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Preface

There is no doubt that, throughout the history of mankind, humans have consumed insects,

either by ingesting them more or less accidentally within fruit or by seeking to eat them deliberately

(Bequaert, 1921; Bergier, 1941; Bodenheimer, 1951). Even monkeys, our closest animal relatives, have

been observed to actively collect insects and other arthropods in order to eat them (e.g., Marshall, 1902;

Carpenter, 1921; Nickle and Heymann, 1996; Sanz et al., 2009). Over the last 50 years, there has been

a renewed interest in insects as a source of human food. Conferences have begun to focus on edible

insects since the XVI International Pacific Science Congress in Seoul in 1987 and the International

Conference on Minilivestock in Beijing in 1995 brought this topic to a wider audience. Numerous

scientific publications over the last 20–30 years have praised the advantages of insect-based diets over

conventional diets like poultry and especially ruminants, and have highlighted the environmentally

advantageous aspects of reared insects over traditionally farmed animals. Various edible insect species

have been examined for their acceptability as a novelty food (or feed in animal husbandry and fish

culture), as well as undergoing scrutiny with regard to their potential risk of carrying diseases or

undesired microbes. Although insects should not merely be seen as a food item for humans in order to

survive periods of starvation, there is no way to deny that the global food security situation for the

human population is precarious.

Despite earlier reports of people living in different parts of the world who traditionally engage in

entomophagy (the consumption of insects), it was not until Meyer-Rochow (1975) linked global food

security to the universal and extensive use of insects around the world as a possible and potent way

to ease global food shortages. We now possess a myriad of information on the kinds of insects that

serve as food sources to various people worldwide; we know that most insects are nutritious, consist

of valuable protein and easily digestible fatty acids, and contain important minerals and vitamins,

and recommendations exist regarding how to breed the most lucrative species optimally. However,

there are still gaps to be filled with regard to the processing of cultured insects, the preparation and

conservation of insect-based foods, economics and marketing, and the potential of insects as suppliers

of health-promoting drugs and medicines. It is with these thoughts in mind that we accepted to serve

as Guest Editors for this Special Issue of Foods on edible insects, focusing on their role as food sources

and as raw materials for a variety of products.

1. Bequaert, J. Insects as food: How they have augmented the food supply of mankind in early and

recent years. Nat. Hist. J. 1921, 21, 191–200.

2. Bergier, E. Peuples Entomophages et Insectes Comestibles: Etude sur les Moeurs de L’homme et de L’insecte;

Imprimerie Rulliere Freres: Avignon, France, 1941.

3. Bodenheimer, F.S. Insects as Human Food; W. Junk Publishers: The Hague, The Netherlands, 1951.
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5. Marshall, G.A.K. Five years’ observations and experiments (1896–1901) on the bionomics of South

African insects, chiefly mimicry and warning colours. Trans. R. Entomol. Soc. Lond. 1902, 50, 287–584.

6. Nickle, D.A.; Heymann, E.W. Predation on orthoptera and other orders of insects by tamarind

monkeys, Saguinus mystax mystax and S. fuscicollis nigrifrons (Primates: Callitrichidae) in

north-eastern Peru. J. Zool. (Lond.) 1996, 239, 799–819.

xi



7. Sanz, C.; Schoning, C.; Morgan, D. Chimpanzees prey on army ants with specialized tool set. Am. J.

Primatol. 2009, 71, 1e8.

8. Meyer-Rochow, V.B. Can insects help to ease the problem of world food shortage? Search 1975,

6, 261–262.

Victor Benno Meyer-Rochow and Chuleui Jung

Editors

xii



Citation: Meyer-Rochow, V.B.; Jung,

C. Interest in Insects as Food and

Feed: It Does Not Wane in the Public

Domain. Foods 2022, 11, 3184.

https://doi.org/10.3390/

foods11203184

Received: 13 September 2022

Accepted: 26 September 2022

Published: 12 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Editorial

Interest in Insects as Food and Feed: It Does Not Wane in the
Public Domain

Victor Benno Meyer-Rochow 1,2,* and Chuleui Jung 1,3,*

1 Agricultural Science and Technology Research Institute, Andong National University, Andong 36729, Korea
2 Department of Ecology and Genetics, Oulu University, SF-90140 Oulu, Finland
3 Department of Plant Medicals, Andong National University, Andong 36729, Korea
* Correspondence: meyrow@gmail.com (V.B.M.-R.); cjung@andong.ac.kr (C.J.)

This Special Issue of Foods represents Volume 2 of the topic “Edible Insects as Innova-
tive Foods: Nutritional, Functional and Acceptability Assessments”. Although some of the
20 contributions in this volume deal with hitherto unreported food insects and some ex-
plore the effects that a diet containing insects or insect products has on the gut microbiota of
the consumer, whether human or non-human, most of the articles deal with improvements
related to processing and rearing food insects. Food safety questions are not ignored and
questions of the acceptability of insect containing food stuffs are not either. What affects
the palatability and the chemical composition of farmed insects most, is explored and how
protein and mineral levels in edible insects can be increased is dealt with in several articles.
Finally, the plea is made not to focus only on the reasons why some people reject insects as
food, but to provide convincing reasons for the advantages to health and the environment
that a greater use of insects as food and feed would present.

It is exactly 47 years ago that for the first time it had been suggested by Meyer-Rochow
that the use of insects as food and feed could ease the problem of global nutritional shortfalls
and that WHO and FAO should be encouraged to support the use of insects as food [1].
Ridiculed at first, and not taken seriously even by some science magazines and often
accompanied by funny cartoons (Figure 1), the idea gradually gained momentum and
the suggestion began to be dealt with at conferences when the topic of Food Security was
discussed. Recognition by the FAO finally came when a renewed call for support was
published by Van Huis et al. [2] and the need to increase global food production to feed the
increasing world population could no longer be overlooked.

The extraordinary increase in publications dealing with edible insects and ento-
mophagy from 1900 to 2015 was documented in 2015 by Evans et al. [3] and Müller et al. [4].
Since then, hundreds of additional papers, too many to list individually, covering a huge
range of issues all related to the use of insects as food and feed, have appeared. Yet, there
seems to be no sign of a waning interest in insects that are being promoted as a ‘novel food
for humans’ (which is actually wrong as insects represent a very ancient kind of food for
humans) [5]. In fact, products that contain insect material are now becoming increasingly
available and insects reared to be fed to livestock and poultry and to be used in fish culture
have become popular alternatives to conventional feed [6–10].

Volume one of our Special Issue on “Edible Insects as Innovative Foods: Nutritional,
Functional and Acceptability Assessments” appeared in 2020 and contained 20 articles [11].
Volume two also contains 20 articles, but the emphasis now seems to have shifted somewhat
and this time the Special Issue includes more papers related to the effects of rearing
conditions on the composition and the nutritive status of commercially reared insets and
how to best utilize these insects. Authors from 13 different countries were involved in the
articles that make up volume 2 and while it is obvious that food insects can no longer be
ignored as a food or feed item, a number of issues remain to be explored.

Foods 2022, 11, 3184. https://doi.org/10.3390/foods11203184 https://www.mdpi.com/journal/foods
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Figure 1. One of many cartoons that appeared in newspapers and magazines [12] after it had been
suggested that insects could ease the problem of food shortages.

Grinding pupae of honeybee drones and using that powder as an ingredient in puffed-
rice snacks has been carried out by Woo-Hee Cho in Korea [13]. To what extent different
heating and drying conditions affected the puffed-rice snack product and how the chemical
composition of the latter differed from the control were subjects of the study. The product
enriched by pupal drone bee powder showed a higher content of proteins, fats, amino acids
and fatty acids and it was concluded that the developed product could be consumed as
a nutritional snack, although the quality characteristics could still be improved through
optimal processing.

Effects of various de-fattening methods on the physicochemical properties of proteins
extracted from Hermetia illucens larvae were studies by Tae-Kyung Kim who found that the
total essential amino acid contents were higher with cold pressure protein extraction than
with other treatments [14]. Cold pressure-defatted protein showed the highest emulsifying
capacity while water extracted protein showed the lowest emulsifying capacity. Although
organic solvents may be efficient for defatting proteins extracted from insects, they have
detrimental effects on the human body. Moreover, the organic solvent extraction method
requires a considerable amount of time for lipid extraction. Using cold pressure protein
extraction on edible insect proteins is eco-friendly and economical due to the reduced
degreasing time and its potential industrial applications.

Maiyo et al. [15] investigated whether the nutritional quality of four novel porridge
products blended with edible cricket (Scapsipedus icipe) meal is improved to an extent that
it can be recommended to reduce incidences of malnutrition in low and middle-income
countries. Porridge enriched with the meal of the newly discovered cricket Scapsipedus icipe
had significantly higher protein (2-fold), crude fat (3.4–4-fold), and energy (1.1–1.2-fold)
levels than the commercial porridge flour. Fermented cereal porridge fortified with cricket
meal had all three types of omega-3 fatty acids and germinated cereal porridge with cricket
meal had a significantly higher iron content (19.5 mg/100 g). In conclusion, to fortify
porridge products with cricket meal is to be recommended.

In a study by Vanqa et al. [16] edible insect flours from Gonimbrasia belina (Mashon-
zha), Hermetia illucens (black soldier fly larvae) and Macrotermes subhylanus (Madzhulu)
were assessed in terms of proximal, physicochemical, techno-functional and antioxidant

2
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properties. Crude protein of the edible insect flours varied between 34.90–52.74% but there
were no significant differences (p > 0.05) in foam capacity and foam stability of all three
edible insect flours. The findings revealed that the flours of the three edible insects are a
good source of antioxidants and can be used as an alternative protein source and a potential
novel food additive due to their techno-functional qualities.

Investigating the nutritional, techno-functional and structural properties of Black Sol-
dier Fly (Hermetia illucens) larval flours (BSFL) and protein concentrates has been the subject
of the paper by Mshayisa et al. [17]. The highest protein content (73.35%) was obtained
under alkaline and acid precipitation extraction (BSFL-PC1). The sum of essential amino
acids significantly increased (p < 0.05) from 24.98% to 38.20% due to the defatting process
during extraction. The protein extraction method influenced the structural properties of the
protein concentrates and in conclusion it can be stated that BSFL flour fractions and protein
concentrates show promise as novel functional ingredients for use in food applications.

Gan et al. [18] explored effects of different processing and packaging methods on lipid
oxidation of deep-fried crickets (Gryllus bimaculatus) during storage. The composition of
fatty acids changed and the content of FFA, PV, and TBAR values also increased with the
extension of storage time, indicating that the lipid oxidation dominated by oxidation of
unsaturated fatty acids could occur in deep fried Gryllus bimaculatus during storage. The
study revealed that dibutyl hydroxyl toluene (BHT) was the most effective antioxidant.

An experiment by Selaledi et al. [19] was conducted to examine the effects of larval yel-
low mealworm meal (Tenebrio molitor) added to the diets of indigenous chicken. Boschveld
chickens were randomly divided into four categories. Controls were given only soybean
meal (SBM) and yellow mealworm with percentage levels of 5, 10 and 15 (TM5, TM10 and
TM15, respectively) were used in the experiment. The authors demonstrated that dietary
Tenebrio molitor in growing Boschveld chickens could be regarded as a promising added
protein source, improving quality rearing of Boschveld chickens.

A more traditional investigation was that by Dürr and Ratompoarison [20], who pro-
vided evidence for the importance of food insects in the local diet of rural communities
in the central highlands of Madagascar. The investigation showed that the insects con-
tributed significantly to the animal protein uptake of the local population, especially in the
humid season, when other protein sources were scarce. The authors then discussed how
traditionally appreciated insects could be promoted in food-insecure rural areas and how
entomophagy could support food and nutrition security in a growing population.

Ying Su [21] report that the larvae of the sphingid moth Clanis bilineata tsingtauica
Mell 1922 are commonly used as food for humans in the eastern part of China. This insect
was found to be high in nutrients, particularly in the epidermis where protein total was
71.82%. In this case, 16 different amino acids were quantified and the ratio of essential to
nonessential amino acids in the epidermis and meat was 68.14% and 59.27%, respectively.
Thestudy confirmed that C. bilineata tsingtauica was a highly nutritious food source for
human consumption, and the results provide a basis for further uses and industrialization
of this edible insect.

Storing edible insects and increasing their shelf lives are important issues. However,
so are storage conditions for mass reared edible species, which is why Zhu et al. [22] set
out to determine the optimal temperature under which eggs of the sphingid Clanis bilineata
tsingtauica Mell, 1922 should be kept. Considering various combinations, the authors found
that optimal egg hatching occurred if eggs were stored at 15 ◦C for 11 days, and then held
at 15–20 ◦C under dark conditions. The conditions described allow for easier mass rearing
of C. bilineata tsingtauica by providing a stable supply of eggs throughout the year.

Researchers from Iceland headed by Rune Thrastardottir et al. [23] presented an
overview of the most popular insects farmed in Europe, namely the yellow mealworm,
Tenebrio molitor and the black soldier fly (BSF) Hermetia illucens, focusing on the main
obstacles and risks associated with maintenance. The results showed that the insect farming
industry was increasing in Europe, and that the success of the frontrunners of the farmed
insect industry was based on large investments in technology, automation and economy.

3
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However, more information still had to be forthcoming regarding risks posed by edible
insects in terms of food safety.

Food safety and risk assessment was also the topic of the study by Anja et al. [24]. These
researchers investigated samples of edible insect species for the presence of antimicrobial-
resistant and Shiga toxin-producing Escherichia coli (STEC). The presence of genes associated
with antimicrobial resistance or virulence, including stx1, stx2, and eae, was investigated by
PCR. The study showed that STEC can be present in edible insects, representing a potential
health hazard. By contrast, the low resistance rate among the isolates indicated a low risk
for the transmission of antimicrobial-resistant E. coli to consumers.

In the study by Kipkoech et al. [25] cricket chitin was deacetylated to chitosan and the
latter was added in various concentrations to Salmonella/Shigella growth media. Growth
of the probiotic bacteria was monitored on chitosan-supplemented media after 6, 12, 24,
and 48 h upon incubation at 37 ◦C. The good news is that all chitosan concentrations signif-
icantly increased the populations of probiotic bacteria and decreased the populations of
pathogenic bacteria. This study suggests that cricket-derived chitosan can function as a pre-
biotic, with an ability to eliminate pathogenic bacteria in the presence of probiotic bacteria.

That a partial substitution of meat with insects (Alphitobius diaperinus) in a diet for rats
can change the gut microbiome was shown by Lanng et al. [26]. These researchers following
a four-week dietary intervention in a healthy rat model could show that metabolomics
analyses revealed a larger escape of protein residues into the colon and a different microbial
metabolization pattern of aromatic amino acids when pork was partly substituted by insects.
It could be shown that the introduction of insects in a common Western omnivorous diet
altered the gut microbiome diversity with consequences for the endogenous metabolism.

The food an insect consumes can affect the insect’s chemical constitution and when
leftovers of food originally for humans are the given to insects, this can affect the insects
in many ways. The Black Soldier Fly (BSF) is able to thrive on a wide range of leftovers
and especially vegetable processing industries generate huge amounts of by-products that
can be used to rear BSF. Significant lower protein contents were detected by Fuso et al. [27]
in BSF grown on fruit by-products, while higher contents were observed when autumnal
leftovers were employed. Lysine, valine and leucine were amino acids most affected by the
diet, but essential amino acids generally satisfied the Food and Agricultural Organization
(FAO) requirements for human nutrition with the exception of lysine.

Placentino et al. [28] focused in their study on the diet of professional athletes and tried
to discern what motivated professional athletes to accept an energy protein bar fortified
with cricket flour. A second aim was how information on the benefits of edible insects
impacted their acceptance as food by the athletes. The researchers’ results showed that the
protein content and the curiosity about texture were the main drivers to taste the cricket
energy bar; but the feeling of disgust justified the rejection of tasting insects. Although male
athletes were more likely than females to endorse the product that contained cricket flour,
the authors point out that a relatively small sample was involved, and therefore advise
caution not to draw hasty conclusions.

The aim of the study by Son et al. [29] was to investigate the carbohydrate content and
composition of mealworms and to determine the amount of chitin. The crude carbohydrate
content of mealworms was 11.5%, but the total soluble sugar content was only 30% of the
total carbohydrate content and fructose was identified as the most abundant free sugar in
mealworms. With a yield of 4.7%, chitin derivatives were the key components of mealworm
carbohydrate. Although similar to crustacean chitin, mealworm chitin exhibited a signifi-
cantly softer texture than crustacean chitin and showed superior anti-inflammatory effects.

Hornets have become increasingly popular as a food item because of their nutritional
value and abundance. This is why Ghosh et al. [30] analyzed the nutrient compositions
of the edible broods of Vespa velutina, V. mandarinia, and V. basalis. Farmed V. velutina and
V. mandarinia were found to have similar protein contents, i.e., total amino acids, but V.
basalis contained less. In all three species: leucine followed by tyrosine and lysine were
predominant among the essential and glutamic acid among the non-essential amino acids.
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Polyunsaturated fatty acids were dominant in V. mandarinia and V. basalis, but saturated fatty
acids were most abundant in V. velutina. It is concluded that the high content, especially of
micro minerals such as iron, zinc, and the high K/Na ratio in hornets could help mitigate
mineral deficiencies among those with inadequate nutrition.

Aquatic insects, although consumed by many, feature less often in research on human
entomophagy. This is why the paper by Min Zhao et al. [31] is important. The authors
reviewed what is known about edible aquatic insects and pointed out that the vast majority
of the latter, in contrast to the phytophagous terrestrial edible species, are carnivorous.
There are differences in, for example, fat, fatty acids and mineral content between terrestrial
and aquatic insects and regarding food safety, it is advisable not to consume large quantities
of wild aquatic species as they could contain higher amounts of heavy metals, pest residues
and uric acid than phytophagous species.

A review covering differences in the chemical composition and nutrient quality (and
thereby acceptability of edible insects) by Meyer-Rochow et al. [32], emphasized that
multiple reasons can lead to such differences. Choice of the insect species, collection
site, processing method, insect life stage, rearing technology and insect feed can affect an
individual’s palatability and acceptance. According to the authors, the review can assist
the food insect industry to select the most suitable species as well as processing methods
for insect-based food products.

In the past a great deal of effort has been spent on recording which kinds of insects
were consumed where and by whom [5,33–35], but as of late the emphasis has been shifting
to analyzing the chemical composition of the edible species and, as this Special Issue has
demonstrated, on determining optimal methods to rear and process the insects. Obviously,
there are still communities and areas which have not been visited and interviewed, so that
a complete picture where and how people eat which kinds of insect is still incomplete.
Furthermore, as some articles in this Special Issue have shown, we still do not yet have
information on the chemical contents of all known edible insects and do not yet know what
affects their composition. However, the majority of the papers in this Special Issue deal
with assessing quality questions of the insect-containing product and that presently seems
to be one of the main areas of interest.

Food safety issues, of course, came up as well and, no doubt, will continue to be one of
the foci of research in the future, similar to how insect chitin will be with its many possible
applications in the health sector [36]. Insects have been used therapeutically since time
immemorial and microbiological tests have been used to demonstrate the effectiveness of
certain insect-derived substances to fight infections and other illnesses [37–40]. What to
some extent seems surprising, is that only a handful of insect species, i.e., primarily crickets,
black soldier fly and mealworms, receive the bulk of attention. Perhaps they do represent
species that are easiest to culture as they accept a variety of food stuffs, feature short
generation times, are unproblematic in their requirements, can be used in multiple ways
and provide acceptable returns of the investment put into their maintenance. However,
there may well be other species whose potential has not yet been fully realized, e.g., drone
bees, hornets and wasps come to mind.

As we have already pointed out in the first volume of the Special Issue on “Edible
Insects as Innovative Foods: Nutritional, Functional and Acceptability Assessments”,
insects have many advantages over conventional meat-supplying species. The former
requires less space than the latter, their rate of reproduction is considerably higher, a much
greater percentage of an insect’s body mass can be used as food and the so-called “carbon
footprint” of cultured insects is considered to be much lower than that of conventional
animals used as food [41–43], which is due largely to the insects’ much lower water and
food needs and their significantly higher food conversion rate. Thus, there is less “waste”
generated by farmed insects. What needs to be entered into the equation, however, is
the need to keep farmed insects warm and pest free, but this is not likely to change the
conclusion that overall farming insects can be achieved with fewer negative side effects
than rearing big mammals and poultry.
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As people in countries originally famous for entomophagy increasingly abandon
insects as a traditional food and begin to reject insect-containing food [44], there is a need to
promote edible insects and food items that contain insect products. It is not only important
to learn why people reject insects as food [45–48], it is more important to convince people
to accept farmed edible insects as the latter are wholesome and nutritionally valuable.
Education, clever marketing, turning to traditional recipes, tapping into the trend of buying
healthy food and highlighting nutritional and medical benefits, can all help consumers to
consider buying insect-containing food. Curiosity should be encouraged. In addition, as
with the first volume of this Special Issue topic [49], we end this paper with the suggestion
“Mealworms and spaghetti is food that makes you happy” and advise the readers to “Forget
about the pork and put a cricket on your fork!”.
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Abstract: Background: The dietary supplements market is growing, and their use is increasing
among professional athletes. Recently, several new protein supplements have been placed in the
marketplace, including energy bars enriched with insect flour. Edible insects, which are rich in
protein content, have been promoted as the food of the future and athletes could be a reference
sample for their continued emphasis on higher protein demand. The present study investigated the
potential motivations to accept an energy protein bar with cricket flour, among a group of selected
Italian professional athletes. A second aim was also to measure how an information treatment about
the benefits of edible insects would have impact on acceptance. Methods: 61 Italian professional
athletes (27 females) completed a structured questionnaire regarding supplements and eating habits,
food neophobia, nutrition knowledge, willingness to taste edible insects and the associated factors.
A question about sports endorsement was also posed at the end of the survey. Results: all subjects
consumed supplements, generally recommended by medical personnel, even though their general
knowledge of nutrition was poor (47.8%). Our main results shown that on a seven-point Likert scale,
the protein content (5.74 ± 1.01) and the curiosity about texture (5.24 ± 0.98) were the main drivers
to taste the cricket energy bar; whereas the feeling of disgust (5.58 ± 1.08) justified the rejection of
tasting insects. In addition, the level of food neophobia increases with age (p < 0.05) and reduces
willingness to endorse the cricket bar (p < 0.05). Male athletes (4.47 ± 1.69) were more likely to
endorse the product than females (3.3 ± 1.49). An increase in willingness to taste was observed after
the information treatment (z = 4.16, p < 0.001). Even though the population under investigation is
unique, it is important to mention that this study involves a relatively small and convenience sample,
and therefore generalizability of the results should be done with caution.

Keywords: food neophobia; disgust; protein source; sport endorsement

1. Introduction

Food plays a key role in acquiring the best physical condition and in ensuring optimal
athletic performance. Physical activity, sports performance, and recovery after exercise are
favored by optimal nutrition and professional athletes should be able to fully cover their
nutritional needs through the consumption of foods, in adequate quantity and quality [1].
However, it is common among professional athletes to look for dietary supplements to
ensure an optimal performance. Frequent competitive commitments and high intensity
daily workouts could justify the use of supplements in professional athletes, especially in
the case of inadequate diets or situations of temporary inability to maintain correct eating
habits [2].

Foods 2021, 10, 1117. https://doi.org/10.3390/foods10051117 https://www.mdpi.com/journal/foods
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The global sports nutrition market accounted for several billion dollars and is expected
to grow significantly because of its increasing demand from athletes and sportspersons in
the near future [3]. The size of sport nutrition market in Europe is expected to achieve USD
15.12 billion by 2025. It refers to the consumption of sports drinks, bars, powders and other
food supplements to improve physical performance [4].

However, a high proportion of these marketed supplements lack available evidence
of their efficacy [5] and these products are often used without a full understanding of the
potential benefits, negative side effects, and risks associated. As reported by the World
Anti-Doping Agency (WADA), between 10 and 25% of currently marketed supplements
reportedly contain prohibited substances, contributing to 6–9% of the total doping of-
fenses [6,7]. Previous literature has shown gaps in knowledge about effective nutrition
and supplementation among coaches and athletes [1]. It goes without saying that greater
nutritional knowledge may improve dietary practices and food choices [8], reducing the
risk of using prohibited substances.

The prevalence rate of the intake of sports supplements is generally high and similar
among different countries. However, several demographic variables affect the proportion
of athletes that consumed dietary supplements. Gender, age, level of competition, type of
sport and professionalism influenced this proportion. It exceeds 60% and increases with
professionalism [2,9,10].

The main reasons for consuming supplements are to enhance performance, speed,
strength, and power, or to simply improve health. In a recent study, most of the athletes
reported that supplements are safe and can be consumed without any risk. Male athletes
were more likely to obtain information about the use of supplements mainly from a coach
or physician [11].

Professional athletes are often used as brand ambassadors in marketing campaigns
due to their high popularity and power to promote consumer engagement. They can use
their highly visibility to endorse healthy and environmentally friendly foods, including
supplements. Recently on the market of food supplements, there has been focus drawn
to products derived from “novel foods”, including insects. In particular there has been
a growing prevalence of energy bars enriched with insect protein, in particular cricket
flour [12,13].

Factors Influencing Edible Insects’ Acceptance

In the last decades, there has been a growing interest among the scientific commu-
nity, private industry, the general public, and the media about edible insects as human
food [14,15]. Especially, after the publication of the report on edible insects as food and
feed in 2013 by the Food and Agriculture Organization of the United Nations [16], and the
new Regulation of the European Union 2015/2283 on novel foods [17], there has been an
increasing number of scientific publications investigating the European consumer accep-
tance towards entomophagy [18,19], especially in Italy [20]. In addition, more recently the
European Food Safety Authority (EFSA) published a scientific opinion on the safety of the
first edible insect, i.e., Tenebrio molitor larva [21]. This will likely favor the development of
the edible insect market also in the EU. Globally, a recent study forecasts that this market
will reach almost USD 8 billion, with a volume of 730,000 tons by 2030 [22]. Thus, it seems
plausible to predict a potential increase in the consumption, especially with regard to
products containing invisible insects as ingredients such as in energy protein bars [23]. In
particular, a potential target could be individuals who engage in sports regularly or follow
balanced diets, who search for varied protein sources based on their origin [22].

The main components of insects are protein and fat, followed by fiber and carbohy-
drates. In particular, species from the order Orthoptera (grasshoppers, crickets, locusts)
are rich in proteins and represent a valuable alternative protein source [24–26]. The nu-
trient quality of insect protein is promising in comparison to casein and soy, but varies
and can be improved by the removal of the chitin [27]. Furthermore, most edible insects
sufficiently provide the required essential amino acids [26,28]. Fat represents the second
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largest portion of the nutrient composition of edible insects, ranging from 13.41% for
Orthoptera (grasshoppers, crickets, locusts) to 33.40% for Coleoptera (beetles, grubs). The
fatty acids of insects are generally comparable to those of poultry and fish in their degree of
saturation, but contain more polyunsaturated fatty acids (PUFA) [25,26]. The ratio of ω-6
and ω-3 fatty acids of edible insects is mostly 5:1 to 5.7:1 [24,29], reducing proinflammatory
profile, which contributes to the prevalence of atherosclerosis, obesity, and diabetes [30].
Carbohydrates are mostly formed from chitin. It is still unclear if chitin can be digested
by humans [27] and its content depend on the species and the developmental stage [25].
Edible insects have the potential to provide with specific micronutrients such as copper,
iron, magnesium, manganese, phosphorous, selenium, and zinc; 100 g of edible insects
generally lack enough calcium and potassium and they can be utilized in low-sodium
diets. In addition to minerals, edible insects can be rich in vitamins, but species have to be
specifically selected for the provision of desired vitamins [25,26].

Notably, different kind of exercise produce acute changes on metabolism of several
nutrients. Dietary requirements for athletes are widely studied [1], as well as nutritional
strategies that combine different forms of supplements to maximize the bioavailability
of nutrients within the periodized training program [31]. The nutritional profile of some
species of insects could cover the nutritional needs of athletes, representing an alternative
daily diet to traditional animal-based food. Energy-protein insect bars, properly balanced
and enriched with carbohydrates, could represent an alternative to those already widely
used on the market as supplements for sport.

As a result, the opportunity promoted in this study could be a new challenge in
nutritional supplements for sportsmen, including professional athletes [22,32,33].

However, a consumer’s acceptance of insects as food is crucial in order to include this
novel food in the diet. The most common barriers in explaining the aversion of Italian
consumers towards eating insects are neophobia and disgust [20,23,34,35]. Although
disgust is a universal emotion, it is important to note that the factors eliciting disgust
can be different across individuals and cultures [36–38]. There is reason to believe that
insects presented in different meal formats such as processed insect-based foods (e.g.,
snacks) might elicit more positive associations and taste expectations. Considering that
negative taste expectation is a strong barrier to include a novel food [23], invisible insects
as ingredients might reduce neophobic reactions and thus increase consumers’ willingness
to try [23,34,39]. Moreover, several studies with Italian consumers [20,40] also showed that
also curiosity about the sensory attributes and a focus on environmental benefits might be
motivating factors to promote entomophagy.

To the best of the authors’ knowledge, no studies have focused on psychological
and demographic predictors of sportsmen influencing the willingness to accept insect-
based food.

In line with the growing interest in insects, consumption as food, and athletes’ attitude
for consuming sports dietary supplements, the present study introduces a protein insect-
bar to investigate dispositional traits and emotional factors in accepting insect-edible food
as dietary supplements among professional athletes.

In line with previous studies [9,41–44], several factors have been investigated: dietary
supplements consumption, nutritional knowledge, food neophobia, and individual factors
influencing the willingness to consume insect-based protein bars as dietary supplements.
Finally, we evaluated how a brief informative text on the environmental and nutritional
benefits of using insects as food [34,45] impacts the acceptance of eating insect food, i.e.,
protein bars enriched with cricket-flour.

2. Materials and Methods

2.1. Partecipants

Sixty-one professional athletes (27 females) aged 19 to 39 years (M = 27.8; SD = ±5.03)
were recruited on a voluntary basis from the Italian Air Force Sports Centre in Rome. The
average educational level was mainly high school (65.6%). The target population is made
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by professional athletes selected by the Italian National Sports Federations and most of
them were currently competing at the international level (91.8%). We recruited mainly
athletes from track and field (31.1%), fencing (23.0%), and beach-volleyball (18%); athletes
from archery, sailing, skeet shooting, tennis table and artistic gymnastic were also recruited
but in smaller numbers. The only inclusion criterion was that they had to be consumers of
nutritional supplements. There were no age or gender restrictions. The exclusion criteria
were (1) being vegetarians, (2) being in any concomitant nutritional counselling programs,
(3) having any disease or health condition that required specialized dietary planning.
Participants who had retired from a sport or had not participated in a competitive game
or competition in the last year were excluded. Each participant was identified with an ID
number to guarantee his/her anonymity.

2.2. Measures

A self-administered questionnaire was used with different sections:

(a) Information on socio-demographic characteristics, sports characteristics, knowledge
and motivational aspects on nutritional supplement consumption, and dietary habits
mainly related to animal protein food.

(b) The personal knowledge about general and sport nutrition (general nutrition
knowledge—GNK and sport nutrition knowledge-SNK) by an adapted version of the
Nutrition for Sport Knowledge Questionnaire (A-NSKQ) [46,47]. Total scores were
assessed using one point for each correct answer, no negative points, and coding
“unsure” answers as incorrect. The total score was out of 37. All domains were
weighted equally during scoring, and percentages were determined. The following
cut-off points were used poor knowledge (0–49%), average knowledge (50–65%),
good knowledge (66–75%), and excellent knowledge (over 75%).

(c) Food neophobia was evaluated by the Food Neophobia Scale (FNS) [48]. It consists of
10 statements, five neophilic and five neophobic statements about food or situations
related to food consumption, rated on a 7-point scale ranging from 1 = strongly
disagree to 7 = strongly agree. After reverse coding the responses for the neophilic
statements, a total FNS score ranging from 10 to 70 was then calculated by summing
the ratings for each item; the higher the FNS score, the higher the food-neophobia
level. According to recent studies, the consumers were categorized as having a low,
medium or high level of food neophobia, and sustainable behavior. The frequency
distribution of the FNS scores was calculated and the subjects were divided into
the following three groups: “low neophobia” (subjects in the lowest quartile, FNS
scores ≤ 23), “medium neophobia” (subjects in the second and third quartile, FNS
scores ≥ 24 and ≤41) and “high neophobia” (subjects in the highest quartile, FNS
scores ≥ 42) [49].

(d) Athletes’ willingness to taste an insect-based protein bar was evaluated using a
7-point Likert scale (1 = strongly disagree, 7 = strongly agree). The population was
split between groups: willing (from 5 to 7 points), uncertain (point 4) and unwilling
(from 1 to 3 points).

(e) A brief informative text on the environmental and nutritional benefits of edible insects
was provided to the participants (Table 1). After reading the text, participants were
asked to assess their degree of agreement/disagreement in tasting the product.

(f) After the athletes expressed their willingness to taste the insects, two separate groups
were identified (taster/no taster) and the factors which influenced their choice, i.e.,
curiosity about the texture, palatability, and alternative protein source for the tasters,
and disgust, suitability for society, personal diet, poor hygiene and fear of unpleasant
taste for the no tasters, were investigated using a 7-point Likert scale.

(g) Finally, athlete-endorsements in the food market were also explored using the fol-
lowing question: “from what it has been described above, how much would you
be willing to promote this novel food product?” A 7-point Likert scale was used
(1 = strongly disagree, 7 = strongly agree). The population was split between groups:
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willing to endorse (from 5 to 7 points), uncertain (point 4) and unwilling to endorse
(from 1 to 3 points).

Table 1. The information text provided to the sample.

In recent years, several European countries have begun to sell edible insects in supermarkets.
Energy or protein bars are produced in a certified way, using insect’s flour as supplements and
their use is already widespread among athletes all over the world. From a nutritional point of
view, insects are rich in proteins, minerals and vitamins, have a low-fat content and a reduced
caloric intake, all elements that identify them as complete and healthy foods. Furthermore, insects
farming has a lower environmental impact (e.g., few resources needed to raise them and reduced
emission of carbon dioxide) compared to domestic animals.

Informed consent was obtained from all human research participants. The study was
conducted in accordance with the Helsinki declaration and the ethical rules of the Italian
Psychological Association.

2.3. Statistical Analysis

The Statistical Package for Social Science (SPSS 25) was used to analyze the data for all
variables. Descriptive statistics were run to summarize the data collected and the results
were displayed in frequencies and percentages. Friedman’s and Cochran’s Q test were run
to determine if response for each category differed significantly. The internal consistency
of the multi-scales was measured with Cronbach’s α coefficient. Association between
groups were calculated by Pearson’s correlation or Spearman’ correlation (if normal data
distribution was not obtained or for ordinal variables). Differences between groups were
calculated by independent-sample t-test, one-way-ANOVA, and a Mann–Whitney U test
(if normal data distribution was not obtained) and one-way Welch ANOVA if there was
heterogeneity of variances, assessed by Levene’s test. The influence of various socio-
demographics variables on food neophobia and A-NSKQ was examined using multiple
linear regression analysis. A two-way repeated measures ANOVA was run to determine
the effect of information treatment on the willingness to taste a cricket bar over time. The
Shapiro-Wilk test (p < 0.05) was conducted on the difference scores to ensure normality
for all variables with significant main effects. For normally distributed variables with
significant main effects, post hoc dependent t-tests were conducted and effect sizes (Cohen’s
d) were calculated. Effect sizes were interpreted as small (0.20), medium (0.50), and large
(0.80). For any variables that was not be normally distributed, the Wilcoxon signed-rank
test and Glass’s delta (effect size) were utilized for post hoc contrasts. In all tests, p < 0.05
was considered statistically significant.

