrio molitor larvae (mealworm). 7. molitor and H. illucens (black
soldier fly) are two of the most promising insect species for commercial exploitation and
for use in poultry feeds (Jézefiak et al., 2016), their production is seamless and well
understood (Kieronczyk et al., 2018).

INSECT NUTRITIVE VALUE

Insects have high nutritive value, not only in crude protein but, also for fats,
minerals, and vitamins (Khusro et al., 2012). Nevertheless, the nutrient concentration of
insects depends on the production technology and feed composition for insect production
and on the life stage of insects (Jozefiak & Engberg, 2015). Insects are a potential protein
source in fish, pigs and poultry (Bovera et al., 2016; Jozefiak et al., 2016). Larval and
pupal stages of Musca domestica (maggot meal), 7. molitor or H. illucens (Kareem et
al., 2018) are rich sources of crude protein (40—-60%) which is similar to soybean meal
(Ramos-Elorduy et al., 2002; Ghaly & Alkoaik, 2009; Tran et al., 2015). All species of
insects are rich in essential amino acids (Al-Qazzaz et al., 2016) and according to
Rumpold & Schluter (2013) have a better balance of essential amino acids (methionine
and lysine) than most grains. However, Bovera et al. (2016) reported that the insect meals
protein had a low content of essential amino acids of methionine, cysteine, lysine, and
tryptophan. On the other hand, Tschirner & Simon (2015) showed that H. illucens larvae
have a particularly advantageous amino acid profile with high proportions of lysine and
methionine. Moreover, Woods et al. (2019) stated that the addition of fish guts to the
substrate improved the amino acid content, mainly essential amino acid, in the larvae of
H. illucens; however, the usage of animal by-products to feeding insects is not allowed
in European Union. According to Makkar et al. (2014) and Khan et al. (2018) the
T. molitor had a better nutritive profile than silkworm, M. domestica and soybean meal
because contains a higher amount of crude protein, fats, amino acid, and mineral content.

Meal from larvae of H. illucens is according to Schiavone et al. (2017) excellent
source of apparent metabolizable energy for broiler chickens. The fat content in the
selected insect species was determined on the level of 30.8% and 33.6% for 7. molitor
and Zophobas morio, respectively (Kieronczyk et al., 2018). Likewise, Ramos-Elorduy
et al. (2002) and Ghaly & Alkoaik (2009) reported that larval and pupal stages of
T. molitor and other insects are rich in fat (35% in dry matter). The lipid content of
insects depends on many factors, such as the diet or the life stages of insects. Therefore,
the chemical composition of the insects could affect the growth substrate and the time
of harvest (Spranghers et al., 2017). Woods et al. (2019) found that the fat content of
larvae H. illucens was modified by the growing substrate, while the crude protein content
was constant. Kieronczyk et al. (2020) have shown that crude protein, and other nutrients
in H. illucens larvae can be modified by the organic waste used as a substrate.

The final composition of animal fat reflects the fatty acid composition of the diet.
The fatty acid profiles of insect oils showed higher saturated fatty acids contents (SFA;
mainly palmitic acid C16:0 and stearic acid C18:0), and higher concentrations of
monounsaturated fatty acids (MUFA; mainly oleic acid C 18:1, n-9; Al-Qazzaz et al.,
2016). The degree of unsaturated insect fatty acids is similar to fish oil, but insect fatty
acids are richer in polyunsaturated fatty acids (PUFA; De Foliart, 1991; Kieronczyk et
al., 2018). For example, T. molitor larvae contained high levels of unsaturated fatty acid
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and had suitable unsaturated fatty acid to saturated fatty acid ratio which may have
resulted in the maintenance of fat digestibility (Finke, 2002). The fat content of
H. illucens prepupae was around 32%, where the main fatty acid group was saturated
fatty acids (SFA) in which lauric acid (C12:0) was the predominant one (67% of total
SFA; Surendra et al., 2016). The larvae of H. illucens have the disadvantageous n-6/n-3
ratio (Woods et al., 2019). Nevertheless, the fatty acid profile of insects depends on the
growth substrate. Kieronczyk et al. (2020) reported that the organic wastes can modify
fatty acid profile and wheat bran compared to cabbage or carrots used as a substrate for
H. illucens production reduce the lauric acid (C12:0).