3. Results

3.1. Dietary Habits and Nutrition Supplements

All 61 athletes consumed nutritional supplements, such as protein-amino acid sup-
plements (68.6%), multivitamins (64%), minerals (44.3%), sport bars (42.6%) and fish oils
(39.3%), χ2 (3) = 12.7, p < 0.001. The prevalence of supplement consumption among pro-
fessional athletes in the current study is similar compared to previous reports [2,9,10].
The qualified personnel (nutritionist/dietician/physician/pharmacy) were the most com-
mon source of information regarding nutritional supplements (88.5%) among athletes,
χ2 (4) = 52.61, p < 0.001. Most of the athletes used supplements to improve their recovery
(72.1%), improve performance (49.2%), and health (45.9%) and to prevent deficiencies
(36.1%) (Supplementary Table S1).

3.2. Neophobic Scale

Participants showed a mean value in FNS of 33.6 (SD 11.4). Subjects with “low
neophobia” comprised 19.7% of the sample, “medium neophobia” comprised 55.7%, and
“high neophobia” comprised 24.6%. Internal consistency was acceptable for food neophobia
multi-scales (Cronbach’s α = 0.85). Moderate correlation was found between age and FNS,
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r (59) = 0.3, p < 0.05. A linear regression established that age could statistically significantly
predict FNS, F (1, 25) = 4.83, p < 0.05 and age accounted for 16% of the explained variability
in FNS. The regression equation was: FNS = 8.8 + 0.99× (age).

3.3. Abridged–Nutritional Sport Knowledge Questionnaire (A-NSKQ)

Professional athletes in this study showed a poor nutritional sport knowledge (47.8%).
Internal consistency was acceptable for A-NSKQ multi-scales (Cronbach’s α = 0.82). There
was a large variability amongst participants and between SNK and GNK and several mis-
conceptions were evident in A-NSKQ, especially with regards to hydration, micronutrients
and proteins (Supplementary Table S2).

Weak correlation was found between age and A-NSKQ, r (59) = 0.29, p < 0.05. An
ANCOVA was run to determine the effect of level of education and ANSKQ after controlling
for age. After adjustment for age, there is not a statistically significant difference in ANSKQ
score, F(1, 39) = 2.34, p = 0.134, partial η2 = 0.057.

3.4. Willingness to Taste the Cricket Flour Enriched Bar

Participants were classified into three groups based on their willingness to taste the
cricket flour enriched bar: willing (n = 26), uncertain (n = 7), unwilling (n = 28), with a
total mean value of 3.9 (SD 2.1). There were statistically significant differences in food
neophobia between the different groups, F(2, 58) = 7.045, p = 0.002. Regression analysis
indicated that 29% of the variability on willingness of tasting before the information was
significantly accounted for by FNS, F(1, 59) = 24.3, p < 0.001, adj. R2 = 0.28.

Following the information treatment, there was a statistically significant median
increase in acceptance of the insect-bar (z = 4.16, p < 0.001) in number of respondents,
in particular among the unwilling athletes, z = 3.88, p < 0.001 (Figure 1). A Wilcoxon
signed-rank test determined that there was a statistically significant median increase in
willingness to taste among the participants, rated on a 7-point scale (0.71), z = 4.16, p < 0.001
(Figure 2).

Figure 1. Willingness to taste an energy bar enriched with cricket flour. Difference in number of
respondents (%) on the willingness to taste the cricket bar, before and after the information, among
three different groups. Groups were defined using a 7-point Likert scale (1 = strongly disagree,
7 = strongly agree): willing (from 5 to 7), uncertain (point 4) and unwilling (from 1 to 3); number of
respondents of the unwilling group decreased significantly * p < 0.001.
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Figure 2. Willingness to taste an energy bar enriched with cricket flour, pre and post treatment.
Difference in mean score in Likert scale, ranging from 1 = strongly disagree to 7 = strongly agree on
the willingness to taste the cricket bar, before and after the information, among gender and the whole
sample; willing to taste significantly increases in the reference sample * p < 0.001.

Finally, two groups were identified (taster/refusing): 43 athletes (70.5%) were willing
to taste the cricket-bar, 15 females and 28 males (.3, p = 0.011) and the remaining 18 were
not willing. The reasons to taste were investigated and the response for each category
differed significantly, χ2 (3) = 18.1, p < 0.001. A regression analysis indicated that 31% of
the variability in the willingness to taste the product was significantly accounted for by
“alternative research of a protein source”, F(1, 11) = 6.35, p < 0.05, adj. R2 = 0.3. Afterwards,
factors influencing “no taster” group were investigated, the response for each category
differed significantly, χ2 (4) = 41, p < 0.001. Regression analysis indicated that 38% of the
variability in the rejection to taste the product was significantly accounted for by “disgust”,
F(1, 8) = 6.5, p < 0.05, adj. R2 = 0.38 (Figure 3).

(a) (b)

Figure 3. Reasons to taste or refuse cricket bar among the athletes. Difference in mean score in Likert scale, ranging from
1 = strongly disagree to 7 = strongly agree on the motivations (a) to taste or (b) refuse the cricket bar.
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3.5. Athletes Endorsement in Cricket-Bar Marketing

In this study, 37.7% were willing to endorse the cricket bar. The taster group was
more willing to endorse (4.67 ± 1.34) the cricket bar than no-taster group (2.22 ± 1.11), a
statistically significant difference of 2.45 (95% CI, −3.17 to −1.73), t(59) = −6.828, p < 0.001.
Moderate negative correlation was found between athletes-endorsement and FNS score,
r (59) = 0.3, p < 0.05. Regression analysis indicated that 10% of the variability in the
willingness to sponsor the product was significantly accounted for by NS, F(1, 59) = 6.78,
p < 0.05, adj. R2 = 0.9. Males were more willing to endorse (4.47 ± 1.69) the cricket bar than
females (3.3 ± 1.49), a statistically significant difference of 1.17 (95% CI, −2.01 to −0.35),
t(59) = −2.365, p = 0.006 (Figure 4).

(a) (b)

Figure 4. Willingness to endorse an energy bar enriched with cricket flour. Difference in mean score in Likert scale, ranging
from 1 = strongly disagree to 7 = strongly agree on the willingness to endorse the cricket bar among (a) gender and (b) taster
groups; males and willing to taste group were significantly prone to endorse the product * p < 0.01.

4. Discussion

This study investigated the potential motivations to accept eating an energy protein
bar enriched with cricket flour among athletes, considering that motivation is a strong
determinant in the type of supplement used [50,51]. In line with previous studies, the main
motivations among athletes for the use of supplements in general included improving
performance and recovery from exercise and preventing deficiencies. Protein, vitamin,
minerals, and fish oils supplements were the most frequently used by athletes and recom-
mended by acquired from qualified personnel (nutritionists/dieticians and physicians).
This is important if we consider the vulnerability of the participants and their limited
knowledge in sports nutrition [2]. Moreover, the high number of products available, often
without a guarantee of accurate information, may increase the risk of using illegal sub-
stances, i.e., doping [6,7,41,52]. Our results support what has already been underlined in
previous studies, i.e., the promotion of additional nutrition training as part of continued
professional development of coaches and trainers would ensure better preparation to
address nutritional concerns for athletes [53,54].

When asked about food neophobia, only 24.6% of athletes showed high neophobia and
it could reflect exposure to different dishes during numerous contacts with foreign cultures
during international events they attend [55]. In line with past studies [20,23,38], age was
confirmed to be positively associated with food neophobia. No significant difference was
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found in food neophobia between gender; however, women seemed to be less likely to
accept the energy bar with insect flour, probably due to their higher insect aversions than
men [18,56,57]. It is likely that the high level of competition tends to make the difference
between genders in supplement consumption less significant. Nevertheless, female athletes
in this study report the same adversity towards insects as the common population.

Our results shown that food neophobia negatively contributes to the intention to taste
and endorse the insect bar, and disgust was the main factor that determined the rejection
of tasting. According to our data, food neophobia, even if it corresponds to the refusal to
introduce insects into the diet, does not represent a characteristic of this type of population.
Rather, it would be more relevant to investigate the disgust factor in athletes. After all,
La Barbera et al. [35] demonstrated that the explanatory power of disgust towards the
intention to consume insects was even higher than the explanatory power of food neophobic
tendencies. Professional athletes have an important opportunity to promote the public’s
health, particularly for youth, by refusing endorsement contracts that involve promotion
of energy-dense, nutrient-poor foods and beverages. Environmental sustainability and
health promotion represents the main benefits of insects as food. However, only 37.7%
of athletes willing to endorse the product, mainly males. Nevertheless, athletes who
expressed the willingness to taste the product were more likely to endorse it. Reducing
food neophobia could increase their willingness to endorse cricket bars as a new form of
supplement. We believe that this sector should invest in sensory and gastronomic features,
as well as advertising messages to reduce food neophobia and disgust about insects as
food [23,39,45].

In line with previous consumer studies [37,40], our data indicated that the main factors
for trying the insect-based product are the high protein content and the curiosity about
the texture. Reinforcing the association between the relevant protein intake, i.e., nutrition
profile, in a familiar product (energy bar) could increase the acceptability of insects as
supplements in this target population.

Athletes have always shown a greater focus on high protein foods and strategies aimed
at the consumption of protein-enriched foods or supplements. From a managerial point
of view, planning proper marketing campaigns is supposed to reinforce the association
between high protein content or alternative protein source and insect-based foods in the
minds of this type of population.

As for the general population, taste has a strong influence on food choice, however,
it may become less critical prior to an important game or event when foods that benefit
performance are preferred, particularly in a highly competitive sport. The limited number
of studies with athletes has reported performance or competition are one of the most
important influences on food choice [8].

Our results shown a significant variation in the willingness to taste before and after the
information treatment, in line with previous studies [45,49,58,59]. The athlete acceptability
of insect-based foods was systematically increased after receiving information about the
potential environmental and nutritional benefits of including insects in the diet.

Consequently, although recent technological developments in assuring food security
for edible insects, e.g., automation and reduction in microbial contamination by person-
nel [16,19], the future marketing of these products in professional sport must also ensure
that the products do not lead to any anti-doping rule violation.

This study has several limitations. First, it is a small sample for a quantitative study,
and therefore, we are aware that generalization of the findings is difficult and should be
done with caution. However, this is due to the specific target under investigation (profes-
sional athletes) which is not allowing to recruit a higher number of respondents. Thus,
an extension of the dataset, including the widest variation possible for the sample, may
increase the quality of future studies. Moreover, the comparison in nutritional knowledge
with other studies was difficult, due to the heterogeneity of the measures used and re-
duced number of articles. The questionnaire only measured self-reported willingness to
try insects and did not observe actual behavior to eat insects. In fact, in our study, it was
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not possible to carry out a “bug experience” that they might be categorized as “hidden
substances” considered as high risk of doping in this specific category of participants. It
is important to identify the species of insect best suited to cover the nutritional needs of
athletes, reducing the risk of doping and optimizing training sessions as well as recovery
and metabolic adaptation.

Future studies should consider using real products (e.g., bars with cricket flour) to
measure actual consumption of insect food [18] and also include the Entomophagy Attitude
Questionnaire Scale [60] instead of the FNS scale, to better investigate the individual
aversion to eating insects.

5. Conclusions

This study represents a novelty in the evaluation of the acceptance of edible insects,
for the choice of professional athletes as a sample and for the use of informative treatments
in this type of subject. Investigating endorsements for edible insect among athletes could
represent a new strategy to promote environmental and nutritional education in ordinary
people. Insect protein could represent a new option to deliver nutrients to individuals who
practice exercise and sport activity for work. Moreover, usually society holds a positive
image towards professional athletes, and thus, these individuals could represent a target to
promote the integration of insect-based products into sports nutrition.

Providing information about the environmental and nutritious benefits of edible
insects will reduce food neophobia and disgust and favor acceptance of insects as food
among individuals.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10051117/s1, Table S1: responses (percent correct) of individual items in the use of
nutritional supplements; Table S2: Responses (percent correct) of individual items in the A-NSKQ.

Author Contributions: Conceptualization, U.P., R.V., B.D.D. and L.M.; methodology, U.P., L.M., R.V.
and B.D.D.; formal analysis, U.P.; data curation, U.P.; writing—original draft preparation, U.P. and
G.S.; writing—review and editing, B.D.D., G.S., L.M., R.V. and U.P.; supervision, G.S. and L.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and the ethical rules of the Italian Psychological Association. Since neither
biological substances nor “tasting experience” were carried out, no ethical approval was requested.
The research did not involve any minimal risk to subjects, since participants voluntary took part in
the online survey and gave an informed written consent form.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding author.

Acknowledgments: We want to acknowledge Italian Air Force Sports Centre (ITAISC) personnel of
Vigna di Valle–Bracciano (RM), which has undertaken to recruit the athletes interested in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Thomas, D.T.; Erdman, K.A.; Burke, L.M. American College of Sports Medicine Joint Position Statement. Nutrition and Athletic
Performance. Med. Sci. Sports Exerc. 2016, 48, 543–568. [CrossRef]

2. Knapik, J.J.; Steelman, R.A.; Hoedebecke, S.S.; Austin, K.G.; Farina, E.K.; Lieberman, H.R. Prevalence of Dietary Supplement Use
by Athletes: Systematic Review and Meta-Analysis. Sports Med. 2016, 46, 103–123. [CrossRef]

3. Sarasota, F.L. Sports Nutrition Market (Sports Food, Sports Drink & Sports Supplements): Global Industry Perspective, Comprehensive
Analysis, and Forecast, 2016–2022); Zion Market Research: Pune, India, 2017.

4. Market Data Forecast Europe Sports Nutrition Market by Product Type, End-User, Distribution Channel and Industry Forecast
to 2025. Available online: https://www.researchandmarkets.com/reports/3976185/europe-sports-nutrition-market-by-type
(accessed on 1 February 2021).

18



Foods 2021, 10, 1117

5. Burke, L.M.; Peeling, P. Methodologies for Investigating Performance Changes with Supplement Use. Int. J. Sport Nutr. Exerc.
Metab. 2018, 28, 159–169. [CrossRef] [PubMed]

6. Outram, S.; Stewart, B. Doping through supplement use: A review of the available empirical data. Int. J. Sport Nutr. Exerc. Metab.
2015, 25, 54–59. [CrossRef] [PubMed]

7. Pipe, A.; Ayotte, C. Nutritional supplements and doping. Clin. J. Sport Med. Off. J. Can. Acad. Sport Med. 2002, 12, 245–249.
[CrossRef] [PubMed]

8. Birkenhead, K.L.; Slater, G. A Review of Factors Influencing Athletes’ Food Choices. Sports Med. 2015, 45, 1511–1522. [CrossRef]
9. Aljaloud, S.O. Understanding the Behaviors and Attitudes of Athletes Participating in the 2016 Rio Olympics Regarding

Nutritional Supplements, Energy Drinks, and Doping. Int. J. Sport. Exerc. Med. 2018, 4, 99. [CrossRef]
10. Maughan, R.J. IOC Medical and Scientific Commission reviews its position on the use of dietary supplements by elite athletes. Br.

J. Sports Med. 2018, 52, 418–419. [CrossRef]
11. Aguilar-Navarro, M.; Baltazar-Martins, G.; Brito de Souza, D.; Muñoz-Guerra, J.; Del Mar Plata, M.; Del Coso, J. Gender

Differences in Prevalence and Patterns of Dietary Supplement Use in Elite Athletes. Res. Q. Exerc. Sport 2020, 1–10. [CrossRef]
[PubMed]

12. Reverberi, M. Edible insects: Cricket farming and processing as an emerging market. J. Insects Food Feed 2020, 6, 211–220.
[CrossRef]

13. Reverberi, M. The new packaged food products containing insects as an ingredient. J. Insects Food Feed 2021, 1–8. [CrossRef]
14. Payne, C.; Caparros Megido, R.; Dobermann, D.; Frédéric, F.; Shockley, M.; Sogari, G. Insects as Food in the Global North—

The Evolution of the Entomophagy Movement. In Edible Insects in the Food Sector; Springer International Publishing: Cham,
Switzerland, 2019; pp. 11–26.

15. Meyer-Rochow, V.B.; Jung, C. Insects Used as Food and Feed: Isn’t That What We All Need? Foods 2020, 9, 1003. [CrossRef]
16. van Huis, A.; Van Itterbeeck, J.; Klunder, H.; Mertens, E.; Halloran, A.; Muir, G.; Vantomme, P. Edible Insects: Future Prospects for

Food and Feed Security; Food and Agriculture Organization of the United Nations: Rome, Italy, 2013.
17. EFSA. Scientific Committee Regulation (EU) 2015/2283 of the European Parliament and of the Council of 25 November 2015 on

Novel Foods. Available online: http://data.europa.eu/eli/reg/2015/2283/oj (accessed on 19 March 2021).
18. Sogari, G.; Menozzi, D.; Hartmann, C.; Mora, C. How to Measure Consumers Acceptance Towards Edible Insects?—A Scoping

Review About Methodological Approaches. In Edible Insects in the Food Sector; Springer International Publishing: Cham,
Switzerland, 2019; pp. 27–44.

19. Raheem, D.; Carrascosa, C.; Oluwole, O.B.; Nieuwland, M.; Saraiva, A.; Millán, R.; Raposo, A. Traditional consumption of and
rearing edible insects in Africa, Asia and Europe. Crit. Rev. Food Sci. Nutr. 2019, 59, 2169–2188. [CrossRef] [PubMed]

20. Toti, E.; Massaro, L.; Kais, A.; Aiello, P.; Palmery, M.; Peluso, I. Entomophagy: A Narrative Review on Nutritional Value, Safety,
Cultural Acceptance and A Focus on the Role of Food Neophobia in Italy. Eur. J. Investig. Health Psychol. Educ. 2020, 10, 628–643.
[CrossRef]

21. Turck, D.; Castenmiller, J.; De Henauw, S.; Hirsch-Ernst, K.I.; Kearney, J.; Maciuk, A.; Mangelsdorf, I.; McArdle, H.J.; Naska, A.;
Pelaez, C.; et al. Safety of dried yellow mealworm (Tenebrio molitor larva) as a novel food pursuant to Regulation (EU) 2015/2283.
EFSA J. 2021, 19, e06343. [CrossRef]

22. Pippinato, L.; Gasco, L.; Di Vita, G.; Mancuso, T. Current scenario in the European edible-insect industry: A preliminary study. J.
Insects Food Feed 2020, 6, 371–381. [CrossRef]

23. Sogari, G.; Menozzi, D.; Mora, C. The food neophobia scale and young adults’ intention to eat insect products. Int. J. Consum.
Stud. 2019, 43, 68–76. [CrossRef]

24. Kinyuru, J.N.; Mogendi, J.B.; Riwa, C.A.; Ndung’u, N.W. Edible insects—A novel source of essential nutrients for human diet:
Learning from traditional knowledge. Anim. Front. 2015, 5, 14–19. [CrossRef]

25. Dobermann, D.; Swift, J.A.; Field, L.M. Opportunities and hurdles of edible insects for food and feed. Nutr. Bull. 2017, 42, 293–308.
[CrossRef]

26. Raheem, D.; Raposo, A.; Oluwole, O.B.; Nieuwland, M.; Saraiva, A.; Carrascosa, C. Entomophagy: Nutritional, ecological, safety
and legislation aspects. Food Res. Int. 2019, 126, 108672. [CrossRef]

27. Payne, C.L.R.; Scarborough, P.; Rayner, M.; Nonaka, K. Are edible insects more or less ‘healthy’ than commonly consumed meats?
A comparison using two nutrient profiling models developed to combat over- and undernutrition. Eur. J. Clin. Nutr. 2016, 70,
285–291. [CrossRef] [PubMed]

28. Kim, T.-K.; Yong, H.I.; Kim, Y.-B.; Kim, H.-W.; Choi, Y.-S. Edible Insects as a Protein Source: A Review of Public Perception,
Processing Technology, and Research Trends. Food Sci. Anim. Resour. 2019, 39, 521–540. [CrossRef] [PubMed]
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Abstract: Edible insects are a healthy, sustainable, and environmentally friendly protein alternative.
Thanks to their quantitative and qualitative protein composition, they can contribute to food security,
especially in Africa, where insects have been consumed for centuries. Most insects are still harvested
in the wild and used for household consumption. So far, however, little attention has been paid
to insects’ real contribution to food security in low-income countries. Entomophagy, the human
consumption of insects, is widespread in many rural areas of Madagascar, a country, at the same
time, severely affected by chronic malnutrition. This case study was carried out in a region where
entomophagy based on wild harvesting is a common practice and malnutrition is pervasive. The data
were obtained in 2020 from a survey among 216 households in the rural commune of Sandrandahy in
the central highlands of Madagascar. Descriptive statistics, correlation, and regression analysis were
used to show the relative importance of insects for the local diet and to test various hypotheses related
to food security. Results show that insects contribute significantly to animal protein consumption,
especially in the humid season, when other protein sources are scarce. They are a cheap protein
source, as much esteemed as meat by the rural population. There are no significant differences in the
quantities of insects consumed by poorer versus richer households, nor between rural and urban
households. Insect consumption amounts are strongly related to the time spent on wild harvesting.
The importance of edible insects for poor, food-insecure rural areas and how entomophagy can be
promoted for better food and nutrition security are discussed.

Keywords: entomophagy; insect consumption; protein intake; rural areas; Sandrandahy

1. Introduction

Already, in the 1970s, insects were proposed by Meyer-Rochow as a solution to the
world protein shortage [1]. At the same time, Chavunduka [2] claimed that insects are
a cheap source of protein in Africa. In the early 21st century, there has been a renewed
interest in edible insects’ possible contribution to food and nutrition security [3], especially
as an important protein source [4]. Worldwide, insects are mostly harvested in the wild
and are predominantly consumed within the household. Depending on the local context
and traditions, insects play a significant role for local diets, especially in times of food
shortages [3,5,6]. Edible insects are healthy, sustainable, and environmentally friendly
protein alternatives [7]. Thanks to their quantitative and qualitative protein composition,
they can contribute significantly to food security, especially in Africa, where insects have
been consumed for centuries [8,9], with exceptions such as Ethiopia, where insects appear
much less appreciated than elsewhere in Africa [10]. Proteins are the main components of
an insect’s body, representing 35% to 77% of its dry matter [11]. In addition, the digestibility
of insect proteins is very high for many preparations. As an indication, for the house cricket,
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which is popular for rearing (but not very popular as a food item in Madagascar [12]),
the digestibility is between 78% and 83% [13]. Some insect species contain considerable
amounts of essential minerals (K, Na, Ca, Cu, Fe, Zn, Mn, and P), as well as vitamins
from group B and vitamins A, C, D, E, and K [14–16]. Moreover, insects contain important
mono- or polyunsaturated fatty acids recommended by nutritionists. However, when
considering entomophagy for nutrition security, one also has to bear in mind the possible
contamination of edible insects by pathogens or pesticides, and the presence of allergic
proteins and anti-nutrients [17].

Nevertheless, the importance of insects for food and nutrition security cannot be
estimated yet on a global scale, and there are only a few specific studies available for the
local level [3]. Moreover, insects are not only consumed in the case of food scarcity, but also
because, and perhaps more importantly, they are considered a traditional and delicious
food item [18].

Madagascar still faces severe problems of chronic malnutrition and stunting. Average
protein supply is only 43 g/capita/day [19], one of the lowest per capita supplies world-
wide, and not enough to ensure the recommended daily intake (of 0.75 g proteins per kg
body weight of adults, see [20]) for all Malagasy. Insufficient intake of animal proteins is
a major nutritional problem in the country [21]. Moreover, micronutrients, such as iron,
are not sufficiently consumed; around one third of women and men in Madagascar are
anaemic [22]. At the same time, entomophagy is still a widespread phenomenon in many
parts of Madagascar. Insects are a commonly used food of the rural population. Neverthe-
less, there are no studies showing the actual amounts of consumed insects [12]. As there
are no public statistics of insect consumption in terms of quantities or nutritional values, or
of the socioeconomic background of insect consumers, it is hardly possible to know the
real contribution of insects to food security in Madagascar. Besides, there are concerns that
the potential of entomophagy is in danger because of decreasing insect supply, possibly
because of habitat loss due to slash-and-burn practices and forest overuse [23], but there
are also no data available to confirm this declining trend.

Some studies have focused on identifying the insect species consumed by local com-
munities, using survey methods with questionnaires or semi-structured interviews and
taxonomy. For example, Agbydye et al. [24] found that termites, the large African cricket,
and the pallid emperor moth were the most frequently consumed insect species in Benue
state of Nigeria. Bomolo et al. [25] found 11 species consumed in Haut-Katanga Province of
Congo, and different proportions of groups eating these species. Caterpillars and termites
were among the most consumed insects, but the results depended significantly on the age,
ethnicity, family status, and education level of the respondents. These studies showed the
wide variety of insect species consumed, but did not quantify the respective amounts.

So far, edible insects have not been included in national consumption surveys [26],
and only one nationally representative survey was carried out accounting for insect con-
sumption. This survey [27] showed that, in Laos, the most frequently consumed insects
are weaver ant eggs, crickets, grasshoppers, cicadas, and bamboo worms. Almost 97% of
people consume insects, and 44% of the population does this (very) frequently. However,
the survey did not quantify the consumption amounts and, hence, cannot specify the
nutritional intake of insects and their importance to food and nutrition security.

There are some studies on the regional or local level that state the amounts of insects
consumed. Using 24-h recall, Yhoung-Aree et al. [28] found that between 2 and 32% of
schoolchildren in Pana District, Northeastern Thailand, consumed, depending on the
season, between 2 g and 26 g of insects per person per day, mainly silkworm pupae,
crickets, and beetles. Acuña et al. [29] reported approximate monthly amounts of edible
insects consumed as part of the traditional food system of a Popoloca village in Puebla
State, Mexico. The quantities vary according to weather conditions, individual preferences,
and the prevalence of specific species and are, therefore, difficult to estimate. Between
February and September, a whole family gathers around one to two litres of different
species from different orders, once or twice per season, and individual persons collect
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around 12–15 larvae, also once or twice per season. However, the nutrient intake, especially
the protein intake, resulting from the amounts consumed were not calculated by these
studies. One exception is the study of N’Gasse et al. [30], who report that, in the district of
Bangui in the Central African Republic, 29% of the annual animal protein intake comes
from the consumption of caterpillars.

Given the scarce evidence on the importance of insects as a protein source, our central
objective was to use a case study in the central highlands of Madagascar to analyse how
much entomophagy actually contributes to local food and nutrition security. The originality
of this case study lies, on the one hand, in its comprehensive empirical assessment of
the above-mentioned food security topics: firstly, by showing how much insects are
contributing to local diets as a protein source, and how this varies seasonally; secondly, by
examining the relative importance of the insect protein source in relation to other animal
and plant protein sources; and, thirdly, by evaluating if insects are a cheaper protein source
compared to other protein sources. On the other hand, we tested three hypotheses related
to important food security issues: 1. Poorer households consume more insect protein
compared to richer households. 2. Significant differences in protein consumption patterns
exist between villages, and between rural and urban sites. 3. Insect protein consumption is
positively related to farm size and harvesting time.

Better knowledge about the contribution of insects to food and nutrition security
could foster sustainable ways of promoting entomophagy in different parts of Madagascar.
Even if between regions, and even within regions, different sorts of edible insects are
consumed in different numbers [23], and a generalisation of specific case study results
is therefore difficult, there are some general conclusions this paper will draw, which can
be tested in further studies: firstly, the importance of edible insects as a protein source in
poor, rural areas where entomophagy is common; and, secondly, the fact that, as long as
entomophagy is based on wild harvesting, its contribution to food and nutrition security
remains restricted by seasonality and natural conditions, and by the time that can be spent
on the collection of insects.

The rest of the article is organised as follows. In chapter two, we describe the study
site and explain our data sampling process. Chapter three presents the descriptive results
concerning consumption amounts of insects, protein intake, and the cost of insect proteins
compared to other animal and plant proteins. In chapter four, the hypotheses are tested.
Then, we interpret the results in the discussion section (chapter five). Conclusions for the
promotion of insect consumption for better nutrition are finally drawn (chapter six).

2. Materials and Methods

2.1. Research Site

The research was carried out in the southern zone of the central highlands of Madagas-
car, in the Amoron’i Mania region, district of Fandriana, rural commune of Sandrandahy
(20◦21′00′′ S, 47◦17′42′′ E, see the map in the Appendix A), where the ProciNut project
“Production and Processing of Edible Insects for Improved Nutrition” is being undertaken.
Sandrandahy consists of 38 fokontany (villages), with a total of 5055 households. The
altitudes vary between 1200 and 1500 m.a.s.l., and the tropical climate has two well-marked
seasons—a hot and humid one, from October to April, and a cool, dry one, from May
to September [31]. Agriculture is the chief economic activity there, rice being the main
staple crop. Poverty is widespread and per capita income in 2010 was only Madagascar
Ariary (MGA) 672 thousand (at the time, around Euro (EUR) 272) per annum (or EUR
0.65 per day; [32]). Stunting and chronic malnutrition is pervasive, reaching 64% and
69%, respectively, of the population [33]. The widespread and chronic food and nutritional
insecurity is aggravated after October, and is especially strong in the months of January and
February, when rice reserves are dwindling. The main dish consists of rice, complemented
by beans, vegetables, and sometimes meat or fish. According to FAO [33], the underlying
problems are the small landholdings coupled with demographic pressure on land, low
number of livestock, low prices of agricultural produce, and an increase in food prices

23



Foods 2021, 10, 2978

during the lean season, when the availability of rice is low. Given the characteristics of the
commune, it represents an interesting case for studying the contribution of entomophagy to
food security in a context of malnutrition and protein scarcity, a situation which is common
in most parts of Madagascar.

2.2. Sampling Design

We used cluster sampling as a common probability sampling procedure. Each fokon-
tany was considered as a cluster. As we knew the number of households of each of
the 38 clusters, systematic sampling using probability proportional to size was possible,
i.e., larger clusters have a proportionally higher likelihood of being selected than smaller
ones. In order to keep the design effect at low levels, but also taking into account the
difficulties of reaching the villages, we decided to take interviews in 12 of the 38 villages, so
that the relation of number of villages (clusters) to number of households was in the range
considered as “relatively safe” (maximum 40–50 households per cluster; see Magnani 1999,
p. 18). We used the procedure described in Magnani [34] (p. 24) to select the 12 fokontany.

In January 2020, we conducted 18 interviews in each of the 12 villages—216 interviews
in total. The measurement entity was the household, which was our unit of interest. For
each of the 12 randomly chosen clusters, we were able to access a list of all households
of the village. First, we randomly and systematically drew 18 households from the list.
This was achieved by dividing the total number of households by 18 (planned number of
interviews considered manageable given the available time and number of enumerators).
The result was the sampling interval (SI). We started randomly at the top of the list at one
of the households, number 1 to number (SI), and then chose every (SI)th household. We
applied the same procedure in a second step to draw 12 additional households in the event
that some of the 18 original households were absent or would decline to co-operate (which
has happened in only two cases).

Data collection was carried out by face-to-face interviews at households with a stan-
dardised questionnaire. Preferentially, the head of each household and/or his/her spouse
was interviewed to ensure that the respondents were aware of the consumption of the
whole household. The sample comprised 66% of male and 34% of female respondents, 72%
of whom were heads of household. Six local enumerators were recruited and trained on
the questions before conducting the survey. The questionnaire was pretested to ensure a
general understanding and a uniform questioning technique. The survey was announced
beforehand by the village chiefs to instil confidence. Participation was voluntary and
took place without remuneration. The survey software KoBoToolbox from the Harvard
Humanitarian Initiative was used to collect the data. The answers were entered into a data
acquisition app via smartphones, stored in a cloud, and then transmitted to computers.
The questionnaire was initially developed in English, and then translated into Malagasy
by the local project partners. The analyses were carried out with SPSS (version 27.0, IBM,
Böblingen, Germany) and Microsoft Excel.

The main focus of the questionnaire was on quantitative data on the agro-socioeconomic
context, insect harvest and consumption, and nutrition. In addition, qualitative data were
collected to better understand local entomophagy practices. Qualitative questions included
dichotomous questions (“Would you like to harvest more insects?”), as well as open-ended
questions (“Why would you like to harvest more insects?”). The questionnaire was divided
into five main parts: 1. General information; 2. Socio-economic status and agriculture;
3. Insect harvesting; 4. Insect consumption; 5. Food frequencies.

The survey was conducted with the approval of the Head of Amoron’i Mania Region,
the prefecture of Ambositra District, the Mayor of Sandrandahy Commune, and the Chiefs
of each fokontany. We informed the respondents that the data collected remain confidential,
that they have the right to stop the interview at any point in time, and that all gathered
information will be used only for research purposes. Respondents gave their oral consent
to the data collection.
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2.3. Seasonal Consumption and Harvesting Amounts

For the analysis of the contribution of insects to food and nutrition security, we used
food frequency tables to gather consumption data of insects, as well as of other food
items, for a whole year. First, it was examined in which months of the year (from January
to December) every item is consumed. Then, it was asked how often and how much
of the food is consumed each time, i.e., the quantities per day, week, or month, so that
average monthly amounts could be calculated. Multiplying the monthly amounts by
the number of months the food item is consumed gives the total annual amount. This
procedure also allowed us to assess seasonal patterns of consumption. (Note that the
monthly consumption amounts per individual household are the same for all months when
the item is consumed by this household (zero otherwise); collecting monthly consumption
data was considered too difficult. The seasonal consumption pattern is the result of adding
the amounts of all households.) However, in the case of insects, the seasonality pattern
relies on harvesting amounts, not on consumption amounts. (Again, monthly data on
consumption were considered difficult to collect but, as there is hardly any buying or
selling of insects, monthly harvesting amounts nearly equal consumption amounts.)

The amounts consider the consumption of the whole household; despite possible
individual differences, when calculating per capita consumption, we simply divided the
household amount by the number of household members. Similar to consumption amounts,
harvesting amounts were calculated by the number of months during the year when insects
are collected, multiplied by the average monthly harvesting amounts. For transformation
into kg, we used a standardised transformation factor for each local unit (e.g., one cup of
insects = 200 g).

In different parts of the questionnaire, we independently collected data on the harvest-
ing, buying, and selling of insects. Considering that total consumption amount = amount
harvested + purchased − sold, it was possible to cross-check the consumption with the
harvesting data (excluding the possibility of transferring insects between households as
gifts). Only in 5% of all cases is the difference between the two higher than the average
consumption amount. For all insect groups except one, average consumption amounts
differ less than one kilogram from harvesting amounts, and the total average harvesting
amount is 10% (0.9 kg per household) higher than the consumption amount, which results
in rather conservative estimations about the consumption of edible insects.

2.4. Nutritional Composition and Costs of Insects and Other Foods

In the survey, people used local terms for insects, which normally do not denominate
specific species, but often a certain stage in the life cycle of a certain insect family or order.
For example, Sakivy denominates larvae, and Abado pupae of Coleoptera. The insect species,
families, and orders belonging to each local name were identified by an entomologist of
the ProciNut project. To determine the nutritional composition of the groups of species
identified, bibliographic research was carried out. The keywords used were the scientific
names of the species. The nutritional composition used for the locally denominated insects
is given in Table A1 in the Appendix A. In some cases, an average protein content was
calculated when data were available from different sources. In two cases (snout beetles
and wild silkworm), where no data could be found, nutritional composition was used from
different families belonging to the same order. In cases where nutritional information was
only available for dry matter (beetle larvae and cicadas), an average moisture content of
70% was applied to calculate the protein content for fresh matter. In order to compare the
protein content of commonly consumed animal- and plant-based food items, we used the
tables given by the National Bureau of Nutrition (ONN) of Madagascar (see Table A2 in
the Appendix A).