The insects also have sufficient content of copper, iron, magnesium, phosphorus,
and zinc for requirements of domestic birds (Barker et al., 1998). However, the majority
of insects had low concentrations of calcium to meet chicken dietary needs, but this is
important especially for laying hens, not for broiler chickens (Khusro et al., 2012).
Moreover, calcium to phosphorus ratio is mainly detrimental in insect meals is mainly
detrimental from nutritional issues, and due to this fact, it should be taken into
consideration during calculations of poultry diets.

Chitin

The chitin content can affect the digestibility and nutritional properties of insects.
Chitin is the most common form of fiber in insects (Al-Qazzaz et al., 2016); however,
due to the nitrogen absence is also analysed by Kjeldahl method as a crude protein and
is included to the nitrogen-to-protein conversion factor of 6.25, which overestimated the
protein content. Because of this reason, Janssen et al. (2017) suggested conversion factor
of 5.60 £ 0.39. Chitin is a polysaccharide (linear polymer of B-(1-4) N-acetyl-d-
glucosamine units) of the exoskeleton of anthropods (Sanchez-Muros et al., 2014).
Chitin has been considered as indigestible fibre for a long time. However, in some
mammals and birds like chickens the gastrointestinal tract (GIT) produces enzyme
chitinase (in chickens in the proventriculus and hepatocytes, Suzuki et al., 2002), which
degrades chitin into its derivatives chitosan, chitooligosaccharides, and chitooligomers
that are easily absorbed into blood circulation (Borrelli et al., 2017; Tabata et al., 2017).
Kramer et al. (1995) showed that the chitin content creates up to 40% of the exuvial dry
mass depending on the insect species and its stages and differs with the cuticle types.
Average chitin yields were 18.01% and 4.92% of dry weight from the exuvium and
whole body of the 7. molitor larvae (Song et al., 2018). The chitin composition depends
on species and development stadium of insect (Al-Qazzaz et al., 2016).

On the other hand, chitin have a positive effect on the functioning of the immune
system and thus on the health in poultry. Prebiotic effect of chitin was observed by
increasing caecal production of butyric acid (Bovera et al., 2010; Khempaka et al., 2011),
by improving the immune response of birds (Bovera et al., 2015) or due to lowering the
albumin to globulin ratio (Loponte et al., 2017). Chitin and its derivatives can help to
maintain a balanced and the healthy GIT microbiota that keeps the amounts of potentially
pathogenic bacteria (for example Escherichia coli, Salmonella typhimurium) low
(Benhabiles et al., 2012) and decreases the risk of intestinal diseases. By reducing the
number of pathogenic microbiota, chitin encourages the proliferation of commensal
bacteria. A positive effect of chitin on increasing population of Bifidobacteria and
Lactobacillus spp. showed Lee et al. (2002) and van Huis et al. (2013), who also stated
that diet containing 3% of chitin decreased Escherichia coli and Salmonella spp. in the
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intestine. Chitin also has antifungal and antimicrobial properties (Khoushab &
Yamabhai, 2010).