The protein costs were calculated by the average prices paid by the respondents per
kg of purchased food item, and its protein content, described above. As most insects are
not bought, we only obtained sufficient price data for two types of insects (adult scarab
beetles and silkworms).
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3. Descriptive Results

3.1. Socio-Demographic Characteristics

The average size of the interviewed households is 5.5 members. Nearly half of
household members (49%) belong to the working age population, defined as 16–64 years
old, meaning that the dependency ratio is around one. Ethnically, the population is
quite homogenous: 95% of the interviewees are members of the Betsileo group; the rest
belong to the Merina group, except for one respondent from Sakalava group. Most of
the communities’ members (75%) have lived already for a long time in their villages; 25%
of households have moved to their community only after the year 2000. With regard to
the level of education of the interviewees, it can be stated that 4% were not enrolled in
school, 56% have completed primary education, 25% have passed college, 12% achieved
high school level, and 3% went beyond this level. Regarding religious beliefs, 61% stated to
be Catholic, 26% Protestant, 12% Lutheran, and 2% attend the free churches. In total, 10%
of the sample are female-headed households. However, all of these socio-demographic
variables are not significantly correlated with insect protein consumption (household
size, dependency ratio) or the mean values of insect protein consumption per capita of
the different groups (long vs. recently established, female vs. male-headed, Betsileo vs.
non-Betsileo, education levels, and religious beliefs) are not statistically different.

3.2. Agriculture and Income

Subsistence agriculture is predominant in Sandrandahy. According to our survey,
farm households own, on average, 1.8 ha of land, of which 0.5 ha is irrigated for rice
production. Paddy is the main crop in the region; on average, farmers produce 836 kg
per year. One quarter of households sell rice, while the large majority (76%) only use it
for home consumption. Rice, in terms of production value, accounts for 50%, followed
by cassava (19%), sweet potato (9%), and corn (5%). In other words, more than 80% of
production value comes from staple crops, whereas legumes, such as groundnuts, Bambara
nuts (Vigna subterranea), and beans, together cover around 10%, and fruit and vegetables
make up 4%. Most households own livestock: on average, they have two zebus and one
pig, around 15 chicken, and three ducks. Moreover, 58% of households catch fish in their
rice fields.

Households complement their agricultural activities with non-farm activities to make
ends meet. Actually, 96% of households interviewed earn some sort of non-farm income,
mainly from low remunerated casual work. Non-farm activities account for 53% of cash
income, whereas livestock selling contributes 39% and crops around 7% of total cash
income. On average, cash income is around EUR 120 per capita per year (EUR 0.32 per
day), of which only around EUR 20 is spent on food.

3.3. Harvesting and Consumption of Edible Insects

In the rural commune of Sandrandahy, wild harvesting for home consumption domi-
nates. Insects are rarely bought (2% of total consumption amount) or sold (0.2%), so that
consumption nearly exclusively depends on the collection of insects. The preferred insects
are adult beetles from the family of Scarabaeidae (Voangory), harvested and eaten by 87%
of all households, followed by cicada (30%), pupae of Coleoptera (Abado, 29%), and locusts
(21%) (see Table 1). The Voangory are adult scarab beetles that stay in the ground during
the day, from which they crawl out and fly away after sunset. They are then found in larger
clusters near rice fields or in the grass or shrubs where they can be easily caught. Larvae
and pupae of silkworm are not much consumed (3%), as no tapia trees, the natural host
plant of the wild silkworm (Borocera cajani), are found nearby, and domesticated silkworm
(Bombyx mori) production is not important in the region. Locusts and crickets are collected
on a rather irregular basis, for example, when there is an infestation. In quantitative terms,
adult scarab beetles dominate consumption, as 66% of the total amount of insects consumed
(as measured in kg) come from the Voangory type. The average and total amounts of other
species are comparatively low, because only a few households consume them. However,
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those households which consume these species can consume relatively large amounts.
Almost all (95%) of the households consume insects. The average consumption is 9.0 kg per
household per year, which corresponds to 1.7 kg per capita, but varies greatly (Standard
Deviation (SD): 10.6/2.0 kg).

Table 1. Annual consumption of insects by households (n = 216).

Beetle
(Larva)
Sakivy

Beetle
(Pupae)
Abado

Beetle
(Adult)

Voangory

Beetle
(Adult)

Voanosy

Silkworm
Landibe

Zana-dandy

Locust
Valala

Cricket
Akitra

Cicada
Jorery

Diving
beetle

Tsikovoka
Total

No. of consuming hh 8 62 187 27 6 45 2 65 4 205
% of all hh 4% 29% 87% 13% 3% 21% 1% 30% 2% 95%

Total amount in kg 34.2 114.2 1279.1 107.6 7.8 195.6 0.6 200.5 1.5 1941.0
% of total amount 2% 6% 66% 6% 0% 10% 0% 10% 0% 100%

Amount per hh in kg 0.2 0.5 5.9 0.5 0.0 0.9 0.0 0.9 0.0 9.0
Per consuming hh in kg 4.3 1.8 6.8 4.0 1.3 4.3 0.3 3.1 0.4 9.5

Source: own calculations based on survey data. hh = household(s).

In general, insects are consumed for two main reasons: people find them tasty (88%
stated that they have a good taste) and it is a traditional food (65%, multiple answers
possible). Moreover, insects are considered by the local population as a full meat substitute:
they are predominantly consumed as a main dish with rice (92% of households harvest
insects for this reason), and only sometimes as snacks (7%). Moreover, when asked whether
they would choose a plate of insects over a plate of meat, if offered both for free, 52%
responded that they would choose the latter, 37% would prefer insects over meat, and 11%
like meat and insects equally. Around three quarters of households would like to consume
more insects and are, therefore, interested in starting to rear them.

In total, 82% of households would like to collect more insects. The reasons why they
do not harvest more refer much more to a lack of insects (“they are rare”, 52%; “rare
because of climate and habitat change”, 27% of answers) than to labour constraints (“too
busy to catch more”, 12%). Moreover, 81% of interviewees reported a diminishing trend of
harvested insect quantities in recent years.

3.4. Seasonality of Harvesting and Consumption

Many edible insect species are only seasonally available [18]. However, different
species appear at different times of the year, and there are some insects which are available
year-round. It is not clear how seasonal availability translates into seasonal patterns of
consumption. As Figure 1 shows, however, there is a clear pattern in Sandrandahy: the
harvesting of insects is highest between October and December. (As explained above, we
did not collect data on monthly consumption of insects but, as the households consume
nearly all insects immediately and hardly any insects are bought, sold, or preserved,
seasonal consumption should follow seasonal harvesting patterns.) Some 82% of the total
amount is collected in these three months, which are, at the same time, the start of the lean
season. This is explained by the fact that the most commonly consumed species—adult
scarab beetles, but also cicada—only appear in these months, whereas other species that
are available year-round, such as locusts, crickets, and the larvae of Coleoptera, are not
collected much.

For comparison, Figure 2 shows the monthly amounts (in kg) of beef, pork, chicken,
and fish consumed by households over the year, as well as insects. The consumption of
meat fluctuates only slightly throughout the year (Coefficient of Variation (CV) of 15%),
whereas that of (fresh and dried) fish varies more (CV of 32%), both together reaching
their highest levels between April and June, diminishing afterwards to reach their lowest
levels in October and November, exactly the months when insect harvesting is at its peak.
Between October and December, insects constitute 44% of the total amount of meat, fish,
and insects consumed, meaning that edible insects (over-)compensate for the lower levels
of meat and fish consumption. Furthermore, due to insect consumption, this is the period
with the highest total consumption of meat, fish, and insects.
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Figure 1. Monthly harvesting amounts of edible insects, in kg per household. Source: own calcula-
tions based on survey data.

 

Figure 2. Monthly amounts of meat and fish consumed and edible insects harvested, in kg per
household. Source: own calculations based on survey data.

3.5. Protein Intake

The quantities of meat, fish, and insects shown in Figure 2, and of protein-rich crops
were converted into amounts of protein consumed by taking the average protein content of
the different sources (see Tables A1 and A2 in the Appendix A). In general, animal protein
sources are limited: an average household of 5.5 members ingests 69 kg of animal products
(including insects) per year, containing 9.9 kg of proteins (SD 6.2 kg), of which 1.8 kg comes
from insects (SD 2.0 kg). This equals an average per capita animal protein consumption of
around 5 g/day (not differentiating between adults and children, male and female), lower
than the average national supply of 9 g/day [19]. Besides animal products, protein-rich
crops, mainly legumes (beans, bambara nuts, peas), are consumed. The protein coming
from these plants is 8.3 kg per household, not much lower than that of animal products.
Figure 3 shows the different sources of proteins in the region. Insects are responsible for
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nearly 10% of protein consumption of the rural population, in the same range as pork
and beef.

 

Figure 3. Average protein intake of different sources, in % of total. Source: own calculations based
on survey data and data from Tables A1 and A2 in the Appendix A.

However, probably the most important protein source is rice (not considering that rice
is not the best protein source, as it contains less essential amino acids), which is eaten on a
daily basis. To illustrate, paddy production for personal consumption, which is on average
737 kg per household (we only collected production data, but not consumption data of rice,
corn, and other cereals), contains around 44 kg of protein per year per family, compared
to just 18 kg coming from animal products and legumes. Per capita protein supply from
animal products, legumes, and rice together is around 31 g/day, lower than the national
average of 43 g [19].

3.6. Cost of Different Protein Sources

It has been assumed that insects are a cheaper source of macro- and micronutrients
than meat [3]. For our study region, Figure 4 demonstrates that meat, as well as milk and
eggs, are indeed a relatively expensive source of protein: 100 g of their protein costs between
MGA 6000 and 8000 (EUR 1.50 to 2.00). Fresh fish is the most expensive source (around
MGA 9000 or EUR 2.25 per 100 g), whereas dried fish protein is much cheaper (nearly
MGA 3400 or EUR 0.84 per 100 g). The calculated protein price of insects varies according
to the species (as mentioned above, we only have sufficient price data for two types of
insects). Whereas protein from adult scarab beetles is relatively cheap (around MGA 2500
or EUR 0.63 per 100 g of protein), that from silkworm chrysalis is at MGA 5000 (EUR 1.25),
twice as expensive. In general, plant-based proteins are much cheaper (around MGA 1000
to 2000 or EUR 0.50 to 1.00/100 g) compared to animal protein sources.

As almost all insects are harvested in the wild by family members, there are hardly
any cash expenses involved. The costs inferred are only the opportunity costs of harvesting
them. The mean time to collect one kilogram of insects is, according to our data, 6.6 h; if this
time could be used for other productive purposes instead, this would be an opportunity
cost. This might differ from household to household but, assuming an opportunity cost
that equals the agricultural minimum wage of MGA 675/h (https://www.minimum-wage.
org/international/madagascar, accessed on 3 June 2021), collecting one kilogram of insects
would have an opportunity cost of around MGA 4500, or approximately MGA 2250 (EUR
0.56) per 100 g of protein (considering a weighted average of 20 g protein/100 g of fresh
insect weight), a bit lower than the price of protein from adult beetles calculated above.

29



Foods 2021, 10, 2978

However, as more than two thirds (68%) of the harvesting is done by children and youths
(5–15 years old), the opportunity costs are probably lower (assuming that insect collection
is not done at the expense of school attendance).

 

Figure 4. Protein cost of different foods, in MGA (at the time of the survey, EUR 1 = MGA 4000
(www.oanda.com), accessed on 5 May 2021) per 100 g of protein. Source: own calculations based on
survey and data from Tables A1 and A2 in the Appendix A.

3.7. Micronutrient Intake

Many authors have been highlighting the contribution of entomophagy to the protein
intake in protein-scarce food environments. However, edible insects’ contribution to
micronutrient intake might be even more important in some cases [35]. Especially in low-
income countries, many people, especially children and women of reproductive age, suffer
from iron and zinc deficiencies, which represent two of the most severe micronutrient
deficiencies globally [36]. Adult scarab beetles (Holotrichia sp.), the far most consumed
insect in our project region (Voangory), have an iron and zinc content of 9.1 mg and
8.8 mg/100 g edible portion, respectively (Köhler et al. 2019). As the daily required intake
of children, women of reproductive age, and men is 10 mg, 18 mg, and 8 mg/day for iron,
and 5 mg, 11 mg, and 8 mg/day for zinc [37], respectively, a family consisting of one couple
with three children would need 34 mg of zinc and 56 mg of iron per day. The actual intake
of 5.92 kg beetles per family would only allow for around 10 (iron) to 15 (zinc) days of
the total required intake. As these beetles are consumed only seasonally (1–3 months), at
least over that time, they can contribute substantially to the daily required intake of these
important micronutrients

4. Hypotheses

4.1. Poorer Households Consume Significantly More Insect Proteins Compared to
Richer Households

Given that insects are a cheaper source of protein compared to other animals, to the
extent that they are almost such a thing as a “free lunch” [38], it can be supposed that poorer
people will rely more on this protein source than richer ones. We used cash income as a
proxy for poverty. As few people buy insects, we do not expect any direct positive effect
of income on insect protein consumption, but one on the consumption of other animal
protein sources (meat, fish, milk, eggs), which could then indirectly lead to lower insect
consumption of richer households, in relative and/or absolute terms. Table 2 shows the
correlation between the variables: no relationship could be established between insect
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protein consumption (in kg per capita per year) and per capita cash income, but a relatively
strong correlation (r = 0.546 **) between income and other animal protein consumption.
This means that richer households eat more meat and fish, but not less insects compared
to poorer households. Insect and other animal protein consumption are not significantly
correlated. It seems that households do not ingest less insect proteins only because other
animal protein sources are more available, or, in other words, people with less income
and less meat and fish consumption do not compensate this by higher (absolute) insect
consumption. However, as poorer households have less access to meat and fish protein,
the share of insects in their protein consumption tends to be higher compared to higher
cash income households (r = −0.177 **). Finally, the more proteins from meat and fish are
consumed, the lower the share of insect protein (r = −0.288 **).

Table 2. Correlation between insect and animal (meat, fish, milk, eggs) protein consumption, income,
and insect relative to animal protein consumption, per capita.

Pearson Correlation Coefficient

Cash Income Insect Protein Relative Insect Protein

Insect protein −0.061
Relative insect protein −0.177 ** 0.634 **

Animal protein 0.546 ** 0.098 −0.288 **
Source: own calculations based on survey data; ** significant at 0.01 level.

4.2. Significant Differences in Protein Consumption Patterns between Villages, and between Rural
and Urban Sites Exist

Different market access for animal products and different occurrence of insects for wild
harvesting might lead to locally diverse protein consumption patterns in the 12 villages of
our sample. Still, we found few differences between the places concerning per capita insect
protein consumption: ANOVA post hoc tests (alpha = 0.05) only showed two different
groups of villages, seven out of the twelve villages being in both groups. Concerning
animal protein consumption, only two homogeneous groups could be identified: the
(semi-)urban fokontany of Sandrandahy, with a higher consumption level, and the other
villages. We did not find other patterns of low versus high consumption: some villages
have below total average animal protein consumption and below total average insect
protein consumption (4 out of 12). There are others with lower animal, but higher insect
protein consumption (3), there are those with higher animal, but lower insect protein
consumption (4), and, finally, one village with higher than average consumption of both
protein sources. Consequently, there is no significant correlation between average animal
protein and average insect protein consumption per village (r = −0.287, p = 0.365).

4.3. Insect Protein Consumption Is Positively Related to Land Size and Harvesting Time

As insects are mainly collected in the wild, bigger households might be able to collect
and consume more insects than smaller households. Table 3 shows that insect protein
consumption per capita is significantly correlated with the amount of time spent on insect
harvesting, but not with household size. However, household size and number of hours
spent on harvesting are positively correlated. This means that larger households have more
labour available to catch more insects. However, this does not translate into higher per
capita consumption in larger households because of the counteracting effect of the greater
number of consumers in these households.

Since insects are collected in the fields, larger farms should have more space to search
for wild insects and, hence, could harvest and consume more. Table 3 shows that farm size
is indeed positively correlated with insect protein consumption, and correlates significantly
with time spent on harvesting. It seems that, if more land is available, this opportunity is
used by spending more time on harvesting insects, which allows for higher consumption.
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Table 3. Correlation between insect protein consumption per capita, household size, farm size, and
hours harvested per household.

Pearson Correlation Coefficient

Household Size Farm Size Insect Protein

Insect protein −0.073 0.144 *
Hours harvested 0.316 ** 0.190 ** 0.369 **

Source: own calculations based on survey data; * significant at 0.05, ** significant at 0.01 level.

Finally, we tested all three hypotheses together using a double-logarithmic regression
model, with the dependent variable being protein per capita consumption. One influential
case (Cook’s d) was excluded. The model explains 54% of variances, which is a good fit
(see Table 4).

Table 4. Multiple linear regression model summary; method: standard; one influential case excluded
(n = 215), dependent variable: log of insect consumption per capita in kg.

R R Square
Adjusted
R Square

Std. Error of the
Estimate

F Sig. Durbin-Watson

0.740 0.548 0.535 1.310 41.968 0.000 1.910

Table 5 presents the coefficients of the logarithmic variables. Because of heteroscedas-
ticity problems (Breusch-Pagan test statistics: chi-square = 210.7, p = 0.000) and non-normal
distribution of residuals, we estimated the parameters using robust standard errors (HC3
method). Only two variables have significant p-values: animal protein consumption
(p = 0.003) and harvesting time (p = 0.000), whereas cash income and household size, but
also farm size (which has a weak but significant correlation coefficient, see Table 3), have
nonsignificant p-values. The variable harvesting time shows the highest partial Eta-squared
of 18, much higher than that of animal protein (0.04), meaning that the former variable
has the highest effect size and explains most of the regression results. For example, if we
run a regression only including harvesting time as an independent variable, R square is
still as high as 506 (F = 218.015, p = 0.000), whereas, if we run the regression with all other
variables, excluding harvesting time, R square is merely 0.073 (F = 3.281, p = 0.007). It
seems that the most important determinant of insect consumption is the time spent on
collecting them, confirming part of hypothesis three.

Table 5. Model coefficients.

Parameter Coefficient B Std. Error T Sig. Part. Eta Squared

Constant −3.527 1.330 −2.653 0.009 0.033
Log_HH size −0.185 0.288 −0.642 0.522 0.002

Log_Animal protein 0.421 0.141 2.979 0.003 0.041
Log_Income capita 0.064 0.093 0.687 0.493 0.002

Log_Farm size −0.020 0.106 −0.188 0.851 0.000
Rural/urban 0.298 0.576 0.517 0.606 0.001

Log_Harvest. time 0.480 0.070 6.822 0.000 0.183

Dependent variable: Log_Insectprotein.

5. Discussion

In our research area, entomophagy is widespread, with 95% of households consuming
insects. This high prevalence of entomophagy is common in many African countries. For ex-
ample, Anankware et al. [39] stated that more than 80% of interviewees in Ghana consume
edible insects as a protein source. However, as explained above, not much quantitative
evidence on insects as a protein source exists. In the commune of Sandrandahy, insects
contribute nearly 10% to protein intake derived from animals and legumes, comparable
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with the proportions of beef or pork. Entomophagy as an important element of protein
intake has only been documented in a few other studies. For example, Roulon-Doko, 1998,
cited in [8], documented that insects consumed by the indigenous Gbaya people in the
Democratic Republic of the Congo contribute to 15% of total protein intake.

However, the amounts of insects consumed and, therefore, of proteins coming from
insects vary widely between households in our study. One explanation could be that poorer
households consume more insects, substituting meat or fish proteins. However, in contrast
to meat and fish, of which poorer households consume less, insect protein consumption
is not correlated with household income level. This finding is consistent with the results
of Manditsera et al. [6], who did not find a significant association between income and
insect consumption in rural areas of Zimbabwe, but contrasts with the outcome of the
study by Kisaka [40] for rural Kenyan households, where increased income leads to higher
consumption of winged termites. For urban households, Kisaka [40] reports lower termite
consumption, possibly because of better access to other protein sources, such as meat. In
our study, meat and fish consumption is not correlated with edible insect consumption,
meaning that households that can afford to buy more meat and fish continue to consume
insects. This may be because total protein intake is still low, even for richer households,
which continue using insects as a complement to their diets. In addition, insects are
considered a free and easily accessible food, which everyone still uses, independently of
the income situation. Finally, it might just be because most people, richer as well as poorer
people, find insects tasty. Hence, it seems that insects are not viewed as an inferior good
in relation to meat and fish, and are not substituted when income increases, as repeatedly
stressed by various authors and summarised in the review by Meyer-Rochow et al. [17].

Even if insects are cheaper than meat and fish, insects are hardly bought by the rural
population, but almost exclusively harvested in the wild. Hence, households’ collection of
wild insects seems to be key in explaining consumption patterns in rural areas. The time
dedicated to harvesting is strongly correlated with amounts of insect proteins consumed
and explains most of the regression results. This seems obvious in a situation where
consumption depends almost entirely on wild harvesting. Especially in rural areas, access
to insects in the wild greatly influences their availability for consumption [6]. However,
the variable “harvesting time” was not considered in any other study we have found. On
average, 34 h per month are dedicated to harvesting insects during season, but this varies
widely (SD: 37 h). The question then might be: what influences harvesting time? Or, in
other words, why do some households spend more time on harvesting than others?

We can only speculate on this: it might be (limited) labour availability, but also natural
limitations. As seen above, most households would be willing to collect more insects if
possible. The limitations mentioned refer more to lack of insects due to loss of habitat,
especially in recent years, and less to labour constraints. Overexploitation of insects and
changes in habitat (i.e., deforestation) have also been reported as a threat to entomophagy
in other studies (summarised by van Huis [41]). Another explanation could be the interest
and willingness of household members to collect insects. As children are the main collectors
(68% of harvesting time), a fact which is confirmed by another study in Madagascar [12],
it would be necessary to know what influences their harvesting activities. For example,
school attendance might influence gathering time in communities where insects are mainly
collected by children [42]. Moreover, besides the time spent, the amounts harvested per
hour (i.e., the productivity) also differ greatly between households, a fact that might be
explained by the diverse knowledge and skills (where to find and how to catch insects) of
the gatherers, i.e., mainly of children.

Most insect collection is done seasonally, in up to three months of the year, and con-
centrated on adult scarab beetles (Voangory). On the one hand, this limits consumption
opportunities. As different species normally appear at different times of the year, diver-
sification could extend the availability of edible insects during the year. On the other
hand, the main harvesting season for insects in Sandrandahy coincides with the period
when other protein sources, such as fish, are rare, so that insects can compensate for this
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scarcity, contributing nearly half (44%) of meat, fish, and insect consumption in this period.
A similar fact was found in the Lake Tumba region in Congo (at the time called Zaire),
where Pagezy 1975, cited in [3], documented that, in some months of the year, when the
occurrence of caterpillars is high, those of fish and game are low, and vice versa. High
percentages (60%) of insects as an animal protein source during two months of the rainy
season were also estimated by Paoletti et al. [43] for an Amerindian group of the Amazon.
Muafor et al. [44] report that adult beetles consumed in Cameroon are only seasonally
available, but constitute an alternative protein source to meat and fish in the months when
they occur. This means that insect consumption can smoothen protein intake of rural
households during the year. Other studies have also stressed the importance of some insect
species, such as caterpillars, for seasonal food security [45].

Finally, some of the limitations of our study should be mentioned. Firstly, as a case
study design with a strong regional focus was chosen, the results cannot be transferred to
other regions of the country especially when considering that, in Madagascar, remarkable
differences in insect consumption between different regions exist [23]. Second, an exact
quantification of the consumption of edible insects is difficult due to the frequent recall
bias [27], especially if the consumption quantities are recorded over a longer period of time.
In addition, insects are mainly harvested by children, which makes it difficult for respon-
dents to have an overview of how much is collected. As mentioned above (Section 2.3), we
tried to check this by comparing the quantities harvested with the quantities consumed,
both of which were asked independently in the questionnaire. Even if this comparison
showed only minor deviations, we cannot rule out the possibility that both amounts are
biased. Moreover, the frequencies of the other food items may have been affected by the
recall bias. Third, we focused only on the protein content of insects (and some minerals
found in Voangory), but did not consider, for example, fatty acids or vitamins. Moreover, we
used data of protein content from the literature, which may differ for the insects found in
the research area. Nutritional values depend not only on the species, but also on their diets
and, hence, on their habitats, and on the processing methods [17]. Therefore, nutritional
data on local insects and the influence of processing practices are required (and will be
provided in the future by ProciNut project) in order to better assess their specific nutritional
values. Fourth, the food safety aspect was not taken into account in our research. It is
known that edible insects can be contaminated by micro-organisms, but also by pesticides.
Even if contamination of microbes is reduced or eliminated by processing methods, such
as boiling or deep-frying [17], further research is needed to ensure food safety of local
insect consumption.

6. Conclusions

Apart from the general recognition of edible insects as an important protein source in
developing countries [3], not much quantitative information on their contribution to food
security is available. This study tried to partly fill this research gap by examining insect
consumption in one rural commune in the highlands of Madagascar. Our results might be
different in other rural areas. However, given the widespread tradition of entomophagy in
this country [23], it can be concluded that entomophagy is a relevant and cheap local food
source—a “free lunch”. This is especially the case in the lean season, when other protein
sources are scarce. However, the seasonality of insect occurrence also limits the possible
amounts for consumption purposes. Moreover, due to climate and habitat changes, insects
have become rare. The decreased occurrence and limited availability of insects, and the
fact that they are liked as much as meat by the local population, represents an incentive for
starting to rear them. However, the type of insect that is most consumed in the region, the
adult scarab beetle, is difficult to rear because of its long life cycle and underground life
when in the larval stage. Commonly reared species, such as crickets, are not consumed
much yet by the local population, but might be accepted by consumers when offered to
them in other forms, for example, as cricket flour used in buns [46]. Given local demand
and appropriate incentives, such as extension services and knowledge transfer, as well as
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start-up aid for investments, the raising of insects could become an interesting business for
smallholders, as seen in other countries, such as Thailand [47]. This could allow food and
nutrition security and the tradition of entomophagy in poor rural areas of Madagascar to
be strengthened.
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Appendix A

Table A1. Protein content of different insects found in the study area.

DRY MATTER
BASIS

FRESH MATTER BASIS DATA USED

Malagasy Name English Name Family Order Protein (g/100 g EP) Protein (g/100 g EP) Moisture
Content (%)

Protein
(g/100 g EP) References/Observations

Voanosy (Adult) Weevils CURCULIONIDAE COLEOPTERA 21.2 Data used from Voangory

Voangory (Adult) Scarab beetles SCARABAEIDAE COLEOPTERA 28.9
13.4 74.1 21.2

Mean of Köhler et al. [16] and
Yhoung-Aree & Viwatpanich

[48]

Sakivy (Larvae) Scarab beetles
Weevils

SCARABAEIDAE
CURCULIONIDAE COLEOPTERA 49.2 14.8

Gosh et al. [15]: mean of
two species; moisture content

assumed: 70%

Abado (Pupae) Scarab beetles
Weevils

SCARABAEIDAE
CURCULIONIDAE COLEOPTERA 14.8 Data used from Sakivy

Tsikovoka (Adult) Water beetles DYTISCIDAE COLEOPTERA 25.1
21.0

49.1
61.2 23.0

Mean of Shantibala et al. [49]
and

Yhoung-Aree et al. [28]

Jorery (Adult) Cicadas CICADIDAE HEMIPTERA 47.2 14.2
Raksakantong et al. [50];

moisture content assumed:
70%

Valala (Adult) Grasshoppers
Locusts

ACRIDIDAE
OEDIPODINAE ORTHOPTERA 14.3

20.1
76.7
69.0 17.2

Mean of Yhoung-Aree &
Viwatpanich [48] and Oonincx

& van der Poel [51]

Akitra (Adult) Crickets GRYLLIDAE ORTHOPTERA 14.7 70.8 14.7
Yhoung-Aree & Viwatpanich

[48]; mean for different
crickets

Zana-dandy (Larvae) Domesticated
silkworms BOMBYCIDAE LEPIDOPTERA

18.9
26.6
12.2

69.9
75.3 19.2

Mean of Frye & Calvert [52]
and

Köhler et al. [16] and
Yhoung-Aree & Viwatpanich

[48]
Landibe (Larvae) Wild silkworms LASIOCAMPIDAE LEPIDOPTERA 14.7 70.8 19.2 Data used from Zana-dandy

Sources: Taxonomy by Andrianantenaina Razafindrakotomamonjy (ProciNut project); own calculations based on given references; EP:
edible portion.
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Table A2. Protein content of different animal-based and plant-based foods. Composition (pour 100 g
de partie comestible/100 g edible parts).

Aliments/Foods Protein (g)

Animal proteins

Viande de boeuf/Beef 14.60

Viande de porc/Pork meat 18.70

Viande de poulet/Poultry meat 12.30

Poissons frais/Fresh fish 10.30

Poissons seches/Dried fish 22.90

Lait frais/Fresh milk 3.10

Oeuf/Eggs 10.30

Plant proteins

Tsaramaso mainty (sp vulgaris)/Dried beans 14.13

Pois du cap/Peas 24.05

Voanjobory/Bambara nuts 17.21

Kabaro fotsy (sp lunatus)/Lima beans 34.88

Kabaro sadamena (sp lunatus) 25.90

Kabaro mena (sp lunatus) 17.45

Kabaro mainty (sp lunatus) 18.93

Kabaro maramainty (sp lunatus) 20.81

Kabaro/Lima beans (average) 23.59

Arachide nature/Peanuts 29.91

Rice

Paddy 6.00
Source: Organisation Nationale de Nutrition (ONN, Madagascar), without date.
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Figure A1. Location of Sandrandahy Commune within the district of Fandriana, the district within
the region Amoron’i Mania, and the region within Madagascar. Source: ProciNut project by Sebastian
Forneck; based on maps from Global Administrative Areas (2018). GADM database of Global
Administrative Areas, version 3.6. [online] URL: www.gadm.org (accessed on 20 May 2020).
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Abstract: Edible insects have great potential to be human food; among them, aquatic insects have
unique characteristics and deserve special attention. Before consuming these insects, the nutrition
and food safety should always be considered. In this review, we summarized the species diversity, nu-
trition composition, and food safety of edible aquatic insects, and also compared their distinguished
characteristics with those of terrestrial insects. Generally, in contrast with the role of plant feeders that
most terrestrial edible insect species play, most aquatic edible insects are carnivorous animals. Besides
the differences in physiology and metabolism, there are differences in fat, fatty acid, limiting/flavor
amino acid, and mineral element contents between terrestrial and aquatic insects. Furthermore,
heavy metal, pesticide residue, and uric acid composition, concerning food safety, are also discussed.
Combined with the nutritional characteristics of aquatic insects, it is not recommended to eat the
wild resources on a large scale. For the aquatic insects with large consumption, it is better to realize
the standardized cultivation before they can be safely eaten.

Keywords: entomophagy; terrestrial insects; health benefits; contaminant; selenium; insect farming

1. Introduction

Human beings have a very long and rich history of entomophagy, especially in Africa,
Asia, and Latin America [1–4]. There are plentiful and colorful customs and cultures of
entomophagy in these areas. To some ethnic groups, such as Mazahua and Nahuas in
Mexico [5], Gelao in China [2], and Kiriwinians in Papua New Guinea [6], entomophagy not
only means an indigenous practice of the consumption of insects, but is also imbibed into
the ethnic culture and traditional ecological knowledge [7,8]. Entomophagy has decreased
significantly with the development of modern agriculture; however, it still exists and plays
important roles in the lives of people in underdeveloped areas. In recent years, considering
their outstanding source of nutrition [9], low levels of greenhouse gas emissions [10],
limited agricultural land being required [11], and potential socio-economic benefits, edible
insects have been considered as valuable and sustainable alternative nutrition sources
for food security [12]. The topics of “edible insects as food candidates” or “insects as
an alternative protein source” have received a huge amount of attention [3,13]. Up until
now, great progress in those topics has been achieved due to the encouragement of the
greater use of insects in our diets by the Food and Agriculture Organization of the United
Nations [14], as well as technological advances in research on the nutrition, safety and
farming of insects.

Aquatic insects are composed of around 76,000 species, found in a wide range of
aquatic (and semiaquatic) habitats, from springs, ponds and lakes to large rivers [15,16].
As edible insects, edible aquatic insects have a long history of utilization [5] too. These
insects could have great potential to service humans with nutrition and health benefits;
for example, the captured biomass of aquatic insects in Zaire (Central Africa) has already
reached a very high value, with 16 tons/year in 1989 [17]. However, as compared to edible
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terrestrial insects, such as the black soldier fly, mealworm, cricket, and grasshopper, fewer
aquatic insects appear in the market and daily life, and the same situation exists in terms
of research. Insects inhabit a large variety of environments with different feeding habits;
the majority of terrestrial insects are phytophagous, while the majority of aquatic insects
are carnivores [18]. What is the difference or potentiality between the use of edible aquatic
insects and terrestrial insects? In this review, the characteristics of aquatic insects were
summarized to provide information to better develop and utilize this kind of resource.
Here, ‘aquatic insects’ refers to aquatic and semi-aquatic insects in or from freshwater.

2. Aquatic Insects and Its Resource as Food and Feed

Aquatic insects have very rich species diversity, though aquatic insects represent only
10% of the insect species and only include 12 orders [19,20], and they share some of the same
orders with terrestrial insects taxonomically. The relevant biology, natural habitats, and
comparisons of aquatic insect orders have been well summarized by D. Dudley Williams
and Siân S. Williams [19]. Six of the 12 orders of aquatic insects are likely to contain candi-
date species for food and feed [19,21,22]. They are Coleoptera (beetles), Diptera (true flies),
Ephemeroptera (mayflies), Hemiptera (true bugs), Odonata (dragonflies/damselflies), and
Trichoptera (caddisflies). Judging from the research and utilization reports from Southwest
China and Japan, the order Megaloptera has the potential to be a candidate species, because
it has been used as food and folk medicine for a long time, with remarkable economic
value [23,24]. The insects are widely distributed all around the world, and its breeding
technology of some species has gradually matured [25,26].

To update the list of edible aquatic insects, the methods of Macadam and Stockan [22]
have been followed. Two main sources, Jongema (2017) [27] and Mitsuhashi (2016) [28],
and other sources (Supplementary Table S1), were screened for the list. The list contains
329 species belonging to 153 genera, and 51 families coming from 46 countries (Table 1).
Given that over 2000 insect species are eaten, edible aquatic insects account for about 15%
of the total number. The species belong to eight orders, namely, Coleoptera, Odonata,
Hemiptera, Diptera, Trichoptera, Megaloptera, Ephemeroptera, and Plecoptera, ordered
from high to low. Among them, Coleoptera, Odonata, and Hemiptera contribute over 3/4
of the number of species, and they are all predatory. The naiad/larva is the main edible
stage of aquatic insects. Most species are consumed in Mexico, Japan, China, Thailand,
India, and Venezuela.

Table 1. The species information of edible aquatic insects.

Order Number
Feeding
Habits

Edible
Stage

Mainly Edible Family—Genus
(Edible Species Number)

Edible Country
(Edible Species Number)

Ephemeroptera 11 phytophagous naiad, adult Ephemeridae—Ephemera (3),
Baetidae—Cloeon (2)

India (3), Mexico (2), Malawi
(2), Japan (2), China, Papua
New Guinea, Kenya, Malawi,
Tanzania, Uganda

Odonata 72 predatism naiad, adult

Libellulidae—Sympetrum (8),
Libellulidae—Orthetrum (7),
Aeschnidae—Rhionaeschna (4),
Libellulidae—Neurothemis (3),
Libellulidae—Trithemis (3),
Aeschnidae—Anax (3),

India (14), China (13),
Thailand (13), Indonesia (12),
Venezuela (10), Japan (10),
Ecuador (4), Mexico (3), Laos
(3), Madagascar (2), Myanmar
(2), Vietnam (2), USA, Italy,
South Korea, D.R.Congo

Plecoptera 11 omnivorous naiad Pteronarcyidae—Pteronarcys (4) Japan (6), USA (4), India (2)
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Table 1. Cont.