INSECT MEALS ANTIMICROBIAL PROPERTIES

Various populations of microbiota colonize all segments of the GIT in poultry
(Jozefiak & Engberg, 2017). The main taxa of the broiler chickens GIT are cellulolytic
and amylolytic Clostridia, Bacillus spp., Lactobacillus spp., and Enterococcus spp. GIT
microbiota seems to be crucial for GIT health determination, can affect intestinal
morphology through modifications of villus height and crypt depth, and may modulate
synthesis and composition of mucins (Forder et al., 2007). Mucins constitute a digestion-
and absorption-assisting medium and represent the first line of protection against
bacteria and other pathogens (Forstner & Forstner, 1994). The GIT microbiota is mainly
influenced by the nutrition. Insects have high medium chain fatty acids (MCFAs) and
lauric acid (C12:0) contents (Spranghers et al., 2017). MCFAs have been shown to
improve the intestinal morphology and function, through their beneficial effects on crypt
cell renewal (Jenkins & Thompson, 1993). On the other hand, Spranghers et al. (2018) in
their study did not detect the differences in small intestine morphology between piglets
under various diets. MCFAs have also antimicrobial effect on GIT microbiota, while
lauric acid (C12:0) is particularly active against Gram-positive bacteria. The
antimicrobial activity of MCFAs and lauric acid is related to the reduction of pH. In the
proximal small intestine with pH from 4.0 to 6.0, most of the lauric acid will be
undissociated, and can freely penetrate though the peptidoglycan membrane of the
Gram-positive bacteria into the cytoplasm (Spranghers et al., 2018). In the in vitro
experiment, Spranghers et al. (2018) exhibited that the high amount of lauric acid in the
H. illucens fat extracts had antimicrobial effect against D-streptococci, but no effect on
coliforms.

In addition to the above-mentioned positive effect of chitin, MCFAs, and lauric
acid on the immune system, insects are also able to synthesize antimicrobial peptides
(AMPs) which have revealed a broad spectrum of activity against both Gram-positive
and Gram-negative bacteria, fungi, and viruses. Moreover, this activity does not lead to
the development of natural bacterial resistance (Jozefiak & Engberg, 2017). Benzertiha
et al. (2019b) showed that AMPs are probably responsible for decrease of bursa of
Fabricius size playing an important role in the differentiation of B-lymphocytes. Jozefiak
et al. (2018) found that inclusion of small amounts (0.05 to 0.2%) of insect full-fat meals
can modulate the microbiota composition of the GIT in the broiler chickens and do not
result in the development of natural bacterial resistance. Biasato et al. (2018b) showed
in the caeca of free-range chickens fed with 7. molitor the most predominant genera
Bacteroides, unclassified members of Bacteroidales order, Clostridium and
Ruminococcus. The genera Clostridium and Ruminococcus produce organic acids,
including butyrate, acetate, lactate or formate (Jozefiak et al., 2018). Furthermore,
Ruminococcus genus can produce other short chain fatty acids, which are an important
source of energy for enterocytes and are vital for intestinal health (Biasato et al., 2018b).
In chickens fed with T. molitor meal increased the number of Clostridium, Oscillospira,
Ruminococcus, Coprococcus and Sutterella genera in their caeccal community (Biasato
et al., 2018b). Clostridium genus, Oscillospira and Coprococcus include bacteria
capable of producing butyrate that have a positive role on intestinal villus structure and
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pathogen control as mentioned above. Jozefiak et al. (2018) reported that greater quantity
of Clostridium leptum and Eubacterium rectale in chickens fed with insect meals can be
a good indicator of the butyrate-producing microbiota, which indirectly affect epithelial
cell structure and function, particularly in the lower regions of the GIT (Jozefiak et al.,
2018). The illeal digesta of the broiler chickens from treatment supplemented with insect
meals had the highest counts of Clostridium coccoides-Eubacterium rectale cluster and
Lactobacillus spp./Enterococcus spp. Counts increased with the addition of 7. molitor
meal. H. illucens supplementation increase Bacteroides-Prevotella, Clostridium
coccoides—Eubacterium rectale cluster and Streptococcus spp./Lactococcus spp. in the
caeca (Jozefiak et al., 2018). C. coccoides are commensal GIT microbiota and are
considered a group of bacteria playing important role in immunology, nutrition, and
pathological processes (Jozefiak et al., 2019). Free-range chickens fed with 7. molitor
meal showed increased abundances of Firmicutes and decreased abundances of
Bacteroidetes phyla, and higher Firmicutes:Bacteroidetes ratios. Firmicutes phylum
have an important role in the digestion of feed and the host health, while greater
Firmicutes:Bacteroidetes ratios have been related to bacterial profile with higher
capacity of energy harvesting (Biasato et al., 2018b).