Order Number
Feeding
Habits

Edible
Stage

Mainly Edible Family—Genus
(Edible Species Number)

Edible Country
(Edible Species Number)

Hemiptera 68 predatism egg, naiad,
adult

Nepidae—Laccotrephes (7),
Belostomatidae—Lethocerus (6),
Nepidae—Ranatra (5)
Belostomatidae—Abedus (3),
Belostomatidae—Diplonychus (3),
Belostomatidae—Sphaerodema (3),
Corixidae—Corisella (3),
Corixidae—Graptocorixa (3)

Mexico (17), Thailand (17),
China (8), Japan (8), India (7),
Venezuela (4), Madagascar (4),
Laos (4), USA (3), Myanmar
(3), Vietnam (2), D.R. Congo,
Cameroon, Zambezian region,
Malaysia, Mali, Singapore, Sri
Lanka, Republic of Congo,
Togo, Malawi, South Korea

Megaloptera 15 predatism larva Corydalidae—Acanthacorydalis (6),
Corydalidae—Corydalus (4)

China (9), Japan (2), Peru (2),
Mexico, Colombia, Venezuela

Coleoptera 108 predatism larva, pupa,
adult

Dytiscidae—Cybister (32),
Hydrophilidae—Hydrophilus (14),
Dytiscidae—Dytiscus (6),
Dytiscidae—Rhantus (6),
Dytiscidae—Laccophilus (5),
Hydrophilidae—Tropisternus (5),
Gyrinidae—Gyrinus (4)

Mexico (35), China (26), Japan
(22), Thailand (21), India (11),
Madagascar (10), Laos (9),
Vietnam (7), Myanmar (6),
Senegal (4), North Korea (3),
Sri Lanka(3), Benin (3),
Malaysia (3), Togo (3), Chile
(3), Sabah (2), Cambodia (2),
South Korea (2), USA (2),
Indonesia (2), Cameroon (2),
Turkey (2), Peru (2), Australia
(2), Sierra Leone, D.R.Congo,
Gabon, Panama

Diptera 27 saprophagous larva, pupa

Chaoboridae—Chaoborus (4),
Tipulidae—Tipula (4),
Ephydridae—Ephydra (3),
Simuliidae—Simulium (3)

USA (7), Uganda (6), Mexico
(5), Venezuela (2), Japan (2),
Kenya (2), Tanzania (2), Brazil,
China, Colombia, Malawi, N.
Am., Nearctic, Sri Lanka,
Thailand

Trichoptera 17 phytophagous larva Stenopsychidae—Stenopsyche (3) Japan (12), Venezuela (4),
Mexico (2), Colombia

Noticeably, the number of species of edible aquatic insects might be underestimated [22]
because the mainly edible stage of aquatic insects—naiads/larva—is morphologically
undistinguishable most of the time. More and more species of edible aquatic insects will be
identified with the help of molecular biology techniques [29].

3. Nutritional and Health Benefits of Edible Aquatic Insects

3.1. Protein Content and Amino Acid Composition of Aquatic Insects

Aquatic insects have an average protein content of 59.55% (Table 2), and this value
is higher than that of conventional animal meats [30–32]. Furthermore, investigations
identified that proteins from aquatic insects not only contain 45.93–62.01% essential amino
acids (Table 2), but also have a good balance of different kinds of amino acids [33,34].
Meanwhile, the ratio of essential amino acids in aquatic insect proteins is close to human
proteins, indicating a high nutritional value of aquatic insects [35].

Different edible insects have very different amino acid patterns [14,36,37]; we summa-
rized the first limiting amino acid and highest amino acids in aquatic insects and compared
these to terrestrial insects (Table 2). In aquatic insects, the average essential amino acid
content is 51.60%, and the most abundant essential amino acid is Leu (7.8% on average).
The limiting amino acids were Met + Cys (2.3% on average) and Trp (1.2% on average).
The content of Glu (11.30% on average) is the highest among all the amino acids in aquatic
insects. Jiang et al. compared the composition of the essential amino acids of dragonfly
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larvae in different regions and found that the difference is little, even between different
species [38].

More attention has been paid to the amino acid content of terrestrial insects
(Table 2) [32,37]. In terrestrial insects, the average essential amino acid content is 49.49%,
and the most abundant essential amino acid is Leu (7.35% on average). The limiting amino
acids were Thr (4.20% on average) and Trp (3.61% on average). The content of Glu (15.59%
on average) is the highest among all the amino acids in terrestrial insects.

Although some studies have shown that the contents of some amino acids are different
between aquatic and terrestrial insects, such as tryptophan [39], the difference is not
significant judging from the average data, and this indicates that aquatic insects and
terrestrial insects have similar amino acid compositions (Table 2). For example, Lys is
present in both terrestrial edible insects and aquatic edible insects, with a rich content [38].
However, this essential amino acid is usually lacking in cereal protein, so both aquatic
insects and terrestrial insects complement cereal protein in nutrition.

3.2. Characteristics of Fatty Acids in Aquatic Insects

As the second most abundant nutritional ingredient (only behind the protein content),
fatty acids always play a crucial role in the growth and development of insects [40]. It is
strongly believed that aquatic insects are also a rich source of saturated fatty acids (SFAs),
monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs), especially
PUFAs, such as linoleic acid (18:2), linolenic acid (18:3), arachidonic acid (20:4, AA), and
eicosapentaenoic acid (20:5, EPA) [41,42]. In general, linoleic acid, linolenic acid, AA, and
EPA belong to the omega-6 or omega-3 fatty acid family, which are beneficial to the health
of human beings and must be obtained from the diet [43]. Table 3 presents some fatty acid
compositions of selected aquatic and terrestrial insects. Noticeably, much research is carried
out on the fatty acid composition of edible terrestrial insects. In contrast, there are much
fewer data of the fatty acid composition of edible aquatic insects. For edible aquatic insects,
SFAs are dominated by palmitic acid (16:0) and, to a lesser extent, by stearic acid (18:0),
and oleic acid (18:1) is the most abundant composition among MUFAs, which is generally
similar to the reported terrestrial species. In addition, edible terrestrial insects have a
higher content of linoleic acid (18:2), with the exception of a few species, in comparison
to aquatic groups. The great difference between aquatic insects and terrestrial insects is
that the former are significantly enriched in PUFAs that contain four or more double binds,
mainly in terms of AA and EPA [44–46]. The content of unsaturated fatty acids (UFA),
palmitic acid, and oleic acid in the oil of dragonfly naiads is high, and the oil contains
1.23–7.05% odd carbon fatty acids (OCFA), which have the characteristics of general insect
oil. Meanwhile, the oil of dragonflies contains some long-chain polyunsaturated fatty acids,
including AA, EPA, and docosahexaenoic acids (DHA), which is similar to freshwater
fish, and the similarity might result from the aquatic life stage of dragonfly naiads [47].
The presence of relatively substantial amounts of these PUFAs was possibly associated
with membrane fluidity, because PUFAs have a lower melting point than SFAs or MUFAs,
which helps aquatic insects to better adapt to the cold-water environment. When these
aquatic insects were transferred to land and became adults, they were expected to have
less need for cold endurance, and could be found to have low levels of ARA and EPA, or
even undetectable levels [48].

3.3. Characteristics of Mineral Elements in Aquatic Insects

Minerals are particularly rich in insect-based foods [49,50], which indicate that insect-
based foods are excellent mineral providers [51]; for example, both aquatic and terrestrial
insects have higher contents of calcium, iron, and zinc compared with common meat [32].

When edible insects are divided into aquatic insects and terrestrial insects, the dif-
ference in their mineral element contents shows great heterogeneity in different studies.
Sometimes, aquatic and terrestrial insects have similar elemental compositions [52]; for
example, they have almost the same concentration of zinc [30,53]. However, for calcium
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and iron contents, studies have shown that there is a considerable gap between aquatic
and terrestrial insects. A much higher calcium content was identified in aquatic insects
(24.3–96 mg/100 g) [30] than in different terrestrial insects (0.0012–0.126 mg/100 g) [54].
The iron contents in aquatic insects (e.g., Lethocerus indicus 410 mg/100 g, Hydrophilus
olivaceous 461 mg/100 g) [30] are significantly higher than in terrestrial insects (Bombyx
mori 1.8 mg/100 g [55], Cirina forda 5.34 mg/100 g) [56].

Dragonflies are usually consumed as a dish in Southwest China, and their selenium
content has been a particular concern [57]. In particular, the selenium content of common
edible insects in China has been analyzed, and it was found that the average selenium
content of terrestrial insects was 0.15 mg/kg, and that of aquatic insects was 0.31 mg/kg,
which was two-fold higher than that in terrestrial insects [58].

To better compare the mineral element contents of aquatic and terrestrial insects as
a whole, we summarized the insect species with relatively complete data, and divided
them into aquatic and terrestrial insects. The comparisons of the average mineral element
content between aquatic and terrestrial insects are obviously different from the comparison
results from several separate literatures. In general, the contents of iron and sodium in
aquatic insects were significantly higher than those in terrestrial insects, while the contents
of magnesium and potassium were significantly lower than those in terrestrial insects
(Table 4).
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Environmental factors seem to be the main factor determining the mineral element
contents of aquatic insects. It is reported that, despite their body size, dragonflies had good
ability to absorb environmental metallic elements (Hg, As, Pb, Cr, Cu, Cd, Ni, Se, Al, and
Au) [79], thus they are good ambient heavy metal content indicators.

3.4. Chitin and Chitosan

Chitin is a significant biopolymer [80], and chitosan is formed by the deacetylation of
chitin. They could be used in food, biomedical and cosmetic industries, and for wastewater
treatment and textiles. Up to date, crustacean shells from the marine food industry provide
us with the chief commercial sources of chitin and chitosan [80,81]. Due to the COVID-19
pandemic, biopolymer materials have been increasingly in demand, and the market for
chitin and chitosan is growing steadily [81].

Chitin is found throughout the exoskeletons of most insects. In recent years, some
terrestrial insect species have been investigated as alternative chitin sources [82–84], since
insects were considered as a potential resources of food. As compared to the existing
sources, the extraction of chitin and chitosan from insects is simple, requires less chem-
ical consumption and time, and they can be extracted in a higher yield [81]. Moreover,
insect-derived chitin and chitosan have numerous biological effects, such as antioxidant
and antibacterial activities with substantial rheological properties [82,83]. In Table 5, the
percentages of chitin and chitosan from terrestrial insects are species specific and are in
the ranges of 2.59–36.80% and 16.00–96.35%, respectively. However, for aquatic insects, far
fewer literature studies are reported. The contents of chitin in aquatic insects have almost
no differences with terrestrial insects; the former may also be used as alternative chitin
sources [85]. More extensive and comparative research of chitin and chitosan between
aquatic insects and terrestrial insects is needed.

Table 5. Chitin and chitosan from aquatic insect and selected edible terrestrial insects.

Order Species
Developmental

Stage
Yield of Chitin

(%)
Yield of

Chitosan (%)
Reference

Aquatic insects
Coleoptera Agabus bipustulatus - 14.00–15.00 71.00

[85]
Hydrophilus piceus - 19.00–20.00 74.00

Odonata Anax imperator L 11.00–12.00 67.00
Hemiptera Notonecta glauca - 10.00–11.00 69.00

Ranatra linearis - 15.00–16.00 70.00

Terrestrial insects
Lepidoptera Bombyx mori P 2.59–4.23 73.00–96.35 [86]
Coleoptera Catharsius molossus A 24.00 70.83 [87]
Orthoptera Pterophylla beltrani - 11.80 58.80 [88]

Brachytrupes portentosus - 4.30–7.10 55.81–81.69 [89]
Calliptamus barbaru A 20.50 74.00–75.00

[90]Oedaleus decorus A 16.50 75.00–76.00
Hymenoptera Apsis mellifera A 19.00–36.80 16.00–30.00 [91]
Diptera Musca domestica P 8.02 73.19 [92]

Hermetia illucens L 7.00 32.00 [93]
Drosophila melanogaster A 7.85 70.91 [94]

Blattodea Periplaneta americana - 12.17 59.82 [95]

Note: L = larva, P = pupa, A = adult, “-” = not sure; the yield of chitosan is calculated from chitin, or degree of deacetylation.

3.5. Active Substances and Healthcare

Edible insects are considered to have superior health benefits, due to their high quan-
tities of nutrients, such as essential amino acids, omega-3 and omega-6 fatty acids, vitamin
B12, iron, and zinc [2,72,96]. In addition to the health benefits of edible insect nutrients, the
rich active substances in edible aquatic insects have also attracted attention [97]. Edible
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aquatic insects, such as dragonflies, water strider, and whirligig beetle, have been used
in healthcare or for treating human diseases since the ancient times [98–100], especially
in the countries of East Asia [101], e.g., China, Japan, and South Korea. The theory of
traditional Chinese medicine is that the larva of aquatic insects has the effects of boosting
the kidney, nourishing essence, moisturizing the lungs, and relieving coughs [102]. They
can be used alone or in combination with other materials for medical applications; for
example, the whole body of a dried adult dragonfly can be used to treat impotence and
nocturnal emission, sore throat, and whooping cough [103]. It is believed that Cybister
tripunctatus, or C. japonicus, can reinforce kidney function and invigorate the circulation
of blood in human beings [102]. These traditional practices of edible aquatic insects also
provide ideas for the exploitation of modern drugs [104]; for example, the methanol extract
of C. tripunctatus displays strong antioxidant activity at a concentration of 110 μg/mL [30].
It is reported that the water and liposoluble extracts of the giant water bugs L. indicus have
negligible values of antioxidant capacity compared to the extracts of terrestrial insects, such
as grasshoppers, silkworm, and crickets, in vitro [105].

The bioactive ingredients in insects have different sources depending on the
species [106–108]. Some natural toxins are produced by insects in their special organs, such
as bee venom and cantharidin [109,110]. The giant water bug L. indicus, which is consumed
as both a medicinal and edible insect [111], could produce complex chemicals in its odorous
gland [112,113]. On the other hand, some other components from insects are enriched and
accumulated from the plants, fungi, and algae that they feed on. Phytophagous insects
have evolved unique systems to keep the secondary metabolites taken up from the plant
in their bodies [114] and utilize them for escaping from predators [115,116], and these
accumulated secondary metabolites have a certain value in drug development [117,118].
However, exploration of the source of functional substances of aquatic insects is still very
limited. This is an aspect worth exploring further.

4. Safety in Utilization of Edible Aquatic Insects

4.1. Contaminant

Aquatic insects, as environmental indicators, have attracted extensive attention for a
long time, and their related research is very rich. A water body is an open environment,
which readily gathers various substances through water flow, soil, etc. Due to the close
relationship between aquatic organisms and water, aquatic insects easily accumulate
various pollutants, including heavy metals, pathogens, pesticides, and so on. These
contaminants may enter the human body through the food chain, which will cause harm
to human health. We should draw more attention to them. This part mainly indicates the
possible risks of the utilization of aquatic insects, but the relevant processes and pollution
mechanisms are beyond the scope of this review.

Heavy metals. Heavy metal pollution in the freshwater ecosystem poses a great threat
to the growth of aquatic insects [119,120]; therefore, there is a growing concern that it will
eventually affect the health of humans [121,122]. Up to date, over 33 metallic elements
of aquatic edible insects have been detected, and heavy metals, such as Hg, Pb, Cd, and
Cr, have attracted serious concern [123]. Most of the metals in nature will enter the water,
and the aquatic ecosystem plays an important role in the transfer and circulation of metals.
Insects could absorb metal elements and accumulate a higher concentration of them than
the environment [124]. The degree of metal element absorption by aquatic insects is related
to environmental factors; for example, aquatic insects collected near wastewater treatment
plants, or near mines, may show higher metallic element concentrations when compared
with other sites [125,126]. Meanwhile, the mercury content in carnivorous insects was
generally higher than that in herbivorous insects, and the mercury content in aquatic insects
was much higher than that in terrestrial insects (t-test, p < 0.01), with the investigation of
42 insect species from Yunnan, China [58]. Many studies [121,127–132] have indicated that
the larvae of aquatic insects accumulate metals in aquatic ecological environments and
retain them until the adult stage. After being preyed on by bats, spiders, birds, fish, and so
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on, they become the connector of the aquatic and terrestrial food chains, and, thus, bring
metal elements into the terrestrial food chain. This suggests that there are the same risks in
the process of human consumption of aquatic insects.

Pathogen. Aquatic insects are important vectors (e.g., malaria) of environmental
pathogens. Mainly originating from the Japanese encephalitis (JE) virus, the viral en-
cephalitis in Southeast Asia was detected in Culex gelidus in 1976 [133]. Aquatic insects
are possible vectors of Mycobacterium ulcerans, which causes chronic skin ulcers in tropical
countries [134]. Two conditioned pathogens, Lelliottia amnigena and Citrobacter freundii,
were detected from edible aquatic insects of the genus Cybister [135].

Pesticide. Pesticide residues in food can cause damage to the human nervous and
reproductive systems, interfere with the normal operation of the human immune or en-
docrine system, and even induce cancer. Pesticides could enter aquatic insects through
contact or feeding [136]. The impact of pesticides reaching streams and potentially harming
the aquatic juvenile stages has drawn extensive concerns when investigating the effects of
insecticides on freshwater insects [137,138]. There are few studies on the effects of pesticide
residues in insects on human health.

4.2. Purine Derivatives and Uric Acid

Uric acid serves as an antioxidant, and is important for protecting human blood
vessels. It is metabolized from purines [139], which are important nucleic acid components
in all organisms. However, increasing numbers of people are suffering from hyperuricemia,
gout, and other disease caused by frequent and high intake of purine-rich and protein-rich
foods, which enhances serum uric acid levels. An important way to treat people with
hyperuricemia or gout is dietary restriction of purine-rich foods [140,141].

The concentration of purine derivative and uric acid in edible insects varies, primarily
with species and gender (in some cases) [140,142,143]. Though no common characteristics
of purine and uric acid contents in different edible insects or at different life cycle stages
of the same insect were indicated, much lower uric acid levels are detected in aquatic
insects than in terrestrial insects [143]. A possible reason for this could be the extremely
moist environments that aquatic insects live in, where they can excrete large quantities
of ammonia. However, for most terrestrial insects, loss by excretion has to be minimized
because water conservation is essential throughout their life cycles. Hence, more than 80%
of the total nitrogenous materials excreted from most terrestrial insects are uric acid [144].

4.3. Allergy

Seafood is an important origin of allergies, and, thus, has attracted attention as a
food safety issue. Similarly, most known edible insect allergens have cross-reactivity
with homologous proteins in shellfish [145]; therefore, enough attention should be paid
to the insect allergy too. At present, all the reported cases of insect allergies are from
terrestrial insects, such as silkworm, mealworm, caterpillars, wasps, grasshoppers, cicada,
and bees [146].

5. Discussion

5.1. Characteristics of Nutrition in Aquatic Insects

There is much less available information on aquatic insects, especially on their nu-
tritional value, when compared to terrestrial insects. In this paper, we summarize some
results of the research on aquatic insect nutrition. It should be noted that, for the nutritional
composition, there must be variations, even in the same species, attributed to some internal
(i.e., feed, developmental and physiological state of the samples analyzed) and external
(i.e., season, geographic location, techniques employed, etc.) factors [30,147–149].

Both aquatic insects and terrestrial insects have high protein contents, with some
differences in amino acid compositions, kinds of restricted amino acids, and the dominant
amino acids. It should be encouraged that proteins from different sources (e.g., aquatic
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insects and terrestrial insects) are used simultaneously, so as to complement each other and
improve the biological value of insect proteins.

A remarkable feature of aquatic insects is the rich, highly unsaturated fatty acid
(HUFA) content, which is much higher than in terrestrial insects, especially the EPA
content. This big difference might be explained by their food webs. The food of terrestrial
insects, such as vascular plants, usually only contains the HUFA precursor α-Linolenic
acid (ALA) [150], while aquatic insects feed on freshwater algae and diatoms, which are
particularly rich in HUFA and EPA [151].

The living environment is a main factor affecting the selenium content in insects.
The reason for the significant effect of aquatic habitat on the selenium content of insects
may be related to the characteristics of selenium. Selenium in soil can be leached into
the aquatic ecosystem; therefore, aquatic organisms are more easily exposed to selenium
than terrestrial organisms [152]. Aquatic organisms usually have a larger selenoprotein
group, while terrestrial organisms have a significantly smaller selenoprotein group. It
is speculated that terrestrial organisms gradually lost their selenoprotein-coding genes,
or replaced the Sec with cysteine in the original selenoprotein-coding genes [153,154].
This may help explain why the selenium content of aquatic insects is higher than that of
terrestrial insects [58].

5.2. Edible Aquatic Insects Resources and Farming

In order to protect wild resources and control the quantity and quality of products,
it is very necessary to cultivate insects when we promote insect consumption. Edible
insect farming has already taken off all around the world. The farming technology of
some terrestrial insect food or feed species, such as mealworm, black soldier flies, crickets,
and houseflies, has largely advanced, and their yields are very high and sustainable
nowadays [21]. However, there is little information about rearing aquatic insects, especially
edible aquatic insects.

Aquatic insects should be cultivated on a large scale for the following reasons. Firstly,
excessive collection of natural resources will lead to a reduction in aquatic insect resources
and regional extinction of species. The majority of edible insects commercially consumed
are mainly collected from nature [23]. Due to the lack of rearing technology and boom of
traditional customs, collecting edible aquatic insects from the wild is much more prevalent
than collecting terrestrial insects. However, the overexploitation of several species in
Mexico has led to a subsequent decrease in the population [155], and the uncontrolled
harvesting of wild populations may prove unsustainable [22]. Fortunately, the production
patterns of edible insects in Thailand and Lao People’s Democratic Republic have changed
to semi-domestication and insect farming, besides the traditional harvesting of insects from
wild habitats [156]. Secondly, the artificial cultivation of insects could avoid the disturbance
from pollutants. As mentioned previously, a water body is an open environment, which is
easily disturbed by pollutants, affecting the population growth and consumption safety of
aquatic edible insects. Thirdly, artificial cultivation can improve the nutritional quality of
aquatic insects through feeding technology [157], such as to attain a beneficial n-6/n-3 ratio,
or to better meet the nutritional demands of the consumer. Finally, population outbreaks do
not theoretically easily happen in aquatic insects [158]; therefore, it is necessary to expand
the population by artificial promotion.

In addition, the development of aquatic edible insect cultivation technology can be
supported by several aspects of experience. Historically, there have been some practices of
raising insects all over the world. Semi-domestication also has the potential to promote
the yield of insects greatly [22]. A famous example of semi-domestication from Mexico
showed that eggs of semi-cultivated aquatic Hemiptera were used by local people, through
water management and to provide egg laying sites [1]. In modern times, the breeding of
aquatic insects is not a blank, but has accumulated technologies and experience in species
from several orders [159–161]. Moreover, the successful breeding of terrestrial insects
(e.g., crickets, mealworms, and black solider flies) can provide a reference for the breeding
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of aquatic insects [19]. In recent years, some species from Hemiptera, Coleoptera, and
Megaloptera have had some success in farming, e.g., L. indicus in Thailand, and predacious
diving beetle [162,163] and hellgrammites [25,26] in China.

Nevertheless, the aquaculture of aquatic insects still needs to face the problems of high
input costs, such as water quality, energy, and feed [18,164]. It is suggested that different
types of aquatic insect breeding technologies should be developed and utilized, according to
market demand, product value, regional conditions, and other factors, and regional planning
should be performed for aquatic insect breeding. For example, for the species with high
market recognition and health care function, priority should be given to the development of
automatic three-dimensional breeding, and most aquatic edible insects should be cultivated
with semi-artificial technology, or artificial promotion and management technology. Similarly,
a large area and protected water source can harvest a large number of aquatic insect products.
On the contrary, such appropriate conditions can guide more people to breed in this area, so
as to improve the technical maturity. Of course, the cultivation of aquatic insects will also help
to prevent environmental pollution; for example, in order to harvest aquatic insects raised in
the farmland system, excessive pesticides and fertilizers cannot be applied, which reduces the
pressure of environmental pollution.

5.3. Enrich the Use of Aquatic Insects

Edible aquatic insects also have the potential to serve human health and feed domestic
animals. The utilization of aquatic insects is small in scale, but the prospects are obvious,
and the development of new uses can increase its attraction. The active substances of aquatic
insects are specific products in aquatic environments, which are worthy of further study.

It is a valuable and innovative proposal to use edible aquatic insects as feed, and
some species, such as mosquito larvae, could provide a convenient source of feed [19,165].
Mosquitos have the distinct biological characteristics of a short lifecycle, high occurrence
densities, and wide distribution. In one case, the larvae of chironomid from chicken manure
were used for fish food, both in local areas and North America [159]. Aquatic insects with
high HUFA are being designed to be aquafeeds and farmed marine fishes, for meeting the
demand of the HUFA of fishes [19,166].

6. Conclusions

Edible insects are promising safe food that have high potential to be more sustainable
and more equitable at the global scale. Resources of insects, both from terrestrial and
aquatic environments, should be encouraged. Although the uses of aquatic insects as food,
as feed, and in healthcare were ignored to a certain extent, edible aquatic insects have great
potential for utilization.

There has been the discovery of a few characteristics of edible aquatic insects with
limited documents, compared with terrestrial insects. Two sources of edible insects have a
high content of protein, calcium, iron, and zinc, and similar contents of chitin. There is no
doubt that they are all excellent biological resources. The living environment seems to be
the main factor for the origin of the difference between aquatic and terrestrial insects. A
water body is an open environment; therefore, aquatic organisms are more easily exposed
to various substances. Compared with edible terrestrial insects, aquatic insects usually have
different limiting amino acids and a higher content of delicious amino acids, and contain
highly unsaturated omega-3 fatty acids and some long-chain polyunsaturated fatty acids,
lower uric acid, much higher amounts of calcium and selenium, and a larger selenoprotein
group, and face higher risk of exposure to contaminants (e.g., heavy metal, pesticides).
More studies investigating the distinct differences between aquatic and terrestrial insects
are needed for better conservation and utilization of these insects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10123033/s1, Table S1: full list of named edible aquatic insects.
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Abstract: Edible insect ingredients have gained importance as environmental-friendly energy sources
world-wide; the honeybee (Apis mellifera L.) drone pupae has gained prominence as a nutritional
material. In this study, bee drone pupae were processed under different heating and drying conditions
and incorporated into a puffed-rice snack with honey. The sensory, physicochemical, nutritional and
microbial qualities of drone pupae powders were tested. The deep-fried and hot-air dried powder
was selected; the values of 5.54% (powder) and 2.13% (honey) were obtained on optimization with
honey by response surface methodology. Subsequently, the puffed-rice snack product enriched
with drone pupae powder was stored at different temperatures for 180 days. The prepared product
showed a higher content of proteins, fats, amino acids, and fatty acids compared to the control. The
high content of a few minerals were maintained in the processed powder and the product, whereas
heavy metals were not detected. The storage test indicated acceptable sensory qualities and safety
results, considering important quality parameters. Thus, drone pupae powder and the developed
product can be consumed as nutritional food materials; the quality characteristics can be improved
through optimal processing.

Keywords: puffed-rice snack; drone pupae; quality characteristics; Apis mellifera L.; nutritional profile

1. Introduction

Honeybee (Apis mellifera L.) drone pupae are rich sources of protein and other essential
nutrients (such as carbohydrates, fats, amino acids, minerals, and vitamins) and can
be a valuable food ingredient [1]. Bee drone pupae are used as nutritious and high-
protein food in Korea, Japan, China, the United States, and many European countries,
and can be added to various dishes (such as, soups, confectioneries, and baked goods) [2].
To popularize drone pupae powder as a food material, the RDA (Rural Development
Administration) of South Korea has selected 11 drone pupae powder-added food items
(including cookies, sesame tapioca bread, chocolates, and shakes) and published their
recipe book [3]. Furthermore, a jelly-type energy supplement prepared using drone pupae
powder is already in existence, while several studies confirm the application of ground
insects in familiar edible items (such as, bread, biscuits, and so on) [4,5]. Additionally, it
is used as a raw material for chocolate, confectionery, alcoholic beverages, and functional
foods [2,6,7].

Foods 2022, 11, 1599. https://doi.org/10.3390/foods11111599 https://www.mdpi.com/journal/foods
61



Foods 2022, 11, 1599

The Food and Agriculture Organization (FAO) has published reports on the nutritional
value, collection, storage, quality control, and use of bee larvae, pupae, and adult insects in
food, medicine, and cosmetics (Krell, 1996) [8]. Honeybee (Apis mellifera L.) drone pupae
were registered as a food ingredient in Korea by the MFDS (Ministry of Food Drug Safety)
in July 2020 [9].

To promote the human consumption of honeybee drone pupae, in addition to the
development of novel promising functional foods and pharmaceuticals, the direct appli-
cation of insect powder in food is under consideration. Various snack products enriched
with insects, such as, grasshoppers (Sphenarium purpurascens Ch.) [10], migratory locusts
(Locusta migratoria) [11], lesser mealworms (Alphitobius diaperinus) [12] and yellow meal-
worms (Tenebrio molitor) have been developed recently [13]. These insects, being rich in
protein, increase the protein content of grain-based snacks. There are no detailed reports
on grain-based snacks enriched with honeybee (Apis mellifera L.) drone pupae.

Grain-based snacks incorporating insects mainly use wheat [13], maize (Zea mays L.) [10],
and chickpea [11]. Wheat, a protein-rich resource, is widely used in the food industry
because of its low price, convenience of procurement, easy processibility, etc. However,
gluten-free alternatives are required for people with wheat-gluten allergies [14]. Rice
is rapidly gaining popularity as an alternative to wheat; soft, low-allergenic, and easily
digestible puffed-rice snacks are particularly popular [15].

In this study, the best drone pupae processing method was identified, a puffed-rice
snack enriched with honeybee (Apis mellifera L.) drone pupae powder was developed, and
its quality characteristics were evaluated after a storage test.

2. Materials and Methods

2.1. Materials

Honeybee (Apis mellifera L.) drone pupae (20 days old) were purchased from the Cho-
Won beekeeping farm (Pohang, Gyeongsangbuk-do, Korea). The honeycomb containing the
collected bee drone pupae was rapidly frozen using a deep-freezer (DF3503S, ilShinBioBase
Co., Ltd., Dongducheon, Gyeonggi-do, Korea) and stored at −20 ◦C until experimentation.
Puffed rice (Woori food Co., Anseong, Gyeonggi-do, Korea) was used for the development
of the snack product (prepared at about 250 ◦C). Soybean oil, white sugar, and starch syrup
were purchased from the CJ Cheiljedang Corporation (Seoul, Korea). Organic solvents and
indicators of the highest grade were used for the physicochemical analysis (Sigma-Aldrich
Co. LLC., St. Louis, MO, USA).

2.2. Drone Pupae Preparation and Pre-Treatment for Processing to Powder

The processing flow shown in Figure 1 was used to process drone pupae powder and
develop the rice snack. The frozen drone pupae were individually picked up from the hive
and thawed at room temperature (RT) within 10 min, immediately after being taken out
of the freezer. After the removal of water with a paper towel (Kimtech Science Wipers,
Yuhan-Kimberly, Seoul, Korea), the thawed drone pupae were used in the next process.

Heating-drying was used for processing to powder form. Three groups of samples
underwent deep-frying with oil (150 ◦C, 12 min), stir-frying without oil (180 ◦C, 3 min), or
non-heating. The heated sample groups were treated by hot-air drying and freeze-drying.
A hot-air drying machine (P-IOV864, Labmate, Gumi, Gyeongsangbuk-do, Korea) was
used at 70 ◦C for 14 h, while a freeze-dryer (Lyoph-prido 20R, ilShinBioBase Co., Ltd.,
Dongducheon, Gyeonggi-do, Korea) was used for two days until the sample dried up to
about 4.5% (w/w) of its moisture content.

The dried drone pupae were pulverized in a grinder (HMF-3100S, Hanil Electric Co.,
Ltd., Seoul, Korea) for about 10 min and then filtered using a 7 mm sieve. The prepared drone
pupae powder was sealed in a zipper pack and stored in a freezer (DF3503S, ilShinBioBase
Co., Ltd. Dongducheon, Gyeonggi-do, Korea) at −35 ◦C or less until further experimentation.
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Figure 1. Schematic design of the drone pupae powder and the developed product research (RT;
room temperature; 15–20 ◦C).

2.3. Development of the Puffed-Rice Snack Enriched with Drone Pupae Powder

To prepare the syrup base, 50 g of starch syrup, sugar, and water were mixed together
in a pot and boiled over low heat until the weight of the syrup was reduced to 100 g.
After turning off the heat, puffed rice (50 g) was added and stirred with the syrup base
to ensure smooth mixing. Subsequently, drone pupae powder and honey were mixed
into the puffed-rice mixture in different concentrations according to the central composite
design (CCD) and response surface methodology (RSM). Finally, the puffed-rice mixture
was placed in a rectangular stainless-steel tray, flattened by a rolling stick to a 2.5 cm-thick
sheet, and cooled (at RT) for 10 min. The puffed-rice snack enriched with drone pupae
powder was cut into 3.5 cm (H) × 3.5 cm (W) × 2.5 cm (T) pieces and stored in a zipper
bag at RT.

2.4. Optimization of the Mixing Conditions for Drone Pupae Powder and Honey with Puffed Rice

Based on the descriptive sensory test, the mixing conditions (%, w/v) for drone
pupae powder and honey with puffed rice were optimized using the response surface
methodology (RSM). Table 1 shows the mixing conditions of the prepared materials in
terms of the central composition using different variables and code values (−1.414, −1, 0,
+1, +1.414). The concentrations of drone pupae powder (X1) and honey (X2) with a base rice
snack were set as independent variables (factors), while the descriptive sensory terms for
nutty aroma (Y1) and sweetness taste (Y2) were applied as dependent variables (responses)
using a 10-point strong level scale. With this experimental design, a comparison using
the descriptive sensory analysis was tested with a series of snack samples. MINITAB 18
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(Minitab Inc., State College, PA, USA) was used for the model calculation of each response,
using the following Equation (1):

Y = β0 + β1X1 + β2X2 + β3X2
1 + β4X2

2 + β5X1X2 (1)

Table 1. Factors and coded levels for the central composite design of processing the puffed-rice snack.

Independent
Variables

Symbol Unit Range Level

−1.414 −1 0 +1 +1.414

Drone pupae
powder X1 % 2.172 3.0 5.0 7.0 7.828

Honey X2 % 0.586 1.0 2.0 3.0 4.414

The formula contains the coefficients for regression β0 (intercept), β1,2 (linear),
β3,4 (quadratic), and β5 (interaction). The final model was reduced in terms of signifi-
cance (R2) by eliminating the insignificant terms. To optimize with these models, Minitab
ver. 19.0 software (Minitab Inc, State College, PA, USA) was used for an analysis of variance
(ANOVA) and experimental validation of the computed conditions.

2.5. Yield

The yield of the drone pupae powder was calculated by dividing the weight of the
dried powder by that of the control drone pupae (frozen; 700 g). Weights were recorded on
an electronic scale (WH-1A, Wessglobal, Co., Ltd., Seoul, Korea) after drying the pretreated
drone pupae powders in an oven (VS-1202D3, Vision Scientific Co., Ltd., Bucheon, Korea).

2.6. Color

The method of Kang et al. [16] was used to measure the color values of the drone pupae
powders, using a color difference meter (CM-700d Spectrophotometer; Konica Minolta Sensing
Inc., Tokyo, Japan). Hunter system values, including L (lightness), a (redness), and b (yellowness)
were monitored using SpectraMagic software (version 2.11; Minolta Cyber Chrome Inc. Osaka,
Japan). The overall color difference (ΔE) was made between treatment groups of drone pupae
and calculated using the following formula: ΔE = ((ΔL)2 + (Δa)2 + (Δb)2)1/2.