The increased levels of commensal bacteria can have beneficial effect on health
due to immune system stimulation. The results of Jozefiak et al. (2018) showed that the
low inclusion of the insect full-fat meals affected GIT microbiome and decreased the pH
value in the crop and in caeca. This acidification can reveal the potential bacteriostatic
role of insect meals in the GIT of poultry.

NUTRIENT DIGESTIBILITY

The nutrient concentration of insects depends on their life stage, rearing conditions
and the substrate used for insect production (Makkar et al., 2014). Measuring
digestibility is a way how to estimate the availability of nutrients.

Results of the digestibility trial of Woods et al. (2019) showed a higher apparent
digestibility for dry matter and organic matter for H. illucens larvae fed quail compare
to the control fed group. Contrary, Bovera et al. (2016) found 2% lower ileal digestibility
coefficients of dry matter and organic matter in broilers fed the 7. molitor diet than those
fed the soybean diet. In laying hens, Cutrignelli et al. (2018) detected the reduced
coefficients of the apparent ileal digestibility (AID) of dry and organic matter when fed
the H. illucens meal diet. This decreasing were according to these authors mainly due to
the strong reduction of the crude protein digestibility that was related to the presence of
the chitin in the insect meals, which negatively influences the crude protein digestibility.
If we compare digestibility coefficients of the dry matter between 7. molitor meal and
H. illucens meal, no differences were found (De Marco et al., 2015).

Woods et al. (2019) observed a higher apparent metabolizable energy for
H. illucens larvae fed quail compare to the control fed group. Nevertheless, in this study,
H. illucens meal has resulted more digestible than the 7. molitor meal in case of fat.
Similar results showed Benzertiha et al. (2019a) who did not find the differences among
T. molitor oil and palm oil on AID of crude fat, and metabolizable energy. The apparent
metabolizable energy of the 7. molitor meal and H. illucens meal (De Marco et al., 2015)
was higher than all the ingredients normally used in poultry feeds.
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Hwangbo et al. (2009) in their experiment fed 4-week old chickens with a diet
substituting 300 g kg™ dried M. domestica and found very high apparent digestibility
coefficient of crude protein for M. domestica larvae (0.98) compared to soybean.
Pretorius (2011) substituted 500 g kg of a maize meal-based diet with M. domestica
larvae meal for 3-week old broiler chickens and detected a crude protein digestibility of
0.69. De Marco et al. (2015) found no difference between 7. molitor meal and H. illucens
meal in digestibility coefficient of the crude protein. Benzertiha et al. (2019a) studied
the 7" molitor oil as total replacement for palm oil in chicken diet. They observed no
effect on apparent crude protein digestibility in chickens. On the other hand, Schiavone
et al. (2014) observed lower crude protein digestibility when chickens were fed
T molitor larvae as well as Bovera et al. (2016) who found 8.2% lower crude protein
digestibility in chickens fed 7. molitor compared to soybean diet.

De Marco et al. (2015) found that the AID of amino acids in the 7. molitor meal
was higher and showed less variation than in the H. i/lucens meal. In this study, threonine
(0.80) and methionine (0.80) for 7. molitor, and methionine (0.42) and isoleucine (0.45)
for H. illucens were the least digested indispensable amino acids. The AID coefficients
of the indispensable amino acids (phenylalanine and arginine in the 7. molitor meal, and
arginine and histidine in the H. illucens meal) was greater than 0.80.

According to above-mentioned results, insect meals can be alternative crude protein
source for soybean meal or fishmeal.

INSECTS IN POULTRY NUTRITION

Insects in various stages (adult, larval and pupal forms) are naturally consumed by
wild bird and free-range poultry (Biasato et al., 2018a).