2.7. Odor Intensity

The odor intensity was measured according to the method of Kang et al. [17]. Each
prepared drone pupae powder (5 g) was placed in a 50 mL conical tube (SPL Life Science
Co., Ltd., Pocheon, Gyeonggi-do, Korea) with a control group (the frozen drone pupae).
The suction port of the odor-concentration meter (XP-329R, New Cosmos Electric Co., Ltd.,
Osaka, Japan) was inserted into the conical tube and sealed with parafilm to enable odor
retention. Subsequently, the odor intensity of each drone pupae powder was measured; the
measurement mode of the odor concentration meter was set to batch, with a unit of odor
intensity (VCI; Volatile Component Intensity).

2.8. pH Value

A pH meter (ST3100, Ohaus, Parsippany, NJ, USA) was used to measure the pH
after adding 25 mL of distilled water to 5 g of the sample and mixing. Each sample was
independently measured three times and expressed as an average pH value.

2.9. Acid Value

The acid value was analyzed according to the Food Code [18]. Extracted lipid (5 g)
from the sample was taken in an Erlenmeyer flask (1000 mL), followed by the addition of
100 mL of ethanol and ether-mixed solution (1:2, v/v). After adding 1% phenolphthalein

64



Foods 2022, 11, 1599

solution as indicator, the solution was titrated using 0.1 N ethanolic potassium hydroxide
until a pale red color persisted for 30 s.

2.10. Volatile Basic Nitrogen (VBN)

The volatile basic nitrogen (VBN) content was measured by the micro-diffusion
method using the Conway unit mentioned in the Food Code (MFDS, 2021) [18].

2.11. Thiobarbituric Acid Reactive Substance (TBARS)

Thiobarbituric acid reactive substance (TBARS) values were measured by the method
of Buege and Aust [19]. After adding 12.5 mL of 20% trichloroacetic acid (TCA) in 2 M
phosphoric acid to 5 g of each sample, and homogenization at 1000 rpm for 1 min using
a homogenizer (SHG-15D, SciLab Co., Ltd., Seoul, Korea), the volumes were adjusted
to 25 mL each using distilled water. The homogenates were centrifuged at 1600× g for
15 min at 4 ◦C using a centrifuge (Labogene 416, Gyrozen Co., Ltd., Gimpo-si, Korea).
Subsequently, the supernatants were filtered with filter paper (70 mm, Toyo Roshi Kaisha
Ltd., Tokyo, Japan); 2 mL of each filtrate was mixed with 0.005 M thiobarbituric acid
(TBA) solution, heated to 95 ◦C for 30 min in a water bath (JSWB-22TL, JS Research Inc.,
Gongju-si, Korea), and cooled to room temperature. The quantification of TBARS involved
measuring absorbance at 530 nm using a microplate reader (SPECTRO star-nano, BMG
Labtech, Ortenberg, Germany).

2.12. Sensory Evaluation

The sensory evaluation was performed for different purposes by two different meth-
ods: the optimizing process (descriptive analysis) and controlling quality (affective analy-
sis). To establish optimal conditions, eight trained panelists (from Woori Corp, Pyongtaek,
Korea), equipped to provide detailed information about bee-processing products partic-
ipated in the descriptive tests. Each descriptive term (darkness color, brownness color,
nutty aroma, sweetness taste, burnt taste, bitter taste, sticky texture, rough texture) was
evaluated by a 10-point strong level scale according to the glossary and standard scores
shown in Table 2. After the storage test, a 9-point hedonic scale (1: I hate it very much, 9: I
like it very much) evaluation (appearance, odor, taste, texture, overall acceptance) was car-
ried out by 21 semi-trained panelists belonging to the Silla University Industry-Academic
Cooperation Foundation.

The former method is in accordance with a standard descriptive analysis in the Interna-
tional Organization for Standardization (ISO 13299: 2016) [20], while the latter follows the
guidelines of the shelf-life test in the MFDS. These sensory tests have been approved by the
Institutional Review Board of Silla University (IRB approval number; 1041449-202108-HR-002).

2.13. Total Amino-Acid Content

The total amino-acid content was measured according to a method (protocol 994.12)
of the AOAC (Association of Official Analytical Chemists) [21]. One gram of the sample
was placed in a test tube and mixed with 15 mL of 6 N HCl solution. Subsequently, the
test sample was sealed under reduced pressure and acid hydrolyzed at 110 ◦C for 24 h in
a drying oven (VS-1202D3, Vision Scientific Co., Ltd., Bucheon, Korea). The decomposed
solution was filtered with a glass filter, and the filtrate was concentrated under reduced
pressure at 55 ◦C to completely evaporate HCl and water using a rotary vacuum evaporator
(EYELA N-1000, Riakikai Co., Ltd., Tokyo, Japan). The concentrated sample was aliquoted
with a sodium citrate buffer (pH 2.2) and filtered by a 0.45 μm-thick membrane filter. The
total amino-acid content was measured using an automatic amino acid analyzer (Biochrom
20, Pharmacia Biotech Ltd., Cambridge, UK).
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Table 2. The glossary of standards and their scores, defining the quality characteristics used in the
sensory analysis.

Sensory
Quality

Descriptive
Terms

Definition Standard and Scores

Appearance Darkness color
Low illumination and
absorbs light, such as black
and brown.

White sugar = 0, Grey oyster
mushroom = 4, Black
sesame = 10

Brownness color Orange of low brightness
and saturation.

Curry powder = 3, Chocolate
= 6, Americano coffee = 10

Aroma Nutty aroma Containing, smelling of, or
similar to nuts.

Water = 0, Cheese powder = 6,
Parched cereal powder = 8,
Sesame oil = 10

Taste Sweetness taste 1 Perceived when eating foods
rich in sugars

Whipped cream = 5,
Chocolate = 8, Honey = 10

Burnt taste
Overwhelmingly bitter and
unpleasantly overshadowed
by acridness.

Water = 0, Grilled meat
surface = 5, Over
extracted-espresso = 10

Bitter taste Sharp, pungent, or
disagreeable flavor.

Lettuce = 3, Grapefruit = 7,
Ginseng = 10

Texture Sticky texture Tending to hold like glue. Tofu (okara) powder = 5,
Ketchup = 7, Caramel = 10

Rough texture Uneven surface and
not smooth.

Flour = 1, White sugar = 6,
Bread crumbs = 10

1 Sweetness taste was used in the optimization of drone pupae powder and honey on processing the puffed-rice
snack. The standards written in Italic font were used for the targeted scores in RSM.

2.14. Fatty-Acid Composition

The fatty-acid composition was analyzed by the following protocol. First, lipids
were extracted from the samples by the method of Bligh and Dyer [22]. Subsequently,
after methyl esterification of fatty acids according to a method of the AOCS (American
Oil Chemists’ Society) [23,24], the fatty-acid composition was analyzed using a gas chro-
matography instrument (Shimadzu GC-2010; carrier gas, He; detector, FID) equipped
with a capillary column (Supelcowax-10 fused silica wall-coated open tubular column,
30 m × 0.25 mm Id, Supelco Japan Ltd. Tokyo, Japan). The injector and detector (FID)
temperatures were set to 250 ◦C, respectively, while the column temperature was increased
to 230 ◦C and maintained for 15 min. He (1.0 kg/cm2) was used as the carrier gas with
a 1:50 split ratio. The fatty-acid composition was determined by comparing the recorded
retention times with those of standard fatty acids (Applied Science Lab. Co., Baldwin Park,
CA, USA).

2.15. Analysis of Nutrition and Minerals

According to the standard test methods (protocol 925.09, 923.03, 979.09, 962.09, and
923.05) of AOAC [25], 14 nutrients (calories, sodium, carbohydrate, sugar, dietary fiber,
crude fat, trans fat, saturated fat, cholesterol, crude protein, vitamin D, potassium, iron,
and calcium) of the puffed-rice snack enriched with drone pupae powder were analyzed.
The minerals (Na, Ca, K, Fe, P, Mg, Zn, and Cu) of the selected drone pupae powder were
analyzed using a method of the Food Code (MFDS, 2021) using inductively coupled plasma
(ICP; Optima 5300 DV; Perkin Elmer, Waltham, MA, USA) [18].

2.16. Heavy Metals

Four heavy metals (lead, cadmium, mercury, and arsenic) were analyzed according
to a method of the Food Code [26]. Each sample (10 g) was heated in a microwave oven
(MARS 6, CEM Corporation, Matthews, NC, USA) at 450 ◦C until completely carbonized,
and then homogenized using a homogenizer (SHG-15D, SciLab Co., Ltd., Seoul, Korea).
Subsequently, they were dissolved in 5 N nitric acid solutions to obtain at least 20 mL of
experimental solution for each sample. The concentrations (mg/kg) of lead, cadmium,
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and arsenic were measured by inductively coupled plasma (ICP; Optima 5300 DV; Perkin
Elmer, Waltham, MA, USA) in triplicates, whereas 1 g of the sample was analyzed using a
mercury analyzer (MA-2; Nippon Instruments Corporation, Tokyo, Japan) to determine the
mercury concentration.

2.17. Microbial Analysis

The total bacteria count was measured using methods (protocol 990.12 and 991.14) of
the AOAC (2002) [27]. The sample (10 g) was collected in a sterile pack (3M Co., Ltd., Saint
Paul, MN, USA), mixed with 900 mL of 0.85% NaCl sterilized saline, and inoculated on a
3M dry film after ten-times dilution. The number of colonies were counted after culturing
at 35 ± 1 ◦C for 24–48 h; the valid number of colonies (showing a red dot with gas) were
counted to detect E. coli and the total coliform group.

2.18. Moisture Content

The moisture content of the samples were measured using a method of the Food
Code [18]. Each sample (5 g) was dried at 105 ◦C for 24 h using a drying oven, cooled in
a desiccator for 30 min, and weighed. The moisture content (w/w % of wet basis) was
calculated using the following equation: Moisture (%) = ((g of initial weight)—(g of final
weight))/(g of initial weight) × 100.

2.19. Statistical Analysis

All experiments (except the optimization by response surface methodology) were
performed thrice and the measured values were statistically analyzed by one-way ANOVA
along with t-tests using the SPSS version 23.0 (IBM Corp., Armonk, NY, USA). The signifi-
cant difference was evaluated at p-values < 0.05.

3. Results and Discussion

3.1. Establishment of Optimal Processing Conditions for Drone Pupae Powder

To develop the puffed-rice snack enriched with drone pupae powder, the heating and
drying conditions were first tested for processing from drone pupae to powder. Through a
comparison of the quality characteristics of the treated drone pupae powders, the optimal
processing conditions for their pre-treatment were determined. Here, different heating
methods (stir-frying without oil, deep-frying with oil, and unheated condition) were used,
followed by drying (hot-air drying, freeze-drying), for three groups of drone pupae powder.
Finally, six groups of heated and dried drone pupae were pulverized, and the different
quality characteristics (sensory characteristics, yield, color, odor intensity, acid value, pH,
TBARS, and VBN) were evaluated.

3.1.1. Sensory Evaluation Results of Drone Pupae Powders Using the Descriptive Test

Table 3 shows the results of the descriptive analysis for color, aroma, taste, and
texture of the drone pupae powders. The color parameter was evaluated considering
darkness and brownness. The highest darkness levels were scored by the DFD (8.00) and
DHD (7.38) groups, with an insignificant difference (p < 0.05); statistically, the DHD (8.88)
and DFD (8.13) groups exhibited the highest brownness values, while the UFD (1.50) and
SFD (2.38) groups exhibited the lowest values. Both DHD (7.38) and DFD (8.00) exhibited
the strongest points for nutty-aroma, with an insignificant difference. On heating protein
compounds in food to the temperature range of 130–140 ◦C, different colors and flavors are
obtained by the Maillard reaction, which cause browning and impart a nutty smell to food
(Lin et al., 2009) [28].

In this study, the sensory panelists also scored on the burnt and bitter taste to account
for any changes in surface and chemical conditions due to the heating treatments. The
UHD (2.63), UFD (2.13) and SFD (2.38) groups showed significantly lower burnt tastes than
the other three powders (p < 0.05). The highest bitterness (taste) was observed in the UFD
(4.38) and SFD (4.25) groups, which were significantly higher than the other powders. Each
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powder, treated by a different combination of frying (deep frying, stir-frying, control) and
drying (freeze-drying, hot-air drying) conditions, exhibited different texture characteristics
(sticky, rough). The DHD (6.25) and DFD (5.13) groups showed the highest values for sticky
texture. Thus, cooking oil (used for deep-frying) considerably influenced sticky texture,
while the rough texture was also attributed to deep-frying (p < 0.05).

Table 3. Sensory evaluation results by the descriptive test on drone pupae powders processed using
different methods.

Descriptive Terms UHD 1 SHD 2 DHD 3 UFD 4 SFD 5 DFD 6

Darkness color 6.25 ± 0.46 b 5.75 ± 0.46 b 7.38 ± 0.74 a 2.75 ± 0.46 c 3.00 ± 0.76 c 8.00 ± 0.76 a

Brownness color 5.63 ± 0.74 b 3.50 ± 0.53 c 8.88 ± 0.64 a 1.50 ± 0.74 d 2.38 ± 0.52 d 8.13 ± 0.99 a

Nutty aroma 6.13 ± 0.64 b 6.25 ± 0.46 b 7.38 ± 0.52 a 4.75 ± 0.89 c 5.63 ± 0.52 bc 8.00 ± 0.76 a

Burnt taste 2.63 ± 0.92 b 3.88 ± 0.35 a 4.50 ± 0.76 a 2.13 ± 0.35 b 2.38 ± 0.52 b 4.50 ± 0.76 a

Bitter taste 2.13 ± 0.64 b 2.00 ± 0.93 b 2.63 ± 0.92 b 4.38 ± 0.74 a 4.25 ± 0.71 a 2.63 ± 0.52 b

Sticky texture 2.63 ± 0.52 c 2.75 ± 0.71 c 6.25 ± 0.89 a 1.25 ± 0.46 d 1.13 ± 0.35 d 5.13 ± 0.64 b

Rough texture 2.50 ± 0.53 b 2.63 ± 0.92 b 5.25 ± 0.71 a 2.75 ± 1.04 b 3.63 ± 0.52 b 6.00 ± 0.76 a

Values are mean ± standard deviation. Different letters (a–d) in each column indicate significant differences
among means by the Tukey’s test (p < 0.05). 1 Unheated and hot air-dried drone pupae powder. 2 Stir-fried and hot
air-dried drone pupae powder. 3 Deep fried and hot air-dried drone pupae powder. 4 Unheated and freeze-dried
drone pupae powder. 5 Stir-fried and freeze-dried drone pupae powder. 6 Deep fried and freeze-dried drone
pupae powder.

3.1.2. Yields of Drone Pupae Powders

The yield values for the drone pupae, considering the heating and drying method,
are shown in Table 4. The post pre-treatment weight and corresponding yields for all
the powders were: DFD (222 g; 31.71%), DHD (206 g; 29.43%), UFD (172 g; 24.57%), SFD
(167 g; 23.86%), UHD (156 g; 22.29%), and SHD (150 g; 21.43%). Considering the statistical
differences, DFD (31.71%) and UHD (22.29%) exhibited the highest and lowest yields,
respectively (p < 0.05). Overall, the deep-fried samples exhibited higher yields than the
other groups; this could be attributed to the presence of some frying oil portion and its
degraded polar compounds absorbed by food during deep-frying [29].

Table 4. Yield results of the drone pupae powders processed using different methods.

Powders

Control
Drone
Pupae
(Frozen)

UHD SHD DHD UFD SFD DFD

Weight (g) 700 156 ± 2.65 d 150 ± 3.61 d 206 ± 2.65 b 172 ± 2.00 c 167 ± 1.00 c 222 ± 2.65 a

Yield (w/w %) - 22.29 ± 0.38 d 21.43 ± 0.52 d 29.43 ± 0.38 b 24.57 ± 0.29 c 23.86 ± 0.14 c 31.71 ± 0.38 a

Values are mean ± SD. Different letters (a–d) in each row indicate significant differences among the means by the
Tukey’s test (p < 0.05). Dash (-) indicates not performed.

3.1.3. Instrumental Sensory Characteristic Results of Drone Pupae Powders

The color values (L, a, b, and ΔE) and odor-intensity values of the instrumental sensory
characteristics of variously treated drone pupae powders are shown in Table 5, while the
actual sample pictures of the powders are shown in Figure 2. All the measured color values
showed significant differences with each other (p < 0.05). After the control drone pupae
(56.84), the UFD group exhibited the highest L value (41.28). Additionally, the ΔE (21.87)
for UFD was closest to that of the control (32.92), indicating high similarity with the original
color. It has been reported in a previous study (Hwang and Kim, 2020) [30] that a similarly
treated (unheated and freeze-dried) silkworm powder shows a higher L value than other
differently treated powder samples. The a-values (indicating red color) for the freeze-dried
drone pupae powders (UFD, 2.26; SFD, 2.96; DFD, 5.82) were lower than those of the hot-air
dried powders (UHD, 8.83; SHD, 7.16; DHD, 8.21), regardless of the heating conditions
(unheated, stir-frying, deep-frying).

68



Foods 2022, 11, 1599

Table 5. The color and odor intensity of drone pupae powders processed using different treatment methods.

Powders
Color Odor Intensity

(VCI)L a b ΔE

Control drone
pupae 56.84 ± 0.67 a 3.31 ± 0.11 e 25.55 ± 0.45 a 32.92 ± 0.73 a 349.67 ± 2.5 d

UHD 27.36 ± 0.22 d 8.83 ± 0.08 a 19.37 ± 0.10 b 17.76 ± 0.12 c 382.33 ± 1.53 b

SHD 26.42 ± 0.09 e 7.16 ± 0.02 c 17.63 ± 0.04 c 16.33 ± 0.04 e 365.67 ± 1.53 c

DHD 15.09 ± 0.05 g 8.21 ± 0.06 b 12.03 ± 0.06 e 12.91 ± 0.03 g 376.00 ± 2.00 bc

UFD 41.28 ± 0.03 b 2.26 ± 0.01 g 12.02 ± 0.01 e 21.87 ± 0.02 b 453.67 ± 3.06 a

SFD 33.62 ± 0.02 c 2.96 ± 0.02 f 12.88 ± 0.02 d 16.90 ± 0.01 d 336.00 ± 8.72 e

DFD 21.07 ± 0.07 f 5.82 ± 0.04 d 11.41 ± 0.04 f 13.19 ± 0.14 f 302.67 ± 0.58 f

Values are mean ± SD. Different letters (a–g) in each column indicate significant differences among the means by
the Tukey’s test (p < 0.05). VCI indicates the volatile component intensity.

Figure 2. Sample groups of drone pupae (Apis mellifera L.) powder processed under different condi-
tions: (i) Control drone pupae; (ii) UHD; (iii) SHD; (iv) DHD; (v) UFD; (vi) SFD; (vii) DFD.

The results were consistent with the colors observed in actual photographs; UHD,
SHD, and DHD exhibited some red color while UFD, SFD and DFD appeared mainly
achromatic (white, grey, and black). The appearance of non-achromatic colors (such as
brown or red) with high a-values could be attributed to melanoidin, chemically derived by
the Maillard reaction. Similar to the trend of a-value distribution, the b-values (indicating
yellowness) of the hot-air dried samples (UHD, 19.37; SHD, 17.63; DHD, 12.03) were higher
than those of the freeze-dried ones (UFD, 12.02; DFD, 11.41), except for SFD (12.88).

The treated drone pupae powders exhibited odor intensities in the range of 300–400 VCI,
except UFD (453.67). The unheated powders (UHD, UFD) showed the highest odor-
intensity values (382.33 and 453.67, respectively) in their groups. Thus, the additional heat
treatments of stir-frying and deep-frying could have a higher effect on decreasing odor
intensity levels than non-heating.

3.1.4. Physicochemical Quality Characteristics of Drone Pupae Powders

Figure 3 shows the physicochemical quality characteristics (acid value, pH, VBN,
TBARS) of the drone pupae powders and the control (freeze-thawed raw drone pupae),
depending on the combination of the three heating conditions and two drying methods
used for processing.

As shown in Figure 3a, the acid values of UHD (3.79 mg/g), SHD (3.59 mg/g), DHD
(2.57 mg/g), UFD (4.08 mg/g), SFD (3.9 mg/g), and DFD (3.1 mg/g) were higher than
that of the control drone pupae (2.29 mg/g). Herein, the control (freeze-thawed raw drone
pupae) was measured using the raw drone pupae (2.92 mg/g) according to a previously
published study [31]. The high content of unsaturated fatty acids in the drone pupae
indicated that the heating and drying processes affected lipid oxidation. However, the
acid values of the six drone pupae powders were within the acceptable limit (5.0 mg/g)
for processed insect foods in the Food Code [18], indicating their applicability as food
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material. Furthermore, samples that underwent less oil treatment exhibited higher acid
values, regardless of the drying method. However, no studies on drone pupae processed
by different frying methods have been reported so far. Thus, as reported in a study by
Andrikopoulos et al. [32] on potato processing, pan-frying was assumed to increase the
acid value to a greater extent than deep-frying.

Figure 3. The chemical quality parameters ((a), acid value; (b), pH; (c), TBARS; (d), VBN) of the drone
pupae powders depending on the pretreatment conditions. (i) The control drone pupae; (ii) UHD;
(iii) SHD; (iv) DHD; (v) UFD; (vi) SFD; (vii) DFD. Values are mean ± SD. Different letters (a–f) in each
column indicate significant differences among the means by the Tukey’s test (p < 0.05).

The hydrogen-ion concentrations (pH values) for the six drone pupae powders are
shown in Figure 3b; all the powders exhibited lower values (6.04–6.48) than that of the
control drone pupae (6.75). Overall, the average pH value of the hot air-dried powders
(UHD, SHD, DHD; 6.07) were lower than that of the freeze-dried powders (UFD, SFD, DFD;
6.43), and the difference between the two groups was statistically significant (p < 0.05).
Here, this could be due to a difference in the drying temperature of the two groups; hot-air
drying increased the acidity levels to a greater extent.

The TBARS value is an indicator of the degree of lipid oxidation, showing the intensity
of malonaldehyde (MDA) produced by the oxidation of fat and thio-barbituric acid [33].
As shown in Figure 3c, the levels of MDA for UHD (3.99), SHD (3.50), and DHD (3.45)
were higher than those for UFD (1.54), SFD (1.41), and DFD (1.55), respectively, with
significant differences (p < 0.05). Thus, the freeze-drying treatment exhibited better stability,
as indicated by lipid oxidation, than the hot-air drying treatment, in the processing of drone
pupae powder. In the present study, the moisture levels of the hot-air dried powders were
remarkably decreased due to their long drying time (14 h) at 70 ◦C, which could increase
the MDA levels and make the lipids unstable [34]. Al-Kahtani et al. [35] have reported
that the acceptable limit of TBARS for meat products is 3.0 MDA mg/kg, and lipids do not
undergo significant oxidation under this level. Although three hot-air dried drone pupae
powders (UHD, SHD, DHD) showed higher TBARS values than the suggested limit, they
did not exhibit a bitter taste or unnatural odor due to lipid oxidation, as reported by the
sensory panelists, indicating edible-food quality.
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Volatile basic nitrogen (VBN) is a general term for volatile amines (such as, ammo-
nia, nitrogen, and trimethylamine) and is an indicator of the decomposition quality of
proteins [36]. As the drone pupae has a high protein content, the level of decomposition
could be an indicator of its protein-content quality. Figure 3d shows the VBN values of
six drone pupae powders with the control. The highest and lowest VBN values were
measured in SHD (18.08 mg/100 g) and UHD (8.17 mg%), respectively. Additionally, due to
the high value for SHD, the variation of VBN did not exhibit a regular pattern. Fresh meat
exhibits VBN values in the range of 5–10 mg%, while a value higher than 30 mg% indicates
spoilage, according to Jin et al. [37]. Notably, these recommendations are applicable for
general food types, and a different specific standard should be used while considering
insect-based foods. No standard for insect-based foods and materials has been suggested to
date; however, the VBN values of the drone pupae powders were within the general-food
acceptable limits.

In this study, the acid and VBN values were used to determine the optimal heating and
drying conditions for processing drone pupae to powder, as they indicate lipid oxidation
and protein-content quality. DHD showed the lowest acid value (2.57 mg/g) and VBN level
(9.57 mg%). Therefore, the optimal heating and drying conditions for processing drone
pupae were selected to be deep-frying and hot-air drying (DHD), and further experiments
were conducted using the DHD powder.

3.2. Analysis of Microbial Quality Characteristics and Moisture Content of the Optimal Drone
Pupae Powder

Table 6 summarizes the total bacteria count (TBC), E. coli, total coliform group (TCG),
and moisture content of the optimal drone pupae powder (DHD) and the control drone
pupae. For both samples, the level of TBC did not exceed the recommended value
(5 log CFU/g) suggested in the Food Code, while E. coli and TCG were not detected.
The moisture content of the control material was 51.9%, which was about 11 times higher
than that of the optimal drone pupae powder (4.54%) (p < 0.05). Kim et al. [38] have re-
ported that the freeze-dried powder of drone pupae (16–20 days old) shows 8.79% moisture
content; this is higher than the value obtained for DHD here. This could be attributed to the
higher effectiveness of the freeze-drying method compared to hot-air drying; furthermore,
deep-frying increases the evaporation rate. The moisture content of the final product (the
puffed-rice snack enriched with drone pupae powder) and control snack were 10% and
6.3%, respectively, as indicated by further experimentation.

Table 6. The microbial qualities and moisture content of the control drone pupae and optimal drone
pupae powder.

Samples
Total Bacteria Count

(Log CFU/g)
E. coli and

(CFU/g)
Total Coliform Group

(CFU/g)
Moisture Content
(w/w % Wet Basis)

Control drone pupae 2.56 ± 0.29 a - - 51.9 ± 0.10 a

Drone pupae powder (DHD) 2.30 ± 0.01 a - - 4.54 ± 0.02 b

Values are mean ± SD. Different letters (a,b) in each column indicate significant differences among the means by
the t-test (p < 0.05). Dash (-) indicates not identified.

3.3. The Nutritional Composition Results of the Optimal Drone Pupae Powder
3.3.1. Amino Acids

The amino-acid composition of the optimal drone pupae powder (DHD) is summa-
rized in Table 7, along with the recommended daily requirement of essential amino acids
according to the World Health Organization (WHO) and the MOHW (Korea). Consider-
ing essential amino acids (EAAs), with 15.65 g/100 g of the total EAA, aromatic amino
acids (AAAs; tyrosine and phenylalanine) (3.08 g/100 g) were mainly present, followed
by leucine (2.89 g/100 g), lysine (2.19 g/100 g), and valine (2.14 g/100 g). The total non-
essential amino acids (NAAs) accounted for 18.07 g/100 g (a value that is higher than
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the sum of the EAAs); glutamic acid (5.43 g/100 g) and aspartate (3.40 g/100 g) were
predominantly present.

Table 7. The amino-acid composition of the optimal drone pupae powder.

Amino Acids

The Experimental Sample (g/100 g)
Recommended Daily

Requirement

Amount % WHO % MOHW
WHO 1

(g/70 kg Body
Weight)

MOHW 2

(g of 19–29
Ages/Male)

Histidine 0.92 87.6 92.0 1.05 1.0
Isoleucine 1.86 88.6 143.1 2.10 1.3
Leucine 2.89 70.0 96.3 4.13 3.0
Lysine 2.19 69.5 73.0 3.15 3.0
SAA 3 1.04 67.5 80.0 1.54 1.3
AAA 4 3.08 115.8 110.0 2.66 2.8
Threonine 1.28 79.5 91.4 1.61 1.4
Tryptophan 0.25 6.0 83.3 4.20 0.3
Valine 2.14 78.4 164.6 2.73 1.3
∑ EAA 5 15.65 67.5 101.6 23.17 15.4
Aspartate 3.40
Serine 1.18
Glutamic 5.43
Proline 2.20
Glycine 2.06
Alanine 2.08
Arginine 1.72
∑ NAA 6 18.07

1 According to the Protein and Amino Acid Requirements in Human Nutrition (WHO, 2007). 2 According to the
Dietary Reference Intakes for Koreans (Ministry of Health and Welfare, MOHW; 2020). 3 SAA: sulfur amino acids
(cysteine, methionine). 4 AAA: aromatic amino acids (tyrosine, phenylalanine). 5 EAA: essential amino acids.
6 NAA: nonessential amino acids.

Thus, the EAA value for the optimal drone pupae powder accounted for 67.5% and
101.6% of the recommended daily requirement according to WHO and MOHW, respectively.
The percentages of BCAA (branched-chain amino acid), such as, isoleucine, leucine, and
valine, were significantly higher while considering the recommendations of the MOHW
than those of WHO. Overall, the optimal drone pupae powder exhibited a lower amino-acid
content than freeze-dried drone pupae powders reported in previous studies [39,40], while
it exhibited similar values as an oven-dried sample reported in a previous study [41].

3.3.2. Fatty Acids

Table 8 summarizes the fatty-acid composition of the optimal drone pupae powder
(DHD) according to a percentage of total fatty acids. Among the saturated fatty acids
(32.65%, w/w), palmitic acid (24.22%, w/w) occurred predominantly, while oleic acid
(32.19% w/w) and linoleic acid (31.14%, w/w) mainly accounted for the total unsaturated
fatty acid (UFA) content of 67.34% (w/w). These results are different from those reported in
previous studies [39,41], wherein SFA exhibits a higher percentage than UFA. In this study,
the tested drone pupae powder was prepared using deep-frying, and could be affected
by the high linoleic acid in soybean oil [42]. According to the NNR (Nordic Nutrition
Recommendations, 2012) [43], the UFA percentage is recommended to be above two thirds
of the total fatty-acid content; the optimal drone pupae powder used here met this criterion.
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Table 8. Fatty-acid compositions of the optimal drone pupae powder and other references for bee
powder (% of total fatty acids).

Fatty Acids

The Experimental Sample Ghosh et al. [41] Kim et al. [39]

Deep Fried and Hot
Air-Dried

Oven-Dried
Freeze-Dried

(−70~85 ◦C, 72 h)

20 Days Old 21 Days within 16–20 Days Old

Caprylic acid 0.02 - -
Capric acid 0.01 - -
Lauric acid 0.09 0.4 0.64
Myristic acid 1.21 2.9 4.64
Pentadecanoic acid 0.03 - -
Palmitic acid 24.22 35.1 35.49
Magaric acid 0.05 - -
Stearic acid 6.79 12.6 14.46
Arachidic acid 0.21 - 0.74
Heneicosylic acid - - -
Behenic acid - - 0.22
Tricosanoic acid - - 2.17
Lignoceric acid 0.02 - 1.26
∑ SFA 32.65 51.1 59.62
Myristoleic acid 0.02 - -
Pentadecenoic acid - - -
Palmitoleic acid 0.35 0.6 1.13
Magaoleic acid 0.05 -
Oleic acid 32.19 47.6 35.91
Eicosenoic acid 0.09 0.8 0.17
Eicosadienoic acid 0.01 - -
Erucic acid 0.01 - -
∑ MUFA 32.72 48.9 37.20
Linoleic acid 31.14 - 1.14
γ-Linolenic acid - - -
Dihomo γ-Linolenic
acid 0.02 - -

Arachidonic acid 0.04 - -
Docosadienoic acid - - -
∑ n-6 31.2 - 1.14
Linolenic acid 3.34 - 2.04
Eicosatrienoic acid - - -
Eicosapentaenoic acid 0.08 - -
Docosapentaenoic
acid - - -

Docosahexaenoic acid - - -
∑ n-3 3.42 - 2.04
∑ PUFA 34.62 - 3.18
∑ UFA 67.34 48.9 40.38
Total fatty acid (%) 100.0 100.0 100.0

Dash (-) means not measured/suggested.

3.3.3. Minerals and Heavy Metals

Table 9 summarizes the results of mineral and heavy-metal analysis for the optimal
drone pupae powder (DHD) according to the recommendations of the MFDS and inter-
national standards. The drone pupae powder showed the following values for the eight
tested minerals: sodium (41.90 mg), calcium (0.03 g), potassium (1.04 g), iron (5 mg), phos-
phorus (0.57 g), magnesium (0.07 g), zinc (4.44 mg), and copper (1.19 mg). According
to Kim et al. [44], these minerals are not obtained by themselves and are stored in honey
and pollen.
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Table 9. Analysis of the mineral and heavy-metal composition of the optimal drone pupae powder.

Minerals and Heavy Metals Unit Result
Amount % and Recommendations

Remark
% MFDS % International

Sodium mg/100 g 41.90 2.1 <2000 1 1.8 <2300 2 Following
the standard
of nutrition

facts

Calcium g/100 g 0.03 4.3 >0.7 1 2.3 >1.3 2

Potassium g/100 g 1.04 29.4 >3.5 1 22.1 >4.7 2

Iron mg/100 g 5 41.67 >12 1 62.5 >8 2

Phosphorus g/100 g 0.57 81.4 >0.7 3 81.4 >0.7 4
Following

the standard
of minerals

Magnesium g/100 g 0.07 19.4 >0.36 3 16.7 >0.42 4

Zinc mg/100 g 4.44 44.4 >10 3 40.4 >11 4

Copper mg/100 g 1.19 12.5 <9.5 3 11.9 <10 4

Lead mg/kg 0.01 10 <0.1 5 10 <0.1 6 Following
the standard

of heavy
metals

Cadmium mg/kg 0.01 10 <0.1 5 20 <0.05 7

Mercury mg/kg <0.01 - - <2 <0.5 8

Arsenic mg/kg 0.01 10 <0.1 5 10 <0.1 6

1 According to Nutrition Facts Labeling Requirements, US Food and Drug Administration. Industry Resources
on the Changes to the Nutrition Facts Label. 2 According to Article 6 (Nutrition Facts Label) in Act on Labeling
and Advertising of Foods (MFDS, 2020). 3 According to the Dietary Reference Intakes for Koreans (Ministry of
Health and Welfare, MOHW; 2020). 4 According to the Dietary Reference Intakes (FDA, 2020). 5 According to the
Food material recognition of MFDS (No. 2020-5). 6 According to the recommendation for metal amount in food
(FDA, 2020). 7 According to the maximum limit for cadmium (European Community, 2005). 8 According to the
maximum limit for mercury (Health Canada, 2019).

In this study, four minerals (sodium, calcium, potassium, iron) were evaluated by
standard nutrition facts while general mineral compounds were used to estimate the other
four (phosphorus, magnesium, zinc, copper). Here, phosphorus exhibited the highest
percentage (0.57 g; 81.4%) according to the recommended amount (>0.7 g) by the MFDS
and international standards. The amounts of heavy metals were within the acceptable
limits according to the MFDS and international recommendations: lead (0.01 mg), cadmium
(0.01 mg), mercury (0.01 mg or less), and arsenic (0.01 mg).

3.4. Processing Optimization of the Puffed-Rice Snack Product Using Optimal Drone Pupae
Powder and Honey by RSM

For the central composite design (CCD) of response surface methodology, the expected
concentration (zero point in Table 1) of the optimal drone pupae powder was selected as the
result of the preliminary experiment in the middle of study; this confirmed the acceptable
color, smell, and taste depending on the mixed concentrations (1, 2, 3, 4, 5, 6, 7, 8, 9, and
10%) of drone pupae powder with the product, as shown in Figure 4. Subsequently, 5% of
drone pupae powder was determined as the zero point for CCD, followed by optimization.

Figure 4. The puffed-rice snacks with different concentrations (w/w%) of drone pupae powder:
(a) Control; (b) 1%; (c) 2%; (d) 3%; (e) 4%; (f) 5%; (g) 6%; (h) 7%; (i) 8%; (j) 9%; (k) 10%.
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Table 10 summarizes the experimental results for the responses Y1 and Y2 for the
optimization of the puffed-rice snack prepared by processing with different concentrations
of drone pupae powder (X1) and honey (X2). According to these responses, the regression
formulae for the response surface model were computed as shown:

Y1 (nutty aroma) = 7.963 − 0.487 X1 − 0639 X2 − 0.169 X1 X1 − 0.200 X2 X2

Y2 (sweetness taste) = 8.003 − 0.3018 X1 + 0.5711 X2 + 0.001 X1 X1 − 0.89 X2 X2

Table 10. Experimental results for central composite design.

Run No.

Coded Values Actual Values Responses

X1 X2

Drone Pupae
Powder

(X1)

Honey
(X2)

Nutty
Aroma

(Y1)

Sweetness
Taste
(Y2)

1 −1 −1 3 1 8.00 7.88
2 +1 −1 7 1 9.13 7.13
3 −1 +1 3 3 6.13 8.50
4 +1 +1 7 3 7.13 8.25
5 −1.414 0 2.17 2 7.00 8.38
6 +1.414 0 7.83 2 8.25 7.38
7 0 −1.414 5 0.59 8.00 6.50
8 0 +1.414 5 4.41 7.13 8.50
9 0 0 5 2 8.13 8.00
10 0 0 5 2 7.88 8.13
11 0 0 5 2 7.88 7.88

The statistical correlations for both the models (Y1 and Y2) were satisfied with the
standard p-values (<0.05), and they showed high R2 values, as shown in Table 11. Lack
of fits for the respective models were insignificant (showing p-values higher than 0.05),
indicating that the models were organized using suitable correlations. Therefore, the
exported models could be used to derive optimal conditions for the targeted response
qualities (which are written in bold in Table 1).

Table 11. Analysis of variance for responses on the optimization of mixing conditions for drone
pupae powder and honey with a puffed-rice snack: X1, drone pupae powder; X2, honey; Y1, nutty
aroma; Y2, sweetness taste.

Responses R2
Lack of Fit

(>0.05)

p-Values (<0.05)

Model
Linear
(X1, X2)

Quadratic
(X1X1, X2X2)

Interaction
(X1X2)

Y1 (nutty aroma) 0.854 0.087 >0.011 0.004, 0.013 >0.526, 0.821 -

Y2 (sweetness taste) 0.902 0.155 >0.001 0.015, 0.001 >0.970, 0.165 -
Dash (-) means not identified.

As shown in Figure 5a,b, the nutty aroma (Y1) increased on increasing the percentage
of drone pupae powder (X1), while mixing a higher concentration of honey (X2) increased
the sweetness taste (Y2). Normally, honey used for food processing has a high effect on
sweetness due to its high level of fructose (about 75–80%), which is a strong sweetener for
human beings (Aparna and Rajalakshmi, 2009) [45]. Furthermore, in this study, adding
high concentrations of insect powder (such as drone pupae) in food increased the nutty
scent, as the preparatory processes using heat caused the Maillard reaction (Jensen et al.,
2016) [46]. The sensory panelists reported a strong nutty aroma and sweet flavor in the
puffed-rice snack with a high percentage of drone pupae powder and honey.
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(a) 

 
(b) 

Figure 5. Three-dimensional response surface plots of the puffed-rice snack with respect to drone
pupae powder and honey concentrations: (a) Nutty aroma; (b) Sweetness taste.

Table 12 summarizes the optimal mixing condition for drone pupae powder and
honey with the puffed-rice snack, with the expected response values from references, along
with the validation results. According to Table 2, the targeted nutty aroma was the level
of parched cereal powder (8 point), while chocolate (8 point) was set as the goal score
for sweetness taste. Based on model optimization, the predicted responses were 7.992
(nutty aroma) and 7.997 (sweetness taste) on using 5.54% (drone pupae powder) and
2.13% (honey), showing good desirability values. In accordance with the RSM process,
these conditions were practically validated with additional experimentation, whereby nutty
aroma and sweetness taste were rated at 8.19 and 8.43, respectively (almost equivalent to the
predicted values). Thus, this condition was determined as the final mixing concentration
and was applied in the subsequent steps.
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Table 12. Optimization of the mixing conditions for drone pupae powder and honey with a puffed-
rice snack by RSM.

Responses
Optimal Conditions Predicted

Values
Experimental

Values
Desirability

X1 (%) X2 (%)

Y1 (nutty aroma) +0.271
(5.54%)

+0.129
(2.13%)

7.992 8.19 ± 0.40 0.9714

Y2 (sweetness taste) 7.997 8.43 ± 0.51 0.9183

3.5. Product Quality Characteristics of the Puffed-Rice Snack Enriched with Drone Pupae Powder
3.5.1. Nutrition

Table 13 shows the contents of 14 nutrients in the control and drone-pupae-powder
enriched puffed-rice snack product as percentages of daily intake recommendations ac-
cording to the FDA (USA) and MFDS (Korea). The protein (4.45 g) and fat (4.60 g) content
of the puffed-rice snack enriched with drone pupae powder was higher than those of the
control (2.36 g and 1.06 g, respectively). Thus, the addition of drone pupae powder to
food increased its protein and fat content; this is in agreement with a previous study by
Biró et al. [47] in which the insect-enriched snack shows increasing protein and fat values
with increasing insect concentration. Furthermore, the developed snack product exhibited
a high cholesterol value (17.16 mg) due to its high fat content. Considering the suggested
daily intake recommendations, the developed product possessed high percentages (76.4%
and 38.2%) of sugar content (considering the limits according to the FDA and MFDS), while
it contained 49.8% (FDA) and 74.8% (MFDS) of iron.

Table 13. Fourteen nutrients in the control and drone-pupae-powder enriched puffed-rice snack.

Items

The puffed Rice Snack
Daily Values

Control Enriched with Drone Pupae Powder

Amount % FDA % MFDS Amount % FDA % MFDS FDA 1 MFDS 2

Calories (cal) 375.14 - - 389.9 - - - -
Sodium (mg) 15.22 0.7 0.8 12.87 0.6 0.6 <2300 <2000
Carbohydrate (g) 89.04 32.4 27.5 82.65 30.1 25.5 >275 >324
Sugar (g) 44.28 88.6 44.3 38.18 76.4 38.2 <50 <100
Dietary fiber (g) 1.33 4.8 5.3 1.44 5.1 5.8 >28 >25
Crude fat (g) 1.06 1.4 2.0 4.60 5.9 8.5 <78 <54
Trans fat (g) - - - - - - <2 -
Saturated fat (g) 0.34 1.7 2.3 1.44 7.2 9.6 <20 <15
Cholesterol (mg) - - - 17.16 5.7 5.7 <300 <300
Crude protein (g) 2.36 4.7 4.3 4.45 8.9 8.1 >50 >55
Vitamin D (μg) - - - - - - >20 >10
Potassium (g) 0.04 0.9 1.1 0.10 2.1 2.9 >4.7 >3.5
Iron (mg) 8.54 47.4 71.2 8.97 49.8 74.8 >18 >12
Calcium (g) 0.02 1.5 2.9 0.01 0.8 1.4 >1.3 >0.7

1 According to the Nutrition Facts Labeling Requirements, US Food and Drug Administration. 2 According to
Article 6 (Nutrition Facts Label) in the Act on Labeling and Advertising of Foods (MFDS, 2020). Dash (-) means
not identified.

3.5.2. Amino-Acid Composition

The amino-acid composition of the puffed-rice snack enriched with drone pupae
powder is summarized in Table 14, along with that of the control snack. The amino-acid
contents of the developed product were higher than those of the control snack. In particular,
the levels of isoleucine (0.19 g), lysine (0.16 g), valine (0.25 g), and glycine (0.22 g) for
the developed product were approximately two times that of the control snack. These
differences between the developed product and control were reasonable, as the drone pupae
powder contained high levels of amino acids (Table 7). Kim et al. [44] have reported that
bee drone pupae powder contains substantially high amounts of EAA, such as, isoleucine,
lysine, and valine.
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Table 14. The total amino-acid composition of the control and drone-pupae-powder enriched puffed-rice snack.

Amino Acids

The Puffed Rice Snack (g/100 g)

Control Enriched with Drone Pupae Powder

Amount % WHO % MOHW Amount % WHO % MOHW

Histidine 0.06 5.7 6.0 0.10 9.5 10.0
Isoleucine 0.08 3.8 6.2 0.19 9.0 14.6
Leucine 0.20 4.8 6.7 0.35 8.5 11.7
Lysine 0.07 2.2 2.3 0.16 5.1 5.3
SAA 0.11 7.1 8.5 0.15 9.7 11.5
AAA 0.22 8.3 7.9 0.39 14.7 13.9
Threonine 0.09 5.6 6.4 0.16 9.9 11.4
Tryptophan 0.02 0.5 6.7 0.03 0.7 10.0
Valine 0.12 4.4 9.2 0.25 9.2 19.2

∑ EAA 0.97 4.2 6.3 1.78 7.7 11.6

Aspartate 0.22 0.40
Serine 0.14 0.21
Glutamic 0.47 0.75
Proline 0.14 0.25
Glycine 0.11 0.22
Alanine 0.15 0.26
Arginine 0.19 0.28

∑ NAA 1.42 2.37

According to the same study [44], bee drone pupae powder contains high levels of
glutamic acid; this is in agreement with the high value of glutamic acid recorded in the
puffed-rice snack enriched with drone pupae powder in the present study. Comparing
the results to daily intake requirements of WHO and the MOHW, the developed product
showed higher percentages (7.7% and 11.6% in total) of EAA than the control product (4.2%
and 6.3% in total).

3.5.3. Fatty-Acid Composition

Table 15 summarizes the fatty-acid compositions (%) of the control and drone-pupae-
powder enriched puffed-rice snack. Overall, the developed product exhibited a higher
percentage (68.57%) of UFA than the control (67.83%) due to the high UFA content of
the powder. Furthermore, the percentage of stearic acid (among the SFAs) was slightly
higher in the developed product (6.47%) compared to the powder before processing (2.97%).
According to a report of the RDA (2021) [48], drone pupae contains abundant phospholipids,
from which stearic acid can be obtained by heating. In this study, the powder was mixed
with the other ingredients (syrup and puffed rice) in the heated pot immediately after
heating; thus, the mixing step could involve the aforementioned phenomenon.

Considering the UFA group, in the developed snack compared to the control, the
content of oleic acid and linolenic acid increased from 31.1% to 35.01% and 1.39% to 3.05%,
respectively, whereas the content of linoleic acid decreased from 34.29% to 29.69%. The
drone pupae powder used for developing the final product was prepared using the deep-
frying method with cooking oil; according to a study by Choi and Gil [49], deep-fried foods
exhibit a long heating time and high oleic acid and low linoleic acid contents, regardless of
the oil type used.

According to Ney [50], the rise of cholesterol levels by fatty acids is largely due to
saturated fatty acids with 12, 14, and 16 carbons. In this study, these fatty acids did not
increase, while there were high percentages of C18 fatty acids in the developed product.
Overall, the puffed-rice snack enriched with drone pupae powder possessed a higher
ratio of n-3 to n-6 fatty acids (n-3/n-6 value of 10.8%) than the control (4.5%). Hernandez
and Hosokawa [51] have reported that, based on WHO recommendations, the n-3/n-6
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value should be 1:5–1:10; thus, the product developed in this study exhibited a high
nutritional value.

Table 15. Fatty-acid compositions of the control and drone-pupae-powder enriched puffed-rice snack
(% of total fatty acids).

Fatty Acids Shorthand

The Puffed Rice Snack

% Control
% Enriched with

Drone Pupae Powder

Caprylic acid C8:0 0.15 0.03
Capric acid C10:0 0.08 0.01
Lauric acid C12:0 0.25 0.10
Myristic acid C14:0 1.14 1.15
Pentadecanoic acid C15:0 0.18 0.02
Palmitic acid C16:0 26.92 23.24
Magaric acid C17:0 0.17 0.09
Stearic acid C18:0 2.97 6.47
Arachidic acid C20:0 0.22 0.28
Heneicosylic acid C21:0 - -
Behenic acid C22:0 - -
Lignoceric acid C24:0 0.07 0.04

∑ SFA 32.15 31.43

Myristoleic acid C14:1 0.06 0.02
Pentadecenoic acid C15:1 0.05 0.01
Palmitoleic acid C16:1 0.43 0.35
Magaoleic acid C17:1 0.09 0.03
Oleic acid C18:1 31.10 35.01
Eicosenoic acid C20:1 0.15 0.14
Eicosadienoic acid C20:2 - 0.02
Erucic acid C22:1 0.09 0.02

∑ MUFA 31.97 35.6

Linoleic acid C18:2 n-6 34.29 29.69
γ-Linolenic acid C18:3 n-6 0.03 0.01
Dihomo γ-Linolenic acid C20:3 n-6 - 0.03
Arachidonic acid C20:4 n-6 - 0.03

∑ n-6 34.32 29.76

Linolenic acid C18:3 n-3 1.39 3.05
Eicosatrienoic acid C20:3 n-3 - -
Eicosapentaenoic acid (EPA) C20:5 n-3 0.10 0.13
Docosapentaenoic acid (DPA) C22:5 n-3 - -
Docosahexaenoic acid (DHA) C22:6 n-3 0.05 0.03

∑ n-3 1.54 3.21

n-3/n-6 (%) 4.5 10.8

∑ PUFA 35.86 32.97

∑ UFA 67.83 68.57

Total fatty acid (%) 100 100

3.5.4. Minerals and Heavy Metals

Table 16 summarizes the mineral and heavy-metal contents of the control and drone-
pupae-powder enriched puffed-rice snack. The results are shown as percentages of the
international (Canada, USA, Europe) and MFDS (Korea) recommendations. The developed
product containing drone pupae powder exhibited higher values (0.08, 0.02, and 0.35
mg) of phosphorus, magnesium, and copper compared to the control (a normal puffed-
rice snack) (0.04, 0.01, and 0.23 mg, respectively), while the amount of zinc was lower
in the developed product (1.62 mg) compared to the control (1.92 mg). Here, the drone-
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pupae-powder enriched product exhibited a very low amount of zinc (Table 9); this was
investigated further.

Table 16. The mineral and heavy-metal composition of the control and drone-pupae-powder enriched
puffed-rice snack.

Minerals and
Heavy Metals

Unit

The Puffed Rice Snack

Control
Enriched with Drone Pupae

Powder

Amount % MFDS % Int’l Amount % MFDS % Int’l

Phosphorus g/100 g 0.04 6.7 6.7 0.08 10.9 10.9
Magnesium g/100 g 0.01 2.7 2.3 0.02 4.1 3.5
Zinc mg/100 g 1.92 19.2 17.5 1.62 16.2 14.7
Copper mg/100 g 0.23 2.4 2.3 0.35 3.7 3.5
Lead mg/kg 0.01 10 10 0.01 10 10
Cadmium mg/kg 0.01 10 20 0.01 10 20
Mercury mg/kg <0.01 - <2 <0.01 - <2
Arsenic mg/kg 0.01 10 10 0.01 10 10

Considering recommended amounts, magnesium and copper occurred under 10%,
whereas phosphorus and zinc occurred in the range of 10–20%, regardless of sample
group and recommendation source. The heavy metals exhibited the following values and
percentages according to recommendations (MFDS; international): lead (0.01 mg; 10%;
10%), cadmium (0.01 mg; 10%; 20%), mercury (<0.01 mg; -; <2%), and arsenic (0.01 mg; 10%;
10%). Thus, the developed product is a safe and edible insect-based food.

3.6. Effects of Different Storage Conditions on the Quality of the Puffed-Rice Snack Enriched with
Drone Pupae Powder

Figure 6 shows the changes in pH, TBARS, and VBN of the developed product for
180 days under different storage temperatures (15 ◦C, 25 ◦C, and 35 ◦C). As shown in
Figure 6a, the storage conditions did not significantly change the pH values (6.26, 6.38,
and 6.32 at 15 ◦C, 25 ◦C, and 35 ◦C, respectively) compared to the initial value (6.15), they
were just slightly increased. All of the pH values were slightly acidic (5.0–6.5), similar to a
previous study [52] reporting a rice-cracker product stored at different temperatures.

The TBARS values are shown in Figure 6b; it was 1.924 MDA mg/kg before storage,
and significantly increased after 180 days at all storage temperatures. The final values were
4.287, 4.533, and 4.513 MDA mg/kg at 15 ◦C, 25 ◦C, and 35 ◦C, respectively. Thus, storage
at 15 ◦C inhibit lipid oxidation to a greater extent than that at higher temperatures (such as,
25 ◦C and 35 ◦C). According to a study by Son et al. [53], insects with high fat content (such
as bee drone pupae) show slightly increased TBARS values (lower than twice the initial
value) after storage at fresh temperatures.

Figure 6c shows the VBN values for the storage period. After 180 days, the developed
rice snack (using drone pupae powder) exhibited significantly higher VBN values at all
temperatures (10.62 mg% at 15 ◦C, 10.50 mg% at 25 ◦C, and 10.97 mg% at 35 ◦C) compared to
the initial value (4.8 mg%) (p < 0.05), and the values were all lower than 20 mg%, indicating
acceptable VBN quality according to the MFDS. The drone pupae powder added to the
developed product caused the change in VBN values during the storage period, similar to
the increments in protein and amino-acid content (Tables 13 and 14) discussed previously.

To assess microbial quality, the levels of TBC, E. coli, and TCG of the final product
during storage have been summarized in Table 17. The TBC values did not exhibit a
significant change (p < 0.05), whereas E. coli and TCG were not detected. The TBC values
were below the recommended limit (5 log CFU/g) of the MFDS. This could be attributed to
the low moisture content and sealed condition of the package, with low water activation
conditions due to low relative humidity.
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Figure 6. Chemical quality parameters of the puffed-rice snack enriched with drone pupae powder
at different storage temperatures (15 ◦C, 25 ◦C, and 35 ◦C) for 180 days: (a) pH values; (b) TBARS
values; (c) VBN values. Values are mean ± SD. Different letters (a–f) in the respective columns
indicate significant differences among the means by the Tukey’s test (p < 0.05).

Table 17. Changes in the total bacteria count (TBC), E. coli, and total coliform group (TCG) in the
puffed-rice snack enriched with drone pupae powder at different storage temperatures (15 ◦C, 25 ◦C,
35 ◦C) for 180 days.

Temperature Day
Total Bacteria Count

(Log CFU/g)
E. coli and Total Coliform

Group (CFU/g)

15 ◦C

0 1.57 ± 0.09 a -
30 1.29 ± 0.21 a -
60 1.37 ± 0.15 a -
90 1.22 ± 0.20 a -

120 1.39 ± 0.07 a -
150 1.25 ± 0.10 a -
180 1.41 ± 0.19 a -

25 ◦C

0 1.57 ± 0.09 a -
30 1.35 ± 0.13 a -
60 1.22 ± 0.20 a -
90 1.37 ± 0.05 a -

120 1.29 ± 0.09 a -
150 1.10 ± 0.14 a -
180 1.28 ± 0.14 a -

35 ◦C

0 1.57 ± 0.09 a -
30 1.53 ± 0.10 a -
60 1.29 ± 0.09 a -
90 1.16 ± 0.12 a -

120 1.26 ± 0.20 a -
150 1.29 ± 0.21 a -
180 1.10 ± 0.14 a -

Values are mean ± SD. The small letter (a) in a column indicates the significant difference among means by the
Tukey’s test (p < 0.05). Dash (-) indicates not detected.
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Figure 7 shows the sensory evaluation results of the puffed-rice snack (enriched with
drone pupae powder) stored at different temperatures for 180 days by the hedonic scale
method. The developed product maintained scores above 7-points during the storage
period for all the sensory items, regardless of the storage temperature. Figure 7a shows the
scores on appearance that changed from 8.48 (0 day) to 7.33, 7.76, and 7.33 at 15 ◦C, 25 ◦C,
and 35 ◦C (180 days), respectively, with significant differences (p < 0.05). Interestingly, the
appearance scores at each temperature rapidly decreased after 150 days. According to the
sensory panelists, the final samples looked a bit yellowish and non-fresh after 180 days. The
odor scores are shown in Figure 7b; similar to the appearance results, the tested products
showed significantly lower points for odor than the initial state after 180 days under all
storage conditions. As shown in Figure 6b, the samples stored for 180 days showed TBARS
values above 4 MDA mg/kg; thus, the sensory qualities could be affected by lipid oxidation.
However, the taste, texture, and overall acceptance scores did not change significantly after
storage for 180 days at different temperatures, as shown in Figure 7c–e.

 
(a) (b) 

 
(c) (d) 

 
(e) 

Figure 7. Changes in sensory evaluation of the puffed-rice snack enriched with drone pupae powder
at different storage temperatures (15 ◦C, 25 ◦C, and 35 ◦C) for 180 days: (a) Appearance; (b) Odor;
(c) Taste; (d) Texture; (e) Overall acceptance. The values are mean ± SD. Different letters (a–c) in the
columns indicate significant differences among the means by the Tukey’s test (p < 0.05).
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4. Conclusions

In this study, the best processing method for honeybee drone pupae powder and the
development of a puffed-rice snack product using the powder has been described. The
combination of deep-frying and hot-air drying was confirmed to be the best method for pro-
cessing drone pupae to powder, considering various quality characteristics. Subsequently,
a puffed-rice snack product enriched with the optimal powder (DHD) was prepared and
its nutritional qualities and storage effect under different conditions were tested. The
drone pupae powder exhibiting the best acid value and TBARS was selected among the
different processing groups; it showed good sensory qualities (high nutty aroma and low
bitter taste) and nutritional values considering institutional recommendations (high EAA
and UFA). The drone pupae powder (5.54%) and honey (2.13%) were optimized using
response surface methodology by adjusting the mixing concentrations with the puffed-rice
snack to obtain the targeted nutty aroma and sweetness taste. The developed puffed-rice
snack enriched with drone pupae powder exhibited higher values of nutrients (including
proteins, fats, amino acids, and fatty acids) compared to the control rice snack. Addition-
ally, the mineral content of the selected drone pupae powder and snack product were
examined; heavy metals were not detected. In the storage test, the final product exhibited
safe quality values considering important parameters (such as VBN and bacterial levels),
along with a stable sensory likeness for 180 days. Therefore, the processed drone pupae
powder is suitable to be used as an edible food ingredient. Furthermore, both the powder
and the powder-enriched rice snack product exhibit high nutritional value and are safe
for consumption.
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Abstract: Currently, no data exist on the utilization of the newly described cricket species (Scapsipedus icipe)
meal as additive in food products, though they have high protein (57%) with 88% total digestibility as well
as a variety of essential amino acids. This article presents the first report on the effects of processing
techniques and the inclusion of cricket meal (CM) on the nutrient and antinutrient properties of four
porridge products compared to a popularly consumed commercial porridge flour (CPF). Porridge
enriched with CM had significantly higher protein (2-folds), crude fat (3.4–4-folds), and energy
(1.1–1.2-folds) levels than the CPF. Fermented cereal porridge fortified with CM had all three types
of omega-3 fatty acids compared to the others. The vitamin content across the different porridge
products varied considerably. Germinated cereal porridge with CM had significantly higher iron con-
tent (19.5 mg/100 g). Zinc levels ranged from 3.1–3.7 mg/100 g across the various treatments. Total
flavonoid content varied significantly in the different porridge products. The phytic acid degradation
in germinated and fermented porridge products with CM was 67% and 33%, respectively. Thus,
the fortification of porridge products with cricket and indigenous vegetable grain powder could be
considered an appropriate preventive approach against malnutrition and to reduce incidences in
many low-and middle-income countries.

Keywords: underutilized food resources; grain amaranth; edible cricket meal; complementary
porridge; nutrient quality; malnutrition and food security

1. Introduction

The malnutrition of children in sub–Saharan African (SSA) countries is a serious
health concern [1,2]. Protein-energy malnutrition (PEM) and deficiencies of micronutrients
including iron, zinc, and vitamin A are the most common forms of malnutrition reported in
these countries [3,4]. Kenya is amongst the 20 countries accounting for 80% of the world’s
malnourished children [5] where stunting, wasting, and underweight in children below five
years have been estimated at 26%, 4%, and 11%, respectively [6]. Malnutrition in infancy
and early childhood affects physical growth and cognitive behaviour, leading to delays
in mental and motor development, as well as increased morbidity and mortality [7]. Low
socio-economic status is considered the key underlying cause where children lack food or
survive on diets of low nutritional quality [8].
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The African continent is blessed with a rich diversity of food crops, most of which have
received little or no attention in terms of research and development of policy frameworks
that could promote their effective commercial and industrial utilization. Grain amaranth
(Amaranthus spp.) and finger millets are some of such neglected and underutilized species
that could be used to produce porridge products to serve as important traditional beverages
and complementary food for adults and children, respectively, of all ages in Africa [9,10].
Despite these cereals being rich in carbohydrates, their energy and nutrient densities are
extremely low [11], partly due to the presence of anti-nutritional factors that restricts the
bioavailability of essential nutrients [12]. Finger millet grain contains high amounts of
proteins and minerals compared to other staple cereals [13] and is the most preferred grain
in composite flour for making porridge [1]. Amaranth (Amaranthus spp.) is an indigenous
African leafy vegetable grown in at least fifty tropical countries and consumed by several
million people [2,14] for many nutritional reasons. Farmers in sub-Saharan Africa cultivate
amaranth either for its leaves or for its grain [14]. The leaves are rich in vitamin C and
pro-vitamin A as well as in iron, zinc, and calcium [15]. The grains are also rich in quality
protein, lysine, and calcium and are consumed directly or used to fortify maize flour [16,17].
Amaranth grain contains bioactive compounds with health promoting effects [18]. Stud-
ies have shown that regular consumption of amaranths has the potential [18] to reduce
cholesterol levels [19], benefit people suffering from hypertension and cardiovascular dis-
ease [20,21], improve liver functions [22,23], and prevent cancers [24]. The ability health
benefits of amaranth are due to the bioactive compounds such as protocatechuic, hydrox-
ybenzoic, caffeic and ferulic acids, rutine, nicotiflorin, and isoquercetin present in it [25].
While amaranth is being widely cultivated in Africa as a vegetable, its grains have been
documented to contain excellent nutritional properties and have been milled and blended
with flours of other cereal staples to improve their overall acceptability [26]. However, these
grains contain a high content of anti-nutrients, mostly in the form of phytic acid [27,28].
These anti-nutrients can be reduced to improve the nutritional quality through traditional
food processing methods, including soaking, germination, fermentation, roasting, and
milling [13].

The use of edible insect meal to fortify porridge products has received limited research
attention, even though it has been postulated to contain high-quality nutrients, which
are easily digestible and more bio-available than those available from plant and animal
food sources [29,30]. This will contribute to the Sustainable Development Goal (SDG) 2
of zero hunger championed by the United Nations, which aims at improving food and
nutritional security [29]. Food-to-food fortification of complementary foods with nutrient-
rich ingredients like edible insects that are rich in protein, amino acids, fatty acids, vitamins,
and minerals (e.g., zinc, iron, and calcium) [30–33] can help in the attainment of this
goal. Thus, cricket consumption could be an immediate solution to many of the nutrient
deficiency issues and could be both an inexpensive and effective option. The use of naturally
available food resources such as insects like crickets, would easily be favoured by policy
makers in view of their sustainability [34–36]. Murugu et al. [37] have demonstrated that
the newly described cricket Scapsipedus icipe Hugel and Tanga is significantly rich in protein
(57%), fat (36%), amino acids, minerals, and vitamins. However, no information exists
on their inclusion into cereal-based human food products, although there are promising
indications that they can significantly improve the nutritional quality of food products.

Furthermore, edible insects are commonly processed using different techniques (frying,
drying, roasting, smoking, boiling, toasting, and steaming) to ensure microbial safety, in-
crease shelf-life, and improve on the sensory appeal [4,7,37,38]. The utilization of appropri-
ate processing methods is critical to mitigate spoilage [5]. Several studies have shown that
processing methods can cause significant losses and degradation of essential nutrients be-
sides enhancing their levels, digestibility, and bioactivity of the others [3,6,7], either through
solubilization, leakages, and intra- and inter-biochemical reactions. Ssepuuya et al. [8] re-
ported the effects of two thermal processes on the nutritional composition, colour, and
aroma compounds of R. differens. Furthermore, investigation by Nyangena et al. [4] ap-
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prised the effects of toasting, boiling, and drying techniques on proximate composition
and microbial quality of R. differens and other edible insects only. None of these studies
looked at the potential effects of processing techniques and mixing of amaranth integrated
with cricket meal on compounded human food products. This study sought to bridge
this gap by comparing the effects of four common food processing methods of mixing of
amaranth, cricket meal, and finger millets into porridge products on the nutrient (proximate
composition, fatty acids, and minerals) and antinutrient composition as well as bioactive
compounds (total flavonoid content and vitamins). This detailed report on the effect of the
different processing methods applicable to cereal-based porridge food products with cricket
meal is inevitable, especially with recent findings revealing the significance of edible insects
and amaranth in the fight against malnutrition and food insecurity [9]. The campaign for
consumption of insects, grains, and vegetables for the maintenance of good health has
become ever more popular globally [29,30,39].

2. Materials and Methods

2.1. Raw Materials

Grain amaranth (Amaranthus cruentus) and finger millet (Eleusine coracan L.) were pur-
chased from a local market in Nairobi, Kenya. One of the most traded brands of commercial
porridge flour (CPF) (FAMiLA® pure WIMBI porridge, Unga Limited, Nairobi, Kenya)
was purchased from a supermarket in the Kenyan capital, Nairobi. The unique formu-
lation of FAMiLA® consists of pure finger-millet flour fortified with minerals (calcium),
carbohydrates, and proteins (particularly lysine). This product was chosen because it is
popular and consumed by adults and children of all ages. On the other hand, edible crickets
(Scapsipedus icipe) were obtained from the Animal Rearing and Containment Unit (ARCU)
at the International Centre of Insect Physiology and Ecology (icipe), Nairobi, Kenya.

2.2. Preparation of Raw Materials
2.2.1. Preparation of Crickets

Frozen cricket samples were allowed to thaw overnight at a 5 ◦C refrigerated temper-
ature. The samples were then washed thrice in fresh, clean tap water at 18 ◦C to remove
dirt, drained, and appropriately heat-treated in hot water at 100 ◦C for 5 min for efficient
sterilization. Thereafter, the crickets were oven-dried (WTB binder, Tuttlingen, Germany)
at 60 ◦C for 24 h, milled using an electric grinder [Medical Research Council (MRC) labora-
tory grinder, London, UK], and sieved through a 0.595-mm aperture sieving mesh. The
resulting powder was packaged in a sterile zip-lock polyethylene bag and stored at 4 ◦C
for subsequent composite flour formulation.

2.2.2. Processing of Finger Millet and Amaranth Grains

Finger millet and amaranth grains were each divided into a batch of 500 g in four replica-
tions. The first batch was germinated according to the method described by Onyango et al. [40].
Briefly, the grains were cleaned and steeped in tap water for 24 h at 25 ◦C and germinated for
72 h at 25 ◦C in the dark, while being moistened and turned at 12–hour intervals. Germina-
tion was halted by oven-drying at 50 ◦C for 12 h. The dried germinated grains were then
removed and milled using an electric grinder (MRC laboratory grinder, London, UK). The
second batch was roasted according to the modified method [41]. The grains were spread in
a uniform, thin layer on an oven tray and roasted in a pre-heated oven at 120 ◦C for 20 min.
The grains were allowed to cool to room temperature before milling. The third batch was
milled and fermented according to the method described by Onyango et al. [10] with slight
modifications. The composite flour was mixed with tap water that had been boiled, then
cooled to 45 ◦C, at a ratio of 2:3 (flour to water). The slurries were fermented spontaneously
in round-bottomed flasks placed in a water bath (Blue M Electric Company, IL 60406, USA)
at 45 ◦C. After 24 h the fermented slurries were inoculated into freshly prepared slurries
before fermenting at 45 ◦C for 24 h. The samples were then spread on trays and dried
in an oven at 50 ◦C for 24 h and ground in an electric grinder (MRC laboratory grinder,
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London, UK). The fourth batch was unprocessed grains treated according to farmers’ field
practices of open sun drying and storage, using appropriate technology to ensure availabil-
ity throughout the year [42]. Thereafter, the grains were milled and prepared for further
processing into porridge products. The fifth batch was considered as the “control treat-
ment” and consisted of the CPF, which had undergone approved commercial standards of
processing. All the samples were ensured to have a moisture content of <12.0%.

2.3. Porridge Flour Formulations

Composite flour formulations were developed and optimized using the Linear Pro-
gramming of the Excel solver 2010 version, based on the minimum recommended dietary
allowance (RDA) for protein (13 g), energy (500 kcal), calcium (500 mg), iron (7 mg), and
zinc (4.1 mg) for children aged 1–3 years [11,12]. Porridge formulations were prepared by
mixing flours of finger millet, amaranth, and cricket, at a ratio of 60:30:10. The porridge mix
samples were coded as follows: commercial porridge flour (CPF), fermented finger millet −
amaranth + cricket (FFM–AC), germinated finger millet − amaranth + cricket (GFM–AC),
roasted finger millet − amaranth + cricket (RFM–AC), and unprocessed sundried finger
millet − amaranth + cricket (UFM–AC). These new products supplemented with cricket
meal and amaranth were compared with a commercial porridge product widely used by
millions of households in East Africa.

2.4. Analysis of Proximate Composition

Proximate analysis for the flour was determined following the Association of Offi-
cial Analytical Chemists (AOAC) methods [13] in three replications. Moisture content
was determined in an air oven adjusted to 105 ◦C (method 925.10). The Kjeldahl method
(method 978.04) was used to assess the crude protein (N × 6.25). Fat content was ex-
tracted using petroleum ether in a Soxhlet extractor (method 930.09). Ash content was
determined by gravimetries (method 930.05). Fibre was determined by acid digestion
and loss of ignition (method 930.10). Carbohydrate contents were determined as the dif-
ference (CHO% = [100−protein %−fat %−crude fibre %−ash %]). The energy value was
computed by multiplying the Atwater factors of 4, 9, and 4 with protein %, fat % and
carbohydrate % contents, respectively.

2.5. Determination of Mineral Composition

Mineral composition was established in three replications by the ICP OES quantitation
method as follows. Exactly 0.5 g of each sample was digested with concentrated HNO3
(8 mL) and 30% H2O2 (2 mL) and left overnight in a fume chamber. Samples were then
digested in a temperature-controlled block digester (Model TE007—A, TECNAL, São Paulo,
SP, Brazil) following these conditions: 75 ◦C for 30 min, 120 ◦C for 20 min, 180 ◦C for
20 min, and 200 ◦C for 10 min. Resulting solutions were cooled and transferred to 25 mL
falcon tubes and diluted with 2% nitric acid. Mineral compositions were assessed using
an inductively coupled plasma optical emission spectrometer (ICP OES) (Model Optima
2100 DV Perkin Elmer, MA, USA) and analysed using WinLab 32 software (Perkin Elmer,
Poway, CA 92064, USA). The following operational conditions were used: radiofrequency
power (1.45 kW), auxiliary gas flow rate (1.5 L min−1), plasma gas flow rate (15.0 L min−1),
nebuliser gas flow rate (0.7 L min−1), sample flow rate (1.5 L min−1), source equilibrium
time (10 s), and delay time (10 s). Signal intensity measurements of the analytes in all
samples solutions were carried out at wavelengths (nm) as follows: Mg: 285.213, Fe: 259.939,
Mn: 257.61, Ca: 317.933, P: 213.617, Mo: 202.031, K: 766.49, Al: 396.153, Cu: 224.7, Co:
228.616, and Zn: 213.857. ICP OES quantification was carried out using a multi-element
standard solution (TraceCERT) CatNo.43843 (Sigma-Aldrich, Saint Louis, MO, USA). The
calibration standards were prepared by titrating the standard solution in 2% (v/v) nitric
acid to obtain the working ranges required (400–4000 μg L −1). The correlation coefficient
obtained was ≥0.999. Calibration was performed using WinLab 32 software (Perkin Elmer,
Poway, CA 92064, USA).
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2.6. Assessment of Fatty Acids
2.6.1. Folch Extraction Method

Oil extraction from the formulated porridge flours was achieved based on the modified
method [43]. In three replications, 5 g each of sample were diluted with 10 mL of 2:1
dichloromethane (DCM) and methanol (MeOH). The mixtures were vortexed for 1 min,
sonicated for 10 min, and centrifuged at 4200 rpm for 10 min. The supernatants were
filtered using grade 1 and 90 mm (diameter) Whatman filter paper into a 250 mL round
bottomed flask and evaporated in vacuo to yield approximately 200 mg of oil.