Birds including chickens have a low taste bud number and thus low taste acuity
compared to mammals (Liu et al., 2011). Chickens have different sensitivities to the
bitter taste (Woods et al., 2019). Cullere et al. (2016) made a feed-choice test in quails
and observed that the birds preferred the diet including H. illucens meal compared to
soybean meal. In particular studies, insects are fed to poultry in the form of meal or oil,
but according to Moula et al. (2017), feeding life insects may be more adequate than
after processing. On the other hand, some insects cannot be used directly because they
secrete toxins or harmful minerals (Vijver et al., 2003). Therefore, they should be
processed to make them safe for use in poultry diets. Live insects can also be difficult
for handling and incompatible with automated feeding systems and can act as vectors in
the transmission of infectious and viral diseases (Khusro et al., 2012). Live insects also
may be difficult to mix them with ingredients in the diet, so processed insects can be
casier to handle (Al-Qazzaz et al., 2016).

Pretorius (2011) showed that the housefly larvae can be added at the level of 25%
of diet without negative effect on growth and feed efficiency which means that insect
meals can replace other crude protein sources such as soybean meal or fishmeal. Johnson
& Boyce (1990) revealed that increasing amount of insect meal added in the diet
improved survival and growth rate of chickens. Mortality of quails was not affected by
the inclusion of 10% dried H. illucens larvae (Woods et al., 2019). Correspondingly, the
results obtained by Kareem et al. (2018) showed that excreta Enterobacteriaceae count
was lower in birds fed with larvae meal supplemented diets than the control.

382



THE GROWTH PERFORMANCE

Insect meals can affect the growth performance, and the level of influence depends
on the added insect meals amount and its quality.

The effect of insect meals in the diet on body growth can be due to the different
impact on the digestive system and the GIT microbiota modulation. Ballitoc & Sun
(2013) found that the small intestine weight increased at up to 10% when the broilers fed
T. molitor compared to control. The results of Bovera et al. (2016) showed that the length
and weight of ileum and caeca increased when chickens were fed with 7. molitor larvae
meal supplementation.

In the final phase of nutrient digestion, morphology of intestine plays the main role.
Villus height and crypt depth are microscopic structure parameters that are good
indicators of intestinal development, health and functionality, and influencing nutrient
digestion and absorption (Schiavone et al., 2018). If the digestibility of nutrients is
limited, it resulted in the increasing villi length and the villi to crypt ratio in the
duodenum and jejunum and thereby increasing area for nutrient absorption (Laudadio et
al., 2012; Zeitz et al., 2015). However, the changes in morphology, length and weight of
intestine depends on the protein source-level substitution with insect meals and on the
insect species. Biasato et al. (2018a) observed in the birds fed with 15% level of
T molitor inclusion shorter villi, deeper crypts compared to 5% level of 7. molitor
inclusion or control. According to Bovera et al. (2010), chitin contained in insect meals
in a broiler diet increased in caeca the production of butyric volatile fatty acid which is
considered the prime enterocyte energy source and can stimulate the growth of ileal
mucosal cells and thus to have an impact on the body growth.

Despite the effect of feeding the insect meals on the structure and length of the
intestines, the effect on growth itself is not clear. Some authors did not find the influence
of insect meals on growth. No effect of 7. molitor inclusion level from 5 to 10% in partial
substitution of soybean meal on growth performance was detected by Ramos-Elorduy et
al. (2002) in fast-growing chickens as well as Biasato et al. (2016) in medium-growing
chickens, who substituted 7.5% of corn gluten meal with 7. molitor meal. Likewise,
Kieronczyk et al. (2018) replaced soybean oil by T. molitor oil or Z. morio oil and they
did not detect effect on growth, as well as Schiavone et al. (2017; 2018) in case of
H. illucens oil supplementation. Similar results observed also Benzertiha et al. (2019a)
who used 7. molitor oil to replace palm oil in the diet of chickens. Cullere et al. (2016)
reported no difference in daily weight gain in quails fed deffated H. i/lucens meal and
control group. On the other hand, Bovera et al. (2015, 2016) showed improved growth
performance when 29.6% of soybean meal was replaced by 7. molitor meal, and also
Khan et al. (2018) reported significantly higher weight gain in birds by substituting
insect meals. Moreover, Biasato et al. (2018a) detected that the live weight of the birds
improved with increasing level of 7. molitor meal in feed. Similarly, higher live weight
of chickens fed with mealworm showed Khan et al. (2018) or Altmann et al. (2018) for
chickens fed with the diet containing H. illucens larvae meal. On the other hand, Bovera
et al. (2015) examined a 30% T. molitor meal inclusion (equal to a 100% soybean meal
replacement) in broiler diets, and they did not detect any differences in live weight after
a 64-day feeding trial. Correspondingly, Awoniyi et al. (2003) showed that the replacement
of fishmeal with larvae meal in broiler diets did not influence live weight. It seems that
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the influence of growth and thus live weight depends on the insect species and on the
protein source-level substitution with insect meals.

Cullere et al. (2016) reported no difference in average daily feed intake (FI) from
the conventional feed when intensively reared growing quails were fed on defatted
H. illucens meal. Similarly, daily FI was not influenced by the partial or total
replacement of soybean oil by H. illucens larvae fat (Schiavone et al., 2018). Broiler
chickens fed with mealworm exhibited lower FI compared to those fed with soybean
(Khan et al. (2016, 2018)). The lower FI in chicken can be attributed to the high lipid
content (Poorghasemi et al., 2013) or higher crude protein percentage of insect meals
(Makkar et al., 2014). On the other, Kieronczyk et al. (2018) have stated that the
energetic value of 7. molitor oil is similar to soybean oil. Chickens fed the diet with 7.
molitor meal had better feed conversion ratio (FCR) compared to the control group
(Bovera et al., 2016). Moreover, Khan et al. (2018) evaluated different insects and found
that FCR improved in 7. molitor-substituted group followed by silkworm, M. domestica
meal and soybean meal. Better FCR can be due to efficient utilization of crude protein
and quality of amino acids.

CARCASS TRAITS

Most of the studies did not find significant differences in carcass traits of young
chickens when fly larvae or pupae replaced soybean meal. No effect on carcass traits
was observed after house M. domestica meal was added to the diet of broiler chickens
(Hwangbo et al., 2009). Similarly, 7. molitor meal inclusion did not affect the carcass
traits of experimental groups in the trial of Bovera et al. (2016) or Biasato et al. (2016,
2018a). Contrary, in the study of Pieterse et al. (2014) animal protein-based diets (i.e.
fishmeal and larvae meal) resulted in heavier carcasses compared to soy-based diet.
Likewise, Altmann et al. (2018) detected heavier carcass in chickens fed with diet where
50% of the soy-based protein was substituted by H. illucens larval meal than in control
group, probably because of H. illucens meal diet was substantially higher in crude
protein and ether extract and chickens fed with this diet had higher final live weight.

When fishmeal was replaced by larvae meal in broiler diets, the dressing out
percentage was not affected (Awoniyi et al., 2003). In agreement, Cullere et al. (2016)
fed broiler quails on 0, 10, and 15% inclusion levels of H. illucens meal and did not find
a difference between the conventional and insect-based diet on dressing out percentage.
On the other hand, Hwangbo et al. (2009) observed higher dressing percentages for
broilers fed house fly meal included at levels from 5% to 20%.

The results of the percentage of the main valuable parts in poultry fed insect meals
are ambiguous. Awonyi et al. (2011) showed no effect of replacement fishmeal by larvae
meal on muscle yield. Cullere et al. (2016), Onsongo et al. (2018) and Kareem et al.
(2018) did not observe the effect of H. illucens meal inclusion on breast meat percentage
in quails or chickens, respectively. However, when soy-based diet was partially replaced
with insect meals, it resulted in higher breast and thigh muscle weights (Hwangbo et al.,
2009) or higher breast meat percentage (Pieterse et al., 2014).
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MEAT QUALITY