2.6.2. Fatty Acid Determination

Compositions of fatty acid (FA) in the oil extract from formulated porridge flours
were examined as fatty acid methyl esters (FAMEs), according to the modified method [27].
Approximately 1 mL of sodium methoxide solution (100 mg/mL) was added to 100 mg of
recovered oil extract, vortexed for 1 min, followed by sonication for 10 min. The resulting
mixture was placed in a water bath (70 ◦C) for 1 h and the reaction halted by adding of 100
μL deionized water, followed by vortexing for another 1 min. To extract the FAMEs, 1 mL of
gas chromatography (GC)-grade hexane (Sigma-Aldrich, St. Louis, MO, USA) was added
to the mixture, followed by 20 min centrifugation at 14,000 rpm. The resulting hexane layer
(upper) was dried over anhydrous Na2SO4, and analysis was performed using an Agilent
GC–MS on a 7890A GC, connected to a 5975 C mass selective detector (Agilent Technologies
Inc., Santa Clara, CA, USA). GC was fitted with a (5%–phenyl)–methylpolysiloxane (HP5
MS) low bleed capillary column (30 m × 0.25 mm i.d., 0.25 μm (J&W, Folsom, CA, USA).
The sample injection volume was 1 μL. Helium acted as the carrier gas at flow rates of
1.25 mL/min. The oven temperature was programmed between 35 to 285 ◦C, with the
initial and final temperature kept for 5 and 20.4 min, respectively, with a rising rate of
10 ◦C minute−1. An ion trap mass selective detector was maintained at the ion source
temperature of 230 ◦C and quad temperature of 180 ◦C. The mass detector was run in
electron impact (EI) mode (70 eV). Fragment ions were determined in the full scan mode at
over 40–550 m/z mass range. The filament was delayed for 3.3 min. Authentic standard
methyl octadecenoate (0.2–125 ng/μL) serial dilutions prepared from octadecanoic acid
(≥95% purity) (Sigma-Aldrich, St. Louis, MO, USA) were analysed using GC-MS in full
scan mode. GC-MS generated a linear calibration graph of peak area versus concentration
with the equation; [y = 5E + 0.7x + 2E + 0.7] with R2 of 0.9997. This regression equation was
used for the external quantification of the different FA and sterols from the samples.

A Hewlett-Packard (HP Z220 SFF intel xeon) workstation with ChemStation B.02.02.
data acquisition software (Palo Alto, CA, USA) was used to control the operation of GC-MS.
ChemStation integration parameters were calibrated as follows: initial threshold = 3, initial
peak width = 0.010, initial area reject = 1, and shoulder detection = on. These calibrations
yielded the mass spectrum for the peaks. The identification of compounds were based on
the comparison of the generated mass spectra and retention times with those of authentic
standards and reference spectra in library-MS databases: National Institute of Standards
and Technology (NIST) 05, 08, and 11. The determination of the FAMES in all the flour
samples was carried out in triplicates.

2.7. Determination of Water-Soluble Vitamins

The determination of water-soluble vitamins was carried out according to Thermo
Fisher Scientific [28] (Waltham, MA, USA). For sample preparation, 100 mg of flour sample
was mixed with 25 mL of distilled water in a 50 mL falcon tube. The mixture was ultra-
sonicated for 15 min and solution filtered through 0.2-μm filters into UPLC vials. The
chromatographic analysis was performed on a Liquid chromatographic system with a
diode array detector (LC-30AC with Nexera column oven CTO-30A, Shimadzu, Tokyo,
Japan). A Phenomenex C18 Column Synergi, 100 × 3.00 mm, 2.6 μm polar (Phenomenex,
Torrance, CA, USA) at 30 ◦C, was used. The mobile phase consisted of two phases: mobile
phase A: 25 mM phosphate buffer; mobile phase B: 7:3 v/v Acetonitrile-Mobile phase A. The
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total run time was 12 min with a flow rate of 0.4 mL min−1. Stock solutions of 1.0 mg/mL
were prepared by dissolving the individual water-soluble vitamin standards in distilled
water except for Vitamin B2 (in 5 mM potassium hydroxide) and Vitamin B9 (in 20 mM
potassium hydrogen carbonate). Four calibration standards at a concentration of 2, 5, 10 and
15 μg/mL were prepared from the mixed stock solutions. The retention times (mins) for
the vitamins were as follows: Vitamin C—1.596, Vitamin B1—1.922, Nicotinic acid—2.228,
Vitamin B6—3.496, Nicotinamide—5.050, Vitamin B5—6.772, Vitamin B9—8.236, Vitamin
B12—8.936, and Vitamin B2—9.224. R2 was ≥0.996. All determinations were carried out
in triplicates.

2.8. Determination of Fat-Soluble Vitamins

Fat-soluble vitamins was determined according to a method described by Bhatnagar et al. [29].
Briefly, 6 mL of ethanol with 0.1% (BHT)) was added to 500 mg of the flour sample and homoge-
nized. To the resulting mixture, 120 μL of potassium hydroxide 80% (w/v) was added and
vortexed for 1 min followed by incubation at 80 ◦C for 5 min. Cooling was carried out by
placing the test tubes in ice, and 4 mL of deionized water was added to the mixture to en-
hance phase separation, followed by vortexing for 1 min. For extraction, 5 mL HPLC-grade
hexane (Sigma-Aldrich, St. Louis, MO, USA) was added to the mixture, followed by a 5 min
centrifugation at 3000 rpm. The resulting hexane layer (upper) was transferred into a sepa-
rate test tube, and pellet was re-extracted twice more using hexane and the upper phases
collected and pooled. Drying was carried out under nitrogen gas flow, and the residue
reconstituted in 1 mL of methanol: tetrahydrofuran (85:15 v/v), vortexed and sonicated
for 30 s and filtered into HPLC sample vials. Analysis was performed using reverse-phase
HPLC (Shimadzu, Tokyo, Japan) linked to SPD-M2A detector. The UPLC was fitted with
a YMC C30, carotenoid column (3 μm, 150X3.0 mm, YMC Wilmington, NC, USA). The
mobile phase consisted of two phases: A: methanol/tert-butyl methyl ether/water (85:12:3,
v/v/v, with 1.5% ammonium acetate in the water) and B: methanol/tert-butyl methyl
ether/water (8:90:2, v/v/v, with 1% ammonium acetate in the water). The injection volume
was 10 μL with a total flow rate of 0.4 mL/min. The retention times for retinol and α-
and γ-tocopherol were 2.74, 5.40, and 6.29 min, respectively. Compounds presenting the
eluting sample were monitored at 290 nm. Peaks were identified by their retention time,
and absorption spectra were compared to those of known standards (Sigma Chemicals).
Sample concentrations were calculated by comparing peak area of samples to peak area of
the standards.

2.9. Assessment of Phytic Acid, Tannins, and Flavonoids

Phytic acid contents were determined using a K–PHYT Phytic Acid (Phytate)/Total
Phosphorus kit (Megazyme Int. Ireland Ltd., Wicklow, Ireland) following the manufac-
turer’s instructions [30]. A flour sample (1 g) was added to 20 mL of 0.8 M HCl and mixed
by shaking at room temperature overnight, and 1.5 mL of the resulting extract was cen-
trifuged at 13,000 rpm for 10 min. The supernatant (0.5 mL) was neutralized with 0.5 mL of
0.8 M NaOH and used for the enzymatic dephosphorylation reaction and the subsequent
total phosphorous and inorganic phosphate quantification. In parallel, 0.5 mL of the neu-
tralized sample were used to quantify the inorganic phosphate of the sample. After the
enzymatic treatment, the total phosphorous and total inorganic phosphate of the samples
were used for colorimetric development to estimate the phosphorous content. This kit mea-
sures the inorganic phosphate released from the extracted flour sample after treatment with
phytase and alkaline phosphatase. The free inorganic phosphate content was estimated
from samples not treated with phytase. Experiments were performed in triplicate.

Total tannin content was determined by Folin–Denis method, using a microplate
reader as outlined by Saxena et al. [31]. The results were expressed in mg tannic acid
equivalents (TAE)/100 g of sample. The total flavonoid content was analysed using
the Aluminium Chloride colorimetric [32]. The results were expressed in mg catechin
equivalents (CEQ)/100 g of dry sample. All determinations were carried out in triplicates.
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A flowchart of the various processes involved throughout the development of the
novel porridge products and nutrient profiling are summarized in Figure 1 below.

Figure 1. Flow diagram showing the raw materials (grain amaranth, finger-millet, and cricket) and the
formulated porridge products [CPF = commercial porridge flour; FFM–AC = fermented finger millet
− amaranth + cricket; GFM–AC = germinated finger millet − amaranth + cricket; RFM–AC = roasted
finger millet − amaranth + cricket; and UFM–AC = unprocessed finger millet − amaranth + cricket.

2.10. Determination of Molar Ratios

Mineral bioavailability (zinc, iron, and calcium) was expressed as a phytate/mineral
molar ratio [33]. Moles of phytic acid were calculated by dividing the recorded value
of phytic acid with its atomic weight (660), while the moles of minerals (zinc, iron, and
calcium) were determined by dividing the recorded values by the individual molecular
weight of the respective compounds (i.e., Zn = 65, Fe = 56, and Ca = 40).

2.11. Statistical Analysis

Datasets of proximate compositions, mineral contents, fatty acids (FAs), and anti-
nutritional data were subjected to analysis of variance (ANOVA). The means were separated
using the HSD Tukey tests. Statistical analysis was performed using R Studio software
version 1.3.1093-1(Boston, MA, USA) [34].
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3. Results

3.1. Proximate Composition

The results of the proximate composition and energy values of the formulated por-
ridge products, which consisted of grain amaranth, finger-millet, and cricket, are presented
in Table 1. Samples varied significantly (p < 0.05) in their proximate values, except on
ash content. All products enriched with cricket had significantly (p < 0.05) higher protein
(2-fold), fat (3.4–4-fold), and energy content (1.1–1.2-fold) when compared to the com-
mercial porridge flour. The germinated sample presented the highest protein content
(16.12 g/100 g) followed by the unprocessed sample (15.9 g/100 g), whereas the fat content
of the fermented product (7.2 g/100 g) was significantly (p < 0.05) lower than that of other
formulated products (8.1 g–8.31 g/100 g), but higher when compared to the commercial
porridge flour (2.4 g/100 g). The highest crude fibre content was recorded in the germi-
nated sample (5.3 mg/100 g), whereas the lowest was recorded in the fermented sample
(3.3 mg/100 g).

Table 1. Proximate and energy values of porridge flour on a dry weight basis.

Products

Proximate Composition

Moisture (%)
Ash

(g/100 g)
Fiber

(g/100 g)
Protein

(g/100 g)
Fat

(g/100 g)
CHO

(g/100 g)
Energy

(kcal/100 g)

CPF 11.76 ± 0.25 e 2.57 ± 0.04 ab 4.79 ± 0.28 c 8.55 ± 0.16 a 2.14 ± 0.16 a 81.94 ± 0.26 d 381.28 ± 0.35 a

FFM–AC 4.84 ± 0.25 b 2.22 ± 0.15 a 3.33 ± 0.29 a 15.34 ± 0.17 b 7.22 ± 0.06 b 71.88 ± 0.29 c 413.92 ± 0.80 c

GFM–AC 5.92 ± 0.42 c 2.88 ± 0.48 b 5.34 ± 0.02 d 16.12 ± 0.15 d 8.19 ± 0.09 c 67.46 ± 0.39 a 408.12 ± 2.27 b

RFM–AC 3.02 ± 0.22 a 2.76 ± 0.05 ab 3.88 ± 0.04 b 15.54 ± 0.16 bc 8.08 ± 0.28 c 69.74 ± 0.13 b 413.83 ± 1.44 c

UFM–AC 7.44 ± 0.26 d 2.83 ± 0.09 ab 4.64 ± 0.11 c 15.90 ± 0.28 cd 8.31 ± 0.38 c 68.31 ± 0.71 a 411.68 ± 1.71 bc

Products: CPF = commercial porridge flour; FFM–AC = fermented finger millet − amaranth + cricket;
GFM–AC = germinated finger millet − amaranth + cricket; RFM–AC = roasted finger millet − amaranth +
cricket; UFM–AC = unprocessed finger millet − amaranth + cricket. Values are mean (± standard deviation).
Moisture content not based on dry weight. Mean values with different superscript letters within columns are
significantly different at p < 0.05 according to the Tukey test.

3.2. Fatty Acids

The results of FAMEs in different porridge flour samples are presented in Table 2. Of
the 44 FAs detected, the proportion of saturated fatty acids (SFAs), monounsaturated fatty
acids (MUFAs), and polyunsaturated fatty acids (PUFAs) present in porridge flour samples
were 23%, 54%, and 23%, respectively. More FAMEs (3 to 4-fold) were detected in the
cricket enriched porridge flours than in the commercial porridge flour. Additionally, the
proportion of each group of FAMEs (SFA, MUFA, and PUFA) across the different porridge
products are illustrated in Figure 2. Of the 24 SFAs detected, Methyl Hexadecanoate
(palmitic acid) contributed the highest proportion, followed by Methyl Octadecanoate
(stearic acid), across the flour samples. In addition, Methyl 9E-Octadecenoate (oleic acid)
was the predominant MUFA, whereas Methyl 9Z,12Z-Octadecadienoate (linoleic acid, LA)
accounted for the highest proportion of the PUFAS.
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Table 2. Compositions of fatty acids (μg/g of oil) of porridge flour samples analysed using gas
chromatography coupled with mass spectrometry (GC-MS).

Peak
No.

tR (min) Compound Name ω-n(Δn) CPF FFM-AC GFM-AC RFM-AC UFM-AC

1 18.96 Methyl Dodecanoate C12:0 - 0.67 ± 0.09 0.27 ± 0.01 0.58 ± 0.05 0.35 ± 0.02

2 19.72 Methyl 11-
Methyldodecanoate

Iso-methyl-
C12:0 - 0.05 ± 0.01 0.06 ± 0.00 -

3 20.12 Methyl Tridecanoate C13:0 - 0.12 ± 0.01 0.06 ± 0.00 0.09 ± 0.01 0.66 ± 0.00

4 20.82 Methyl 12-
Methyltridecanoate

Iso-methyl-
C13:0 - 0.21 ± 0.02 0.12 ± 0.00 0.07 ± 0.01 0.13 ± 0.01

5 21.22 Methyl
Tetradecanoate C14:0 0.85 ± 0.04 14.72 ± 0.84 6.09 ± 0.10 12.04 ± 1.21 8.26 ± 0.97

6 21.78 Methyl
4-Methyldodecanoate

Iso-methyl-
C12:0 - 0.72 ± 0.07 0.44 ± 0.00 - -

7 22.00 Methyl 13-
Methyltetradecanoate

Iso-methyl-
C14:0 - 3.64 ± 0.21 1.98 ± 0.01 1.42 ± 0.17 0.89 ± 0.17

8 22.00 Methyl 12-
Methyltetradecanoate

Iso-methyl-
C14:0 - 0.85 ± 0.04 0.54 ± 0.00 1.84 ± 0.10 0.29 ± 0.19

9 22.29 Methyl
Pentadecanoate C15:0 0.38 ± 0.04 3.79 ± 0.28 1.61 ± 0.00 3.20 ± 0.48 2.93 ± 0.56

10 22.74 Methyl 5,9,13-
Trimethyltetradecanoate

Iso-trimethyl-
C14:0 - 0.45 ± 0.05 0.00 ± 0.00 - -

11 22.94 Methyl 14-
Methylpentadecanoate

Iso-methyl-
C15:0 - 1.22 ± 0.10 0.85 ± 0.01 1.24 ± 0.07 0.94 ± 0.06

12 23.37 Methyl
Hexadecanoate C16:0 32.22 ± 1.37 200.94 ± 6.55 255.32 ± 7.40 559.63 ± 50.55 319.22 ± 28.46

13 23.93 Methyl 15-
Methylhexadecanoate

Iso-methyl-
C16:0 - 3.89 ± 0.38 2.90 ± 0.06 3.09 ± 0.42 3.15 ± 0.39

14 24.02 Methyl 14-
Methylhexadecanoate

Iso-methyl-
C16:0 1.30 ± 0.13 11.82 ± 0.94 5.85 ± 0.12 12.80 ± 1.11 6.23 ± 0.88

15 24.29 Methyl
Heptadecanoate C17:0 1.11 ± 0.22 9.92 ± 0.71 3.08 ± 0.05 7.40 ± 0.68 4.58 ± 0.91

16 24.69 Methyl 14-
Methylheptadecanoate

Iso-methyl-
C17:0 - 1.40 ± 0.18 1.43 ± 0.02 2.99 ± 0.24 1.66 ± 0.20

17 25.25 Methyl
Octadecanoate C18:0 13.02 ± 0.51 170.54 ± 2.98 78.14 ± 1.41 36.71 ± 2.68 114.00 ± 23.09

18 26.12 Methyl
Nonadecanoate C19:0 - 2.08 ± 0.14 1.46 ± 0.05 1.92 ± 0.06 1.44 ± 0.30

19 26.98 Methyl Eicosanoate C20:0 3.05 ± 0.06 13.07 ± 0.15 11.07 ± 0.00 26.99 ± 1.49 16.48 ± 2.30

20 27.58 Methyl
18-Methyleicosanoate

Iso-methyl-
C20:0 - 4.90 ± 0.78 3.45 ± 0.00 5.11 ± 0.76 2.80 ± 0.17

21 27.80 Methyl
Heneicosanoate C21:0 - 2.30 ± 0.23 3.34 ± 0.30 3.75 ± 0.66 1.79 ± 0.10

22 28.59 Methyl Docosanoate C22:0 2.47 ± 0.02 5.35 ± 0.13 6.30 ± 0.13 9.01 ± 0.45 6.92 ± 0.85
23 29.37 Methyl Tricosanoate C23:0 - 3.95 ± 0.09 3.93 ± 0.01 4.63 ± 0.39 2.89 ± 0.21

24 30.13 Methyl
Tetracosanoate C24:0 - 9.45 ± 0.54 6.07 ± 0.04 10.98 ± 0.48 4.43 ± 1.23

∑ SFA

25 20.95 Methyl
11Z-Tetradecenoate C14:1 (n-3) - 0.52 ± 0.01 - 0.93 ± 0.09 -

26 21.08 Methyl
9Z-Tetradecenoate C14:1 (n-3) - 0.89 ± 0.09 - 0.67 ± 0.07 -

27 23.12 Methyl
9Z-Hexadecenoate C16:1 (n-7) 2.24 ± 0.26 55.80 ± 1.46 18.50 ± 0.16 67.70 ± 1.84 31.80 ± 2.43

28 24.09 Methyl
10Z-Heptadecenoate C17:1 (n-7) - 7.42 ± 1.10 1.37 ± 0.03 1.75 ± 0.16 0.81 ± 0.08

29 25.00 Methyl
11-Octadecenoate C18:1 (n-9) - 3.69 ± 0.18 3.48 ± 0.11 2.83 ± 0.19 3.72 ± 0.12

30 25.07 Methyl
9E-Octadecenoate C18:1 (n-9) 111.68 ± 6.88 729.29 ± 41.54 630.70 ± 12.89 1149.35 ± 93.82 332.62 ± 40.54

31 25.88 Methyl
10-Nonadecenoate C19:1 (n-9) - 2.69 ± 0.14 3.81 ± 0.17 8.99 ± 0.45 4.55 ± 0.46

32 26.77 Methyl
11Z-Eicosenoate C20:1 (n-9) 2.94 ± 0.14 8.63 ± 0.55 8.52 ± 0.16 19.96 ± 0.57 11.31 ± 2.20

33 28.41 Methyl
11-Docosenoate C22:1 (n-11) - 4.23 ± 0.20 - 3.27 ± 0.30 -

34 29.95 Methyl
15Z-Tetracosenoate C24:1 (n-9) - 3.31 ± 0.16 - - -

∑ MUFA

35 24.74 Methyl 9Z,12Z-
Octadecadienoate C18:2 (n-6) - 74.70 ± 4.02 38.38 ± 2.09 16.69 ± 1.10 22.62 ± 2.07

36 24.76 methyl 6Z,9Z,12Z-
Octadecatrienoate C18:3 (n-3) - 4.60 ± 0.43 3.48 ± 0.40 1.67 ± 0.15 2.80 ± 0.03

37 25.41 Methyl 7,12-
Octadecadienoate C18:2 (n-7) - 8.87 ± 0.66 11.07 ± 0.94 6.55 ± 1.96 5.22 ± 0.27

38 25.79 Methyl 9Z,11E-
Octadecadienoate C18:2 (n-7) - 2.39 ± 0.09 2.60 ± 0.42 1.62 ± 0.21 1.35 ± 0.01
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Table 2. Cont.

Peak
No.

tR (min) Compound Name ω-n(Δn) CPF FFM-AC GFM-AC RFM-AC UFM-AC

39 26.24
Methyl 9Z,11E,13E-
Octadecatrienoate

(α-ESA)
C18:3 (n-3) - 1.03 ± 0.04 0.92 ± 0.10 0.57 ± 0.00 0.74 ± 0.03

40 26.26
Methyl 9Z,12Z,15Z-
Octadecatrienoate

(ALA)
C18:3 (n-3) - 7.01 ± 0.23 7.10 ± 0.61 3.79 ± 0.01 5.07 ± 0.02

41 26.44

Methyl
5Z,8Z,11Z,14Z-

Eicosatetraenoate
(AA)

C20:4 (n-6) - 1.55 ± 0.09 2.76 ± 0.06 1.89 ± 0.04 1.95 ± 0.19

42 26.50

Methyl
5Z,8Z,11Z,14Z,17Z-
Eicosapentaenoate

(EPA)

C20:5 (n-3) - 13.07 ± 0.77 4.44 ± 0.02 - -

43 26.64
Methyl 8,11,14,17-
Eicosatetraenoate

(AA)
C20:4 (n-6) - 2.040 ± 0.10 - - -

44 28.07

Methyl
4Z,7Z,10Z,13Z,16Z,19Z-

Docosahexaenoate
(DHA)

C22:6 (n-3) - 2.40 ± 0.34 - - -

∑ PUFA - 117.66 ± 3.17 70.76 ± 1.30 32.68 ± 1.72 39.73 ± 2.16
∑ n-6 PUFA - 89.55 ± 4.42 54.82 ± 0.92 26.65 ± 1.68 31.13 ± 2.15
∑ n-3 PUFA - 28.11 ± 0.75 15.94 ± 0.99 6.03 ± 1.15 8.60 ± 0.01
∑ n-6/n-3 - 3.2 3.4 4.4 3.6

∑ ALA + EPA + DHA - 27.08 ± 0.70 15.02 ± 1.00 5.47 ± 1.15 7.87 ± 0.04

(tR Retention time, Mean ± standard deviation). SFA = saturated fatty acids, MUFA = monounsaturated
fatty acids, PUFA = polyunsaturated fatty acids, ALA = α -Linolenic acid, EPA = Eicosapentaenoic acid,
DHA = Docosapentaenoic acid, α-ESA = alpha Eleostearic acid.

Figure 2. ]Total fatty acid composition in different porridge flour samples. SFA = Saturated
fatty acid; MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty acid (PUFA);
FFM–AC = fermented finger millet − amaranth + cricket; RFM–AC = roasted finger millet − ama-
ranth + cricket; GFM–AC = germinated finger millet − amaranth + cricket; UFM–AC = unprocessed
finger millet − amaranth + cricket; CPF = commercial porridge flour.

The proportion of omega-3 fatty acids, namely α-linolenic acid (ALA), Eicosapen-
taenoic acid (EPA), Alpha Eleostearic acid (α-ESA), and Docosapentaenoic acid (DHA)
differed considerably across the flour samples. α-linolenic acid (ALA) was detected in all
the cricket enriched samples, while EPA was present in the fermented and germinated
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sample. DHA was only present in the fermented flour. On the effect of processing, PUFAs
increased significantly (p < 0.05) by 30% during fermentation and decreased by 3% during
roasting. Additionally, the roasting process caused a significant (p < 0.05) increase in both
MUFAs and SFAs by 27% and 10%, respectively. Germination caused a slight increase in
9% and 12% in both MUFAs and PUFAs, respectively. The ratio of omega-6 to omega-3
varied significantly among the different flour samples and ranged from 3.2 to 4.4.

3.3. Vitamin Content

The results show significant variations in the vitamin content (Table 3). Cricket
enriched formulations had a significantly (p < 0.05) higher content of vitamin B12, vitamin
B5, B6, nicotinamide, and thiamine. Thiamine content ranged from 4.3–39.5 mg/100 g while
vitamin B12 was in the range of 3.2–37.7 mg/100 g. Processing methods had a significant
(p < 0.05) effect on the vitamin levels. Germinated and fermented samples had enhanced
levels of vitamin C, nicotinamide, vitamin B5, folate, and vitamin B6. However, there was
a significant (p < 0.05) decrease to undetectable levels in the contents of nicotinic acid
and thiamine during fermentation and germination, respectively. Vitamin B12 showed
significant reductions in all the processed porridge flours, while riboflavin content was not
affected by processing. The roasting process had a negligible effect on vitamins, except for
significant (p < 0.05) reductions in nicotinic acid and vitamin B12, and a slight reduction in
vitamin C. The retinol and α- and γ-tocopherol content differed significantly (p < 0.05) in
different porridge flour samples. Retinol content increased slightly during fermentation,
while germination process decreased the levels of retinol and increased the α-tocopherol
content. However, the roasting process did not affect the levels of α- and γ-tocopherol.

Table 3. Vitamin content (mg/100 g) in porridge flour products.

Vitamins
Porridge Products

CPF FFM–AC GFM–AC RFM–AC UFM–AC

Vitamin C 149.6 ± 2.1 c 146.5 ± 2.8 c 72.0 ± 6.5 b 55.2 ± 2.9 a 58.0 ± 5.1 a

Thiamine (B1) – 39.5 ± 3.0 c – 4.3 ± 0.2 b 5.9 ± 0.4 b

Nicotinic acid (B3) 27.7 ± 2.9 e – 19.5 ± 1.2 d 6.1 ± 0.5 b 10.6 ± 0.7 c

Pyridoxine (B6) 0.5 ± 0.1 a 10.8 ± 1.1 c 6.0 ± 0.3 b – –
Nicotinamide 3.0 ± 0.3 a 47.9 ± 2.1 d 33.9 ± 1.1 c 7.1 ± 0.2 b 8.8 ± 0.4 b

Pantothenic acid (B5) 26.4 ± 2.5 a 423.3 ± 3.4 d 453.8 ± 44.5 d 314.4 ± 18.4 c 209.6 ± 3.8 b

Folate (B9) 28.6 ± 2.6 a 38.8 ± 1.5 b 42.4 ± 3.7 b 41.8 ± 0.3 b 29.3 ± 1.8 a

Cyanocobalamin (B12) 3.2 ± 0.3 a 21.9 ± 1.4 c 13.7 ± 4.0 b 12.4 ± 0.9 b 37.7 ± 4.0 d

Riboflavin (B2) 74.2 ± 8.2 b 41.6 ± 1.0 a 34.8 ± 2.9 a 45.5 ± 2.4 a 41.6 ± 5.0 b

Retinol 0.55 ± 0.03 c 0.54 ± 0.08 c 0.07 ± 0.01 a 0.29 ± 0.01 ab 0.38 ± 0.19 bc

γ-Tocopherols 0.88 ± 0.04 c 0.17 ± 0.01 a 0.19 ± 0.01 a 0.54 ±0.00 b 0.52 ± 0.02 b

α-Tocopherols 0.46 ± 0.06 a 0.35 ± 0.09 a 1.48 ± 0.03 c 0.76 ± 0.08 b 0.83 ± 0.03 b

Porridge product: FFM–AC = fermented finger millet − amaranth + cricket; RFM–AC = roasted finger
millet − amaranth + cricket; GFM–AC = germinated finger millet − amaranth + cricket; UFM–AC = unpro-
cessed finger millet − amaranth + cricket; CPF = commercial porridge flour. Values are mean (± standard
deviation). Mean values with different superscript letters within rows are significantly different at p < 0.05,
according to the Tukey test.

3.4. Mineral Content and Molar Ratios

The mineral content varied significantly across the porridge flour products as shown in
Table 4. The iron content of the formulated flours ranged between 8.59–19.48 mg/100 g with
the germinated sample having the highest content (19.48 mg/100 g). Zinc content was in
the range of 3.08–3.70 mg/100 g, while the range obtained for calcium was from 234.87 mg–
278.61 mg/100 g. The calcium content of the commercial porridge flour was significantly
(p < 0.05) higher at 312.69 mg/100 g when compared to the formulated samples, while the
Zn content was significantly lower (1.86 mg/100 g). The fermented sample had significantly
(p < 0.05) lower levels of magnesium and phosphorous, but the levels of calcium, copper,
iron, and zinc did not vary when compared with the unprocessed formulation. Calcium
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and iron content in the germinated sample were higher than in other formulations. The
roasting process did not significantly (p > 0.05) affect the mineral content.

Table 4. Mineral content and bioavailability of porridge flour formulations.

Minerals
Porridge Products

CPF FFM–AC GFM–AC RFM–AC UFM–AC

Mg (mg/100 g) 145.08 ± 0.25 a 169.57 ± 8.03 b 207.82 ± 11.93 c 210.84 ± 1.45 c 203.09 ± 5.14 c

Fe (mg/100 g) 9.86 ± 2.08 a 8.56 ± 1.45 a 19.48 ± 6.69 b 9.18 ± 1.18 a 9.55 ± 2.42 a

Ca (mg/100 g) 312.69 ± 0.57 c 234.87 ± 17.60 a 278.61 ± 17.90 b 257.69 ± 1.37 ab 244.69 ± 4.94 a

Zn (mg/100 g) 1.86 ± 0.04 a 3.23 ± 0.28 b 3.71 ± 0.18 b 3.39 ± 0.31 b 3.08 ± 0.16 b

P (mg/100 g) 221.63 ± 5.57 a 372.71 ± 19.14 b 469.28 ± 9.55 c 458.70 ± 3.76 c 476.72 ± 17.46 c

Mn (mg/100 g) 22.44 ± 0.20 c 10.92 ± 0.63 b 9.32 ± 0.67 a 9.45 ± 0.15 a 8.64 ± 0.04 a

Cu (μg/100 g) 477.42 ± 1.88 a 728.78 ± 15.37 b 787.20 ± 42.28 b 724.94 ± 22.80 b 736.28 ± 14.47 b

Molar ratios (Bioavailability)

Phy:Fe 1.46 ± 0.05 a 5.69 ± 1.38 b 1.31 ± 0.42 a 9.63 ± 1.41 c 7.76 ± 1.90 bc

Phy:Zn 9.03 ± 1.97 a 17.27 ± 1.40 b 7.43 ± 0.64 a 30.48 ± 5.39 c 26.90 ± 2.04 c

Phy:Ca 0.03 ± 0.01 a 0.14 ± 0.00 c 0.06 ± 0.01 a 0.24 ± 0.01 e 0.21 ± 0.00 d

Porridge flour product: FFM–AC = fermented finger millet − amaranth + cricket; RFM–AC = roasted finger millet
− amaranth + cricket; GFM–AC = germinated finger millet − amaranth + cricket meal; UFM–AC = unprocessed
finger millet − amaranth + cricket; CPF = commercial porridge flour. Values are mean (± standard deviation).
Mean values with different superscripts within rows are significantly different at p < 0.05 according to the
Tukey test.

Processing methods had a significant (p < 0.05) influence on the phytate/mineral molar
ratios (Table 4). The critical values for the Phy:Fe, Phy:Zn, and Phy:Ca ratios were 1.0, 15.0
and 0.24, respectively [35]. Germinated sample had the lowest ratios for Phy:Fe (1.31) and
Phy:Zn (7.43), whereas commercial flour had the lowest ratio for Phy:Ca (0.03). Phy:Ca
ratios recorded in all the flours were below the limit threshold, except for the roasted
sample (0.24) which had the highest values of all molar ratios.

3.5. Phytic Acid, Tannins, and Flavonoids

The phytic acid, tannin, and flavonoid contents of the flour samples are summarized
in Figure 3. The phytic acid content of the roasted sample was significantly (p < 0.05)
higher (1029 mg/100 g), followed by the unprocessed sample (837 mg/100 g), while the
germinated sample had the lowest (279 mg/100 g) among the processed formulations. The
highest (p < 0.05) tannin content (683 mg/100 g) was recorded in the fermented sample and
the lowest content (381 mg/100 g) was detected in the germinated sample. The flavonoid
content of the porridge flours was in the range of 60 mg–166 mg/100 g, with the highest
value (166 mg/100 g) recorded for the commercial porridge flour.
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Figure 3. Bar graphs represent mean and error bar standard deviation of phytochemical content in the
flour samples. Different letters above the error bar indicate significant differences in phytochemical
content. CPF = commercial porridge flour; FFM–AC = fermented finger millet − amaranth + cricket;
GFM–AC = germinated finger millet − amaranth + cricket; RFM–AC = roasted finger millet −
amaranth + cricket; and UFM–AC = unprocessed finger millet − amaranth + cricket. mg tannic acid
equivalents (TAE)/100 g of sample, mg catechin equivalents (CEQ)/100 g of dry sample.

4. Discussion

In low- and middle-income countries, child malnutrition contributes to about 45%
of under-five child mortality, and this portends great danger to Africa’s growth and de-
velopment. One third of child deaths in Africa are attributable largely to protein energy
malnutrition and micronutrient deficiencies [44,45], which could be solved by exploring
underutilized nutritious crop and animal species of African origin. Traditional cereal-based
porridge preparation has been considered as one of the major causes of protein energy
malnutrition in developing countries [35]. The traditional complementary foods are usu-
ally low in protein and energy density, while containing high anti-nutrient content [36].
This study shows that formulating porridge products with underutilized edible cricket
and amaranth meal, using household techniques to increase the protein, energy, vitamin,
fatty acids, and mineral content in the porridge flour, could be the best substitute for
traditional weaning flours. The recommended daily intake of protein in children aged
1–3 years is 13 g/day [12], and our study showed that the protein content in cricket and
amaranth enriched flour ranged between 15.34–16.12 g/100 g (dwb). The observed protein
content in cricket and amaranth enriched porridge flour is higher than that reported by
Agbemafle et al. [46] in complementary food with orange-fleshed sweet potato, enriched
with palm weevil larvae. The high protein in our formulated porridge products may be
accredited to the addition of cricket and amaranth powder, which are known to be highly
rich in protein [47].

The crude protein of the various porridge products fortified with cricket and amaranth
meal varied slightly. This variation could be associated with the amino acids being me-
tabolized into ammonia and other volatile flavour compounds during the various process
methods, especially during fermentation [48]. A similar trend was reported during the
fermentation of pearl millet by Osman [49]. Conversely, there was a slight increase in the
protein content of the germinated product, which could be attributed to the mobilization of
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storage nitrogen and the synthesis of enzymatic proteins by the sprouting seeds during
germination [50].