Meat quality can be described by chemical composition, physical meat
characteristics (pH value, colour, tenderness) or sensory value. The chemical
composition of meat can be influenced by the crude protein and energetic concentrations
in the diet, whereas the impact of the crude protein source is still unclear (Ozek et al.,
2003). Regarding the change of protein in the diet, Pieterse et al. (2014) and Bovera et
al. (2016) found that when the soybean meal was completely replaced by 7. molitor meal
as a crude protein source, it did not affect the proximate composition of meat. Pieterse
et al. (2019) showed that the inclusion of H. i/lucens meal in the broiler chicken diet did
not influence moisture, crude protein, fat and ash content of cooked meat. The
assimilation of dietary fats by chickens is higher for unsaturated than for saturated fatty
acids (SFA). Unsaturated fatty acids spontaneously formed mixed micelles with
monoglycerides and conjugated bile salts and then are transported to the mucosal surface
where they are absorbed by the small intestine (Tancharoenrat et al., 2014). With
increasing H. illucens larvae inclusion rate, the proportion of SFA in breast meat of
broiler chickens enlarged to the detriment of the PUFA fraction. PUFA are responsible
for various functions in the body and are precursors of cellular functions molecules
(Abdulla et al., 2019). T. molitor oil supplementation increased n-3 and n-6 fatty acids
in breast meat of chickens (Benzertiha et al., 2019a). On the contrary, MUFA fraction
was unaffected (Schiavone et al., 2017). It seems that insect meals used in broiler
chickens have the potential to produce meat with comparable chemical traits compared
to those fed diets containing traditional feed ingredients (Pieterse et al., 2019).

From physical meat properties, the pH value is important for the detection of meat
defects like PSE (pale, soft, exudative meat) if the pH value measured 15 minutes post
mortem is lower than 5.6. Cullere et al. (2016) obtained that quails fed H. illucens at 10
or 15% had a pH value of around 5.67, that is slightly lower than in control group fed
soy-based diet. On the other hand, according to the study of Bovera et al. (2016), poultry
fed with insect meals had higher pH value. In contrast, Pieterse et al. (2019) showed that
no treatment differences were found regarding to the initial and ultimate pH of the thigh
muscles. Despite this, the addition of insect meals did not lead to negative changes in
pH values that could indicate meat defects.

Nutrition can also affect meat colour, as it is the main sources of pigments in animal
life. Consumers consider meat colour an important quality clue at the point of purchase
(Fletcher, 1999). Secci et al. (2018) have recently found that 1 kg of H. illucens larval
meal contained around 42 g of total tocopherols and 2 mg of total carotenoids. The
pigments in animal feeding are derived from all the ingredients utilized for the
formulation. No significant treatment differences for colour were observed regarding the
colour characteristics of the broiler breast muscle (Fletcher, 1999). Secci et al. (2018)
did not find any differences in meat colour parameters between barbary partridge fed
with soybean meal, insect meals or vegetable oils.

Another meat quality parameter important for the consumer is meat tenderness,
which was not affected by the introduction of insect meals in the diet (Bovera et al.,
2016; Pieterse et al., 2019). Water holding capacity of meat can be described by the drip
loss or cooking loss when the meat is heat-treated. Drip loss was the lowest for the
larvae-fed samples compared to those with soybean (Pieterse et al., 2014). However,
when meat was heat-treated poultry fed with insect meals had higher cooking losses
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(Bovera et al., 2016). In another study, no significant treatment differences were found
for thaw loss and cooking loss (Pieterse et al., 2019).

Broilers are monogastric animals, any variation in the chemical composition of the
feeds could potentially influence (positively or negatively) the sensory profile of the
meat (Pieterse et al., 2019). According to the study of Hwangbo et al. (2009), the
organoleptic characteristics of broiler meat were not affected by insect meals in the diet.
Likewise, the sensory test of Onsongo et al. (2018) suggests that inclusion of H. illucens
meal in broiler diets does not affect consumer preference for broiler chicken breast meat
consumption because the insect meals inclusion did not change the taste and aroma of
the meat as well as in study of Pieterse et al. (2019).

On the other hand, fresh chicken breast filets score had the most intensive flavour
in H. illucens fed group (Altmann et al., 2018). The larvae-fed meat samples scored
significantly higher for sustained juiciness compared to the soy and fish meal-fed
samples and it also provides an indication that broilers fed larvae meal could have juicier
meat (Pieterse et al., 2014).

Therefore, it can be concluded that the substitution of soy-based protein with insect
meals expressed very modest or no changes in the meat quality for many of the meat
quality parameters.

SAFETY

Safety aspects of insects for feed production are not well-known until now. Insects
can receive certain substances from the feed or growing substrate. Goumperis (2012)
reported potential hazards of insects for feed production. Feed for insects can be
contaminated with mycotoxins, heavy metals, pesticides etc. (Van der Spiegel et al.,
2013). Mycotoxins from feed or substrate for insects rearing can affect the growth,
inhibit larval development or increase mortality of insects. Consumption of mycotoxin-
contaminated insect can present a risk to animals. However, Schrogel & Watjen (2019)
reviewed the effect of mycotoxins on insect safety. These authors showed that no
accumulation of various mycotoxin concentration was observed in different feeding
experiments with various insect species; even up, the mycotoxin concentration in
substrate was 25-times more than maximum limit. According to results, it is better to starve
insect of at least 24 hours before harvesting to eliminate mycotoxins in the insect’s body.

Toxicity of heavy metals (e.g., cadmium, arsenic, cobalt, copper, nickel etc.) is due
to interference with vital cellular components. Vijver et al. (2003) showed upon the
update and accumulation of heavy metals (cadmium, copper, lead, zinc) from soil by
T. molitor larvae. If the level of contaminants were very low, no additional hazard to
animals or animal products was expected (Schrogel &Witjen, 2019). According to the
review of these authors, H. illucens is capable to accumulate cadmium and 7. molitor
accumulates arsenic. Diener et al. (2015) showed that the insect larvae could accumulate
some heavy metals in their body, such as cadmium or plumbum immobilized in the
exoskeleton. Accumulation of heavy metals occurred to varying outspread dependent on
metal type, insect species and its stages. The contamination is especially for the insect
adults which eats grass.

Potential risk of the insects themselves can be allergens, pesticides, contaminant or
pathogens (Van der Spiegel et al., 2013). Insects also contained chemical defence
substances as toxins produced by the exocrine gland. The presence of pathogenic

386



microorganisms in insects used as feed or its constituent presents a potential health risk
that can be prevented by farming or processing conditions (Rumpold & Schliiter, 2013).
The prevention of these risks is rearing insects on pollutant-free substrate.

On the other hand, Jin et al. (2016) did not detect the effect of mealworm on blood
IgG and IgA concentration as an immune response. Benzertiha et al. (2019b) showed
that the small amount of 7. molitor and Z. morio (0.2 and 0.3%) full-fat meals to the diet
of broiler chickens decreased the levels of [gM and IgY and may have a significant effect
on the immune response. According to these authors, the antimicrobial effects of insect
components such as chitin and antimicrobial peptides could explain this effect. Belluco
et al. (2013) showed that insects have no additional hazards compared to usually
consumed animal products. Likewise, 7. molitor meal inclusion did not impair the blood
parameters, which verifies the safety of insect meals inclusion in poultry diet (Bovera et
al., 2015; Biasato et al., 2018a).

CONCLUSIONS

Overall, the literature reviews verify that insect meals contain sufficient nutrients
for broiler production and have no negative effect on most of carcass and meat
characteristics. Insect meals can be suitable alternative protein source for the feeding of
chickens. However, in the European Union, the insect meals are defined as processed
animal protein and its utilization in livestock nutrition is banned.

If the feeding will be allowed, the limited quantity of produced insects could be a
significant obstacle. Likewise, the prices for insect meals are presently high and it is
necessary to develop automated process technologies for rearing and harvesting
(Rumpold & Schliiter, 2013; Jozefiak et al., 2016). Therefore, further research is needed
to maintain safety and good technological practices for the possible production of insects
as a source for poultry feed.
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