Fat content is an important factor in influencing the energy density of foods. It also pro-
vides essential FAs, improves the absorption of fat-soluble vitamins, and the sensory quality
of food [51]. The fat content of formulated porridge products with cricket and amaranth
meal was higher than that of commercial porridge products. Fermentation process caused
a 13% reduction in fat content, indicating a possible active utilization of fats by microorgan-
isms. These findings are in agreement with the observations by Assohoun et al. [52] who
reported a reduction in fat content in fermented maize porridge products. The fiber content
was increased during germination but reduced during fermentation and roasting. The
increase in fibre content during germination could be attributed to the utilization of sugars
by spouting seeds [53]. According to the Codex Alumentarius [54], the energy requirement
for complementary foods is 400 kcal/100 g on dry weight basis. The energy contents in all
the processed and formulated porridge products ranged from 408.12 to 413.92 kcal/100 g,
which is higher compared to the commercial porridge flour (381.28 kcal/100 g). This
implies that the new porridge products can sufficiently and adequately meet everyone’s
recommended energy allowance and nutrient needs.

Fatty acids, especially PUFAs, have enormous health benefits, including preventing
degenerative ailments and promoting brain development and proper immune function-
ing [55,56]. The intake of omega-3 FAs during pregnancy and lactation reduces mortality
and allergies in infants and improves their cognitive functions [57,58]. The formulations var-
ied in the composition of FA with the fermented porridge products integrated with cricket
and amaranth meal having the highest proportion of PUFAs, including the omega-3 FAs.
The ratios of omega-6 to omega-3 FAs were lower than those reported by Paucean et al. [59]
on wheat-lentil composite flour and Cheseto et al. [27] on insect oils and cookies. The
fermentation process caused an increase in the levels of PUFAs and MUFAs and a decrease
in the SFAs. Two omega-3 FAs (ALA + EPA) were detected in all the newly formulated
flour products, but DHA was only present in the fermented porridge product, an indication
of biosynthesis of DHA during fermentation. The increase in PUFAs, particularly omega-3
FAs, during fermentation could be attributed to microbial synthesis [60]. In this study,
roasting increased the amounts of SFAs and oleic acid but decreased the amounts of unsatu-
rated linoleic acid and omega-3 FAs. Studies indicate that the rate of FA oxidation increases
as the number of double bonds increases, hence PUFAs will isomerize at a higher rate
than MUFAs (oleic acid) [61], which partly explains the increase and decrease of oleic and
linoleic acids, respectively, during roasting. Germination caused a 9% decrease in MUFAs
and 12% increase in the levels of PUFAs. The resulted in an increase in PUFAs during
germination, which is similar to the findings reported by Mariod et al. [62] on germinated
black cumin seeds.

The formulated porridge products had increased amounts of essential minerals includ-
ing zinc and iron. The iron content in the formulated products (8.6–19.5 mg/100 g) met the
7 mg/day recommended daily allowance (RDA) for iron in young children aged 1–3 years.
Zinc content was in the range of 3.1–3.7 mg/100 g, which contributes about 75–90% RDA
for zinc (4.1 mg/day) in young children. All formulated porridge products were high in
calcium content (234.9–312.8 mg/100 g), although the levels were inadequate for providing
the RDA (500 mg/day) for all the target age groups [11]. Fermentation processing only
reduced the concentrations of Mg and P, while increasing that of Mn. reduction in min-
eral content during fermentation, has also been observed in previous studies involving
cowpea porridge flour [63]. However, germination has been reported to increase the levels
of Ca and Fe, which is consistent with previously reported studies by Tizazu et al. [64].
The increase in mineral content could be attributed to losses of water-soluble compounds
during soaking.

Vitamins are organic compounds that are required in small amounts for the main-
tenance of normal health and biological reactions in the cells [65]. In this study, the
fermentation process caused an increase in vitamin C, thiamine (B1), pyridoxine (B6), pan-
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tothenic acid (B5), folate (B9), and nicotinamide. The increase in water-soluble vitamins,
particularly of the B-group, during fermentation could be as a result of microbial synthe-
sis [66]. The results are in agreement with Kaprasob et al. [67] who reported an increase in
B-group vitamins during fermentation of cashew apples, using probiotic strains of lactic
acid bacteria (LAB). However, fermentation reduced nicotinic acid and vitamin B12 in the
various porridge products, and the losses might be attributed to utilization by LAB in
their metabolic biosynthesis necessary for growth [68]. Germination on the other hand,
enhanced the concentrations of vitamin C, nicotinic acid, vitamin B6, B5, and B9. The
increase could be due to the synthesis of these vitamins by the germinating seeds [69]. The
increase in vitamin C during germination has been reported by other researchers and is
attributed to the enzymatic hydrolysis of starch by amylases, leading to an increase in
the bioavailability of glucose for biosynthesis of vitamin C [69,70]. However, the loss of
thiamine to undetectable levels was recorded in the germinated porridge products; this
might be due to leaching in the spouting medium [71]. The slight effect of roasting on
riboflavin and nicotinamide in porridge flours suggests high thermal stability of B group
vitamins [72]. The germination process increased the α-tocopherol content, and these
results are comparable to those reported by Young et al. [73] on germinated rough rice
seeds. The roasting process, however, did not affect the levels of tocopherols; this could
be due to the fact that tocopherols are resistant to thermal degradation [74]. Contrarily,
Stuetz et al. [75] reported the loss of tocopherols in roasted nuts compared to raw nuts; this
variation might be explainable by the different roasting conditions used in the study.

Phytic acid is the principal storage form of phosphorous in plant seeds [76] and is
known to reduce the bioavailability of dietary Zn, Fe, and Ca in humans and monogastric
animals, owing to their chelating properties [77]. Both fermented and germinated porridge
products had reduced levels of phytic acid when compared to the unprocessed sample.
The reduction in phytic acid in the fermented product may be attributed to the effect of
microbial phytase and the low pH which favours the activity of endogenous cereal phytase
during fermentation [78]. Phytic acid degradation during the germination process could be
due to increased activity of enzyme phytase in spouting grains which hydrolyse phytic acid
into lower inositol phosphates [79]. Germination decreased phytic acid by 67% as compared
to fermentation at 33%. The effect of germination on phytic acid levels could be attributed
to a combination of processes such as phytase activity and the leaching of phytate ions into
water during soaking before the germination of grains. Minor degradation of phytic acid
during fermentation could also be attributed to the high phytic acid content and presence
of endogenous phytase inhibitory compounds, such as tannins in both finger millet and
amaranth grains [80]. Fermentation is more effective when carried out in grains with low
anti-nutrients levels [81]. Contrarily, the increase in phytic acid during roasting could be as
a result of an increase in lower phosphorylated inositol phosphates, which in turn increased
the total phytic acid content. Similar results were observed by Frontela et al. [82]. However,
our study did not differentiate between the classes of phytates but rather focused on the total
phytic acid content. Moreover, the roasting temperature (120 ◦C) restricted endogenous
phytase enzyme activity whose optimum temperature varies from 35 to 80 ◦C [83]. The low
levels of phytic acid in the commercial porridge flour could be due to the use of exogenous
phytate degrading enzymes during the industrial processing of the flour. The complete
degradation of phytic acid in the four formulated porridge products is feasible with the
use of additional exogenous phytases [83].

The phytate/mineral molar ratio is an indicator of mineral bioavailability in plant–
based foods [33]. Flour samples from germinated grains had good bioavailability of Zn,
while all porridge products, except for the roasted sample, had good bioavailability of Ca.
The increased bioavailability of minerals corresponds with the reduction in phytic acid.
The commercial porridge flour had good bioavailability of minerals except for Fe, and this
could be attributed to low levels of phytic acid as well as the addition of extra minerals
during fortification (as stated in the label).
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Flavonoids exhibit powerful antioxidative properties, which makes them significant in
the prevention of degenerative diseases [84]. The total flavonoid contents in our products
ranged between 59.8–165.5 mg/100 g. Flavonoid content increased during fermentation,
and this is consistent with the observations by Adetuyi and Ibrahim [85], who reported
an increase in total flavonoid content during the fermentation of okra seeds. The increase
in flavonoid content could be attributed to the release of simple phenolic compounds
during the acid and microbial hydrolysis of complex phenolic compounds during fermen-
tation [86]. A reduction in flavonoid content was noted during germination (42%) and
roasting (10%). The reduction during roasting could be due to flavonoids’ sensitivity to
high temperatures [87]. The results on the reduction of flavonoids during roasting are
similar to the findings of other authors [88].

Tannins are regarded as antinutrients because of their ability to inhibit digestive
enzymes, lowering the digestibility of most nutrients, particularly proteins [89]. Tannin
content reduced during germination is probably due to the complexing of tannins with
seed proteins and metabolic enzymes [90] and leaching into the sprouting medium [91].
Significant increase in tannin content observed during fermentation might be due to the
hydrolysis of various components, including condensed tannins by catabolic enzymes.
Similar findings were reported by Osman [49] during the fermentation of pearl millet.
However, reductions in tannin content during fermentation have also been reported [92].

5. Conclusions

The projected growth in global population with the attendant increase in food de-
mands, especially in the African region, calls for focusing and devoting more attention to
the underutilized crop and animal species, which have great potential to influence and
improve food security for African nations and promote sustainable rural growth and devel-
opment. Grain amaranth and edible insects are some of such neglected and underutilized
species, despite their great inherent health-promoting components, which are good for hu-
man applications and uses. The demand for indigenous vegetable/grains and cricket-based
products have risen dramatically in recent years because of the rapidly expanding human
population. Our findings have also demonstrated the importance of integrating cricket
and amaranth grain meal into porridge products to produce nutritious food sufficient
for meeting the recommended daily allowance of the most vulnerable segments of the
population, if processed properly. The comparative analysis of various processing proto-
cols would empower communities to develop acceptable composite porridge products
that are appealing to the consumers and increase demand. The four porridge products
developed in this study are higher in energy density and nutritional value, as evidenced by
the improved fat, protein, vitamin, and mineral contents in the various products, compared
to the widely consumed commercial porridge product. Although complete degradation of
phytic acid was not achieved, this study demonstrated that germination and fermentation
techniques played a key role in improving the bioavailability of nutrients in the porridge
products. Additional, innovative traditional processing technologies to increase phytic acid
degradation are warranted. From a nutritional point of view, further studies on protein
digestibility and utilization, the bioavailability of essential mineral and trace elements as
well as other factors such as pH, the concentration of enhancers, and inhibitors (dietary
fibre and polyphenols) would be crucial, particularly for cricket-based food products.
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Abstract: In this study, edible insect flours from Gonimbrasia belina (Mashonzha), Hermetia illucens
(black soldier fly larvae) and Macrotermes subhylanus (Madzhulu) were prepared and assessed in
terms of proximal, physicochemical, techno-functional and antioxidant properties. The crude protein
of the edible insect flours varied between 34.90–52.74%. The crude fat of the insect flours differed
significantly (p < 0.05), with H. illucens (27.93%) having the highest crude fat. G. belina was lighter (L*)
and yellower (+b*) compared to H. illucens and M. subhylanus, and there was no significant difference
(p > 0.05) in the redness (+a*) of the edible insect flours. There were no significant differences (p > 0.05)
in foam capacity and foam stability of all three edible insect flours. Moreover, the antioxidant activity
against the DPPH radical was low for H. illucens (3.63%), with M. subhylanus (55.37%) exhibiting the
highest DPPH radical. Principal component analysis (PCA) was applied to the techno-functional
properties and antioxidant indices of the edible insect flours. PC1 accounted for 51.39% of the total
variability, while component 2 accounted for 24.71%. In terms of PC1, the FS, OBC and FC were
responsible for the major differences in the edible insect flours. The findings revealed that edible
insect flours are a good source of antioxidants and can be used as an alternative protein source and a
potential novel food additive due to their techno-functional qualities.

Keywords: edible insect flours; G. belina; H. illucens; M. subhylanus; nutritional properties;
techno-functional properties; antioxidant activity; metal chelation; Mashonzha; Madzhulu; black
soldier fly

1. Introduction

As vast as the challenge is to feed 9 billion people by 2050, increasing food availability
is insufficient due to the increasingly limited resources, such as agriculturally cultivable
land [1]. This, without a doubt, calls for innovative, alternative ways of ensuring that
adequate, quality, safe and nutritious foods are available and accessible to all people at all
times [2]. As early as 1975, Meyer-Rochow [3] argued and proposed that edible insects
could play a role in alleviating food security and combating protein deficiency in some
underdeveloped countries. Over the last two decades, there has been a renewed interest
on edible insects for human consumption globally [4–6]. The FAO report titled “Edible
insects: Future prospects for food and feed” [6] and other scientific literature seems to have
re-invigorated the earlier call made by Meyer-Rochow in 1975. This is because, compared
to conventional protein sources, edible insects have an excellent feed conversion ratio; a
source of protein, fat and minerals, and this characteristic is particularly valuable given that
future protein consumption is expected to increase with a declining food supply [7–10].

Entomophagy, the practice of consuming insects, has been practised worldwide for
centuries, yet it has only recently gained momentum in Western cultures [11]. Insects
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are consumed prominently in Latin America, Asia, and Africa [10]. People throughout
the world have been consuming insects as a regular part of their diets for millennia [12].
Considering the growing population worldwide and the increasing demand for additional
sources of proteins, edible insects are seen as an economical alternative and as a sustainable
source of nutrients and bioactive compounds [13]. Hermetia illucens (black soldier fly),
Gonimbrasia belina (Mashonzha) and Macrotermes subhylanus (Madzhulu) are among edible
insect species that have gained attention as alternative sources of protein; the latter two are
indigenous to parts of South Africa and play a vital role in food security, rural livelihoods,
and poverty eradication [4]. Black soldier fly larvae are commercially produced in South
Africa by one of the largest industrial insect processing companies, AgriProtein. The
European Food Safety Authority (EFSA) is currently considering black soldier fly as a novel
ingredient to be used in food.

Gonimbrasia belina (G. belina) is an emperor moth species indigenous to Southern
Africa’s warmer areas. It is a giant edible caterpillar, known as the Mashonzha (in Venda),
madora (in Shona) or mopane worm or amacimbi (Ndebele), which mainly feeds on mopane
tree leaves but not exclusively. For millions in the region, Mashonzha are a significant
source of protein. Emperor moth G. belina caterpillars are a significant natural resource
for rural individuals residing in Botswana, Namibia, northern South Africa, and southern
Zimbabwe’s mopane forests [14].

Macrotermes subhylanus (M. subhylanus), known as Madzhulu in Venda and isusu in
Nigeria are termites and are gregarious insects most common during the rainy season [4,15].
They are the second most eaten insects in South Africa and are harvested during the
rainy season. At the same time, Mashonzha and Madzhulu are sold at informal markets
predominantly in the Limpopo and KwaZulu Natal provinces, and in other parts of South
Africa are considered a delicacy.

In addition to insects, algae and in vitro meat have also been considered as potential
alternatives to conventional sources [16]. The inclusion of insects among these alternatives
is highly recommended since they are widely incorporated in food cultures worldwide and
have excellent nutritional qualities.

Nevertheless, it is essential to highlight that food neophobia is still directed to the consump-
tion of edible insects, especially in western and urban societies. However, Schösler et al. [17]
reported that edible insects, if incorporated in foods in a less obvious form, such as food
ingredients (flours, powders, or pastes) in products that are indistinguishable from familiar
food items, consumers would accept them. This indicates that insects could be used as food
ingredients in the food supply chain, particularly in areas where traditional approaches are
unlikely to be adopted owing to a lack of sensory appeal, and insect flour is one way to
incorporate insects into food production systems

Therefore, it is crucial to note that the first step to large-scale industrial success is the
exploration of the nutritional, techno-functional and antioxidant properties of proposed
edible insect ingredients. Currently, available literature on the application of insect flour
mainly focuses on T. molitor (mealworm) [13,18]. There has been little attention paid to the
nutritional, techno-functional and antioxidant properties of Mashonzha, black soldier fly
larvae and Madzhulu edible insect flours from South Africa.

Therefore, the aim of this study was to establish the proximate composition, physic-
ochemical, techno-functional properties, and antioxidant activity of edible insect flours
obtained from Mashonzha, black soldier fly larvae and Madzhulu with the view to find
alternative protein sources for human consumption.

2. Materials and Methods

2.1. Source of Materials

The edible insects were sourced from different provinces of South Africa: Mashonzha
(G. belina) and Madzhulu (M. subhylanus) were sourced in the Vhembe district, Limpopo,
and the black soldier fly larvae (H. illucens) was sourced from Cape Town, Western Cape,
South Africa. The chemical reagents, 2,2 diphenyl-1-picrylhydrazyl (DPPH), 2,2′ azo-
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bis (2-methyl, 2,2-Azinobis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt
(ABTS), Ferric (III) chloride, ethylenediaminetetraacetic acid (EDTA), tertiary butyl hy-
droquinone (TBHQ), ferrous (II) chloride and thiobarbituric acid (TBA) were obtained
from Merk (Sigma-Aldrich, Kempton Park, South Africa). All the chemicals used in this
study were of analytical grade, and chemical reagents were prepared according to standard
analytical procedures. Prepared reagents were stored under conditions that prevented
deterioration or contamination. The water used in the study was ultrapure water purified
with a Milli-Q water purification system (Millipore, Microsep, Bellville, South Africa).
The ethics committee of the faculty of applied sciences gave its approval to the study
(215062965/05/2021).

2.2. Preparation of Insect Flours

Representative samples of sun-dried Mashonzha (hereinafter indicated as G. belina)
and Madzhulu (hereinafter indicated as M. subhylanus) edible insects were purchased from
street vendors from the Vhembe district (Limpopo province, South Africa). Black soldier
fly larvae (hereinafter indicated as H. illucens) reared on clean larvae was purchased from
AgriProtein (Cape Town, South Africa), and the flour was prepared following the method
described by Zozo et al. [19] and freeze-dried (Wizard 2.0, SP Scientific, Johannesburg,
South Africa). The dried edible insects were subjected to a grinding/milling process using
a laboratory blender (Bamix, Checkers, Cape Town, South Africa). The flours were stored
at room temperature under conditions that prevented deterioration.

2.3. Proximate Composition Analysis

Proximate composition, i.e., moisture (925.10), crude protein (920.87), crude fat (932.06),
and ash content (923.03) of the insect flours were determined following standard methods
recommended by the Association of Official Analytical Chemists (AOAC) [20]. The crude
protein determination was performed using Dumas (TruSpec™ Leco Carbon/Hydrogen/
Nitrogen Series, Leco Africa) which was calibrated with EDTA according to Zozo et al. [19].
The crude protein was subsequently calculated by multiplying nitrogen content by a protein-
to-nitrogen conversion factor of 5.60 as recommended by Janssen et al. [21]. Moisture
percentage was calculated by drying the sample in a vacuum oven at 100 ◦C for two hours.
The dried sample was placed into a desiccator, allowed to cool, and then re-weighed. The
process was repeated until a constant weight was obtained. Crude fat was calculated by
drying fats after extraction in a Soxhlet assembly using petroleum ether. The ash percentage
was calculated by combusting the samples in a silica crucible placed in a muffle furnace at
550 ◦C. The percentage of carbohydrates on a dry basis was determined by subtracting all
the components (moisture, crude protein, crude lipid, and ash) from 100. The energy was
calculated using the formula [22]:

Energy
(

Kcal
100g

)
= 4 (% Carbohydrates + % Protein) + (9 × %fat)

2.4. Determination of Physicochemical Properties
2.4.1. Evaluation of Colour Properties of Edible Insect Flours

The colour of the edible insect flours was measured using spectrophotometry (Model
CM-5, Konica Minolta Sensing, Tokyo, Japan) as described by [23], set at standard observer
10◦ and D65. The instrument was zero calibrated using a black tile (L* = 5.49, a* = −7.08,
b* = 4.66) and white calibration was performed using a white tile (L* = 93.41, a* = −1.18,
b* = 0.75). Edible insect flour samples were evenly placed in a petri-dish (30 mm diameter),
and reflectance was measured for L*a*b* colour scales. The L* coordinate is lightness,
100 represents white and closer to 0 represents black Measurements for each sample were
performed in triplicate at three different positions in the samples, with the results recorded
in L* (lightness), a* (chromaticity coordinate +a* = red and −a* = green), b* (chromaticity
coordinate +b* = yellow and −b* = blue).
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2.4.2. Determination of Bulk Density

The procedure was described by Mintah et al. [24] with some modifications. First,
5 g of the sample was transferred into a weighed measuring cylinder (50 mL) (W1) and
then compressed by tapping until sample volume remained constant. The tube was again
weighed (W2) the new volume (V1) was noted and the density (g/mL) was measured using
the following formula:

Bulk Density =
W2 − W1

V1

2.4.3. Determination of Water Activity

The water activity (Aw) of edible insect flours was measured using the method de-
scribed by Benamara et al. [25] with minor modifications. Salt humidity standards of 53,
75 and 90% relative humidity were used to calibrate the measurement cell. A sample (5 g)
of the insect flours was transferred into a sample dish and placed inside the (AW SPRINT
TH500, Novasina analyser, Zurich, Switzerland), and the cell measuring protection filter
was immediately closed. The reading was observed after a period of 60 to 80 s.

2.5. Determination of Techno-Functional Properties
2.5.1. Determination of Water Binding Capacity and Oil Binding Capacity

The water-binding capacity (WBC) of the edible insect flours was determined accord-
ing to Mshayisa and van Wyk [26] with slight modifications. Briefly, a 0.5 g sample was
mixed with 2.5 mL deionized water, vortexed for 60 s (Vortex-Genie 2, Scientific Indus-
tries, Bohemia, NY, USA), and centrifuged for 20 min at 3220 g at room temperature. The
supernatant was removed by decantation and drainage of the residual non-bound water
by placing the centrifugation tube upside-down on filter paper for 60 min. WBC was
calculated as:

WBC =
m1 − m0

m0

where m0 is the initial weight, m1 is the final weight. The oil binding capacity (OBC) was
analysed using sunflower oil instead of deionized water. Except for the vortexing step
(120 s), the experimental procedure was performed in analogy to the WBC assay. OBC was
similarly calculated.

2.5.2. Determination of Emulsion Capacity and Emulsion Stability

Emulsifying properties were determined according to the method of Mshayisa and
van Wyk [26] The samples were dispersed in distilled water 1% (w/v), and 15 mL of the
dispersion was homogenized with 15 mL of vegetable oil at a speed of 10,000 rpm for 3 min.
Subsequently, the samples were centrifuged (Thermo Electron Corporation Jouan MR1812,
Waltham, MA, USA) at 3220 g for 5 min and the volume of the individual layers were read.
Emulsion stability was evaluated by heating the emulsion for 30 min at 80 ◦C. Then, the
samples were centrifuged at 3200 g for 5 min. The emulsifying capacity (%) was expressed
as a percentage of the volume of the emulsified layer (mL) against the volume of the whole
layer (mL). Emulsion capacity and emulsion stability were calculated from the formula:

% Emulsion capacity (EA) =
Ve

V
× 100

% Emulsion stability (ES) =
V30

Ve
× 100

where: V—total volume of tube contents, Ve—the volume of the emulsified layer, V30—the
volume of the emulsified layer after heating.

2.5.3. Determination of Foam Capacity and Foam Stability

Foaming capacity (FC) and foam stability (FS) were determined according to the
method of Zielinska et al. [27]. First, 20 mL of a 1% sample was homogenized in a high
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shear homogenizer mixer (Polytron PT 2500E, United Scientific, Cape Town, South Africa)
at a speed of 10,000 rpm for 4 min. The whipped sample was then immediately transferred
into a graduated cylinder. The total volume was read at time zero and 30 min after
homogenization. The foaming capacity and foam stability were calculated from the formula:

% Foaming capacity (FC) =
V0 − V

V
× 100

% Foaming stability (FS) =
V30

V0
× 100

where: V—volume before whipping (mL), V0—volume after whipping (mL), V30—volume
after standing (mL).

2.6. Determination of Antioxidant Activity
2.6.1. Preparation of Edible Insect Extract

Two grams of the edible insect flours was mixed with 40 mL Milli-Q water in a
50 mL centrifuge tube. The edible insect flour solution was centrifuged (Thermo Electron
Corporation Jouan MR1812, Waltham, MA, USA) at room temperature for 15 min at
8000 rpm, and the supernatant was collected and stored at 4 ◦C until further analysis and
the pellet was discarded.

2.6.2. Determination of DPPH Radical Scavenging Activity

The antioxidant activity of the extract was determined by the 1,1-diphenyl-2-picryl-
hydrazyl radical scavenging (DPPH-RS) assay according to the method of Vhangani and
van-Wyk [28]. The method uses a stable chromogen radical, DPPH in ethanol, which
gives a deep purple colour. The reaction mixture was prepared by reacting 2 mL of edible
insect extract with 4 mL of DPPH (0.12 mM) in 95% in ethanol. The reaction mixture was
incubated for 30 min in the dark, and then the absorbance of the resulting solutions was
measured at 517 nm using a spectrophotometer (Lambda 25, Perkin Elmer, Singapore). The
control was prepared similarly, except that Milli-Q water was used, and TBHQ (0.1%) was
used as a positive control. The percentage of inhibition was calculated using the formula:

% DPPH − RS =
A0 (517nm)−A1(517nm)

A0(517nm)
× 100

where: A0 is the absorbance of the negative control (water) at 517 nm and A1 is the
absorbance of the edible insect extract at 517 nm test sample.

2.6.3. Determination of ABTS+ Radical Scavenging Activity

The experiment was performed according to the method of Chatsuwan et al. [29]
and Mshayisa and van Wyk [26]. The 2,2-Azinobis (3-ethylbenzothiazoline-6-sulphonic
acid) diammonium salt (ABTS•+) radical was produced by reacting 7.4 mM ABTS stock
solution with 2.45 mM potassium persulphate at a ratio of 1:1 (v/v). The mixture was
allowed to react for 12–16 h at room temperature in the dark. This working solution of
ABTS•+ solution was diluted with 95% ethanol at a ratio of 1:50 (v/v) in order to obtain an
absorbance of 1.00 at 734 nm. A fresh ABTS•+ solution was prepared daily for each assay.
The reaction mixture contained 0.15 mL of edible insect extract solution and 2.85 mL of
ABTS•+ solution. The mixture was incubated at room temperature for 6 min in the dark.
Then, the absorbance was measured at 734 nm in a spectrophotometer (Lambda 25, Perkin
Elmer, Singapore). The control was prepared in the same manner, except that distilled
water was used instead of the sample, and TBHQ (0.1%) was used as a positive control.
The scavenging activity was determined according to the equation:

% ABTS − RS =
Acontrol(730mn) − Asample(730nm)

Acontrol(730nm)
× 100
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where: Acontrol is the absorbance of the control (water) at 730 nm and Asample is the ab-
sorbance of edible insect extract at 730 nm.

2.6.4. Determination of Fe2+ Chelating Activity

The chelating effect on ferrous ions of the prepared extracts was estimated by the
method of Sudan et al. [30] with slight modifications. Briefly, 1 mL of each edible insect
extract was mixed with 1.85 mL of Milli-Q water and 0.05 mL of 2 mM FeCl2. Next, the
reaction was initiated by the addition of 0.1 mL of 5 mM ferrozine into the mixture, which
was then left at room temperature for 10 min and the absorbance of the mixture was
determined at 562 nm using a spectrophotometer (Lambda 25, Perkin Elmer, Singapore).
The percentage of chelating activity was calculated as follows:

% Chelating activity
A0 − A1

A0
× 100

where: A0 is the absorbance of the negative control (water) control and A1 is the absorbance
of the edible insect extract.

2.6.5. Determination of Reducing Power

The reducing power was determined according to the method of Athukorala et al. [31].
First, 1.0 mL aliquots of edible insect were mixed with 2.5 mL of phosphate buffer (0.2 mM,
pH 6.6) and 2.5 mL of potassium ferricyanide. The reaction mixture was vortexed for
10 s and thereafter incubated at 50 ◦C in the water bath for 20 min. Thereafter, 2.5 mL of
10% trichloroacetic acid (TCA) was added to the reaction mixture, and then vortexed for
10 s, 2.5 mL of the solution was then pipetted out into beakers and mixed with 2.5 mL of
distilled water and 0.5 mL of FeCl3 was added and absorbance was measured at 700 nm in
a spectrophotometer (Lambda 25, Perkin Elmer, Singapore).

2.7. Statistical Analysis

All assays were performed in triplicates, and the obtained data were presented as
means ± standard deviation. Statistical analysis was performed by testing significant dif-
ferences (p < 0.05) between treatments using multivariate analysis of variance (MANOVA),
and Duncan’s multiple range test was used to separate means where differences existed.
Principal Component Analysis (PCA) was applied to extract the components that explained
the variability in the edible insect flours antioxidant and functional properties. All quanti-
tative data were analysed using SPSS 27.0 (2005) (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Proximate Composition of Edible Insect Flours

The proximate composition of edible insect flours (G. belina, H. illucens and M. sub-
hylanus) is depicted in Table 1. Protein is the dominant nutrient in all three edible insect
flours, followed by crude fat. The protein content was significantly (p < 0.05) different
between all the edible insect flours, and it ranged from 34.90–52.74%. This is superior to
other protein sources, such as beef, eggs, milk, and soybeans, where protein constitutes
approximately 30 and 45% of dry matter [32]. The protein content of H. illucens (34.90%)
was significantly lower (p < 0.05) compared to M. subhylanus (52.74%). Our findings agreed
with the results reported by Bußler et al. [11] on H. illucens (34.70%). In a literature review
study conducted by Meyer-Rochow et al. [33] the protein content of the Macrotermes
species ranged from 20.4–39.7%. Moreover, Kwiri et al. [34] reported the protein content of
G. belina to be (55.41%). These values are higher than the result obtained in this study of
the same insect flour. The differences in protein content can be attributed to differences
in the edible insect flour, level of individual development, sex, feed type, climate, and
geographical location. In this way, the edible insect flours are diversified nutritionally. The
edible insects reported in this study may offer an affordable source of protein, especially for
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low-income communities and be used as ingredients in flour form to minimise the aversion
towards consuming insects [35,36].

Table 1. Proximate composition of three edible insect flours.

Edible Insects Crude Protein (%) Ash (%) Moisture (%) Crude Fat (%) Carbohydrates (%) Energy (%)

G. belina 46.70 ± 0.82 b 11.38 ± 2.20 b 5.68 ± 0.25 a 14.04 ± 0.12 b 22.10 ± 1.45 a 399.38 ± 6.03 a

H. illucens 34.90 ± 0.47 a 7.50 ± 1.65 a 5.76 ± 0.01 ab 27.93 ± 6.13 c 23.66 ± 7.84 a 485.58 ± 26.69 b

M. subhylanus 52.74 ± 1.47 c 6.41 ± 0.07 a 6.40 ± 0.06 b 6.36 ± 0.05 a 27.27 ± 1.19 a 379.91 ± 1.06 a

Values are mean ± standard deviation. Means within a column followed by the same superscript are not
significantly (p > 0.05) different.

The ash content of G. belina (11.38%), H. illucens (7.46%) and M. subhylanus (6.38%) was
higher than the values reported for M. nigeriensis (3.24%) by Omotoso [37]. However, the
values were comparable to those of Macrotermes bellicosus (M. bellicosus) (11.83%) reported
by Adepoju and Omotayo [38]. Torruco-Uco et al. [39] also reported the ash of Sphenarium
purpurascens (S. purpurascens) to be 2.31–3%, the values are much lower than the values
reported in this study. Nyakeri et al. [40] reported H. illucens to contain 14.61% ash which
is higher than the value of the similar species in this study which had 7.46% ash content.
Considerable levels of ash indicate that the samples are a good source of minerals. The
variation among the ash contents of samples may be driven by the difference in location,
diet, and season in which the insects are reared and harvested [41]. Therefore, the addition
of edible insect flour in processed food products has the potential to enhance the mineral
content of food, especially where food fortification is essential. The considerable good ash
content of the edible insect flours signifies good mineral composition that the edible insect
flours might contain [42].

As shown in Table 1, the moisture of the three edible insect flours ranged from
5.77–6.59% and no significant differences (p > 0.05) were observed amongst all the edible
insect flours. Siulapwa et al. [43] reported the moisture content of G. belina to be 9.1%, which
is higher than the value reported in this study. Moreover, Anaduaka et al. [36] also reported
high moisture values for Zonocerus variegatus (Z. variegatus) and Oryctes rhinoceros larva
(O. rhinoceros larva) to be 11.85–26.17%, respectively. The low moisture values obtained in
this study suggest that it likely results in low water activity and, therefore, can potentially
extend the shelf-life of insect flours.

As illustrated in Table 1 the crude fat content in G. belina, H. illucens, and M. subhylanus
was 13.91, 27.92 and 6.35%, respectively. H. illucens (27.92%) results were higher than those
reported by Payne et al. [44] of the similar species (14%). Ganguly et al. [45] reported the
fat of Oxya chinensis to be 2.2%, which is lower than the results obtained in this study.
Moreover, Melo et al. [46] reported S. purpurascens to be 5.75%, which is comparable to
M. subhylanus. However, Sogbesan and Ugwumba [47] reported the fat of M. subhylanus
to be 10.6–22.2%, which is higher than the values of the similar species in this study. Fat
is a major source of fuel in the body, and it is essential in the cell structures as well as in
supplying some oil-soluble vitamins, such as vitamins A, D, E, K.

As the primary source of fibre and calories for humans, carbohydrates are essential
components of proper nutrition [48]. The three edible insect flours (G. belina, H. illucens and
M. subhylanus) showed no significant difference (p > 0.05) in their carbohydrate content
and ranged from 22.33–28.10%, respectively. The observed carbohydrate content is low in
comparison with those reported by Mishyna et al. [49] for Schistocerca gregaria (S. gregaria)
and Apis mellifera (A. mellifera) flours which contained 47.2 and 54.10% carbohydrates,
respectively.

Energy is primarily derived from carbohydrates, proteins, and fats in food, and because
edible insects are high in these macromolecules, they have a high energy content [45]. As
shown in Table 1 the energy values obtained for the edible insect flours ranged from
379.91–485.58 kJ. No significant differences (p > 0.05) were observed for G. belina and M.
subhylanus. However, H. illucens was significantly different (p < 0.05) from the other two
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edible insect flours. The results reported in this study are similar to those reported by
Montowska et al. [35] on edible insect flours of 486–524 kcal/100 g. Siulapwa et al. [43]
reported G. belina energy values of (385 kcal/100 g), which is in the same range as G. belina
energy value reported in this study.

3.2. Physicochemical Properties
3.2.1. Colour Properties of Edible Insect Flours

The colour attributes of edible insect flours measured were lightness (L*), greenness
(−a*), redness (+a*), blueness (−b*), and yellowness (+b*). Lightness is the luminous
intensity of colour measured on a scale of 0 to 100, with 0 indicating black and 100 indicating
white [50]. Colour is a crucial factor influencing the acceptance of edible insects [18]. The
descriptive colour determination of the three edible insect flours G. belina, H. illucens and
M. subhylanus is shown in Table 2. There was a significant difference (p < 0.05) in the
lightness of the edible insect flours, with G. belina (57.95) being the lighter in colour. No
significant difference (p > 0.05) was observed in the redness of the three edible insect flours;
however, M. subhylanus (5.72) was redder compared to G. belina (3.92) and H. illucens (4.46),
respectively, as depicted in Figure 1.

Table 2. Physicochemical properties of three edible insect flours.

Edible Insects L* a* b*
Bulk Density

(g/mL)
pH

G. belina 57.95 ± 0.31 c 3.92 ± 1.49 a 20.02 ± 1.97 b 0.65 ± 0.01 b 6.12 ± 0.03 a

H. illucens 53.69 ± 0.54 b 4.46 ± 0.36 a 13.08 ± 2.68 a 0.51 ± 0.01 a 8.93 ± 0.05 b

M. subhylanus 43.52 ± 0.56 a 5.72 ± 3.90 a 12.00 ± 2.70 a 0.64 ± 0.00 b 6.14 ± 0.02 a

Values are mean ± standard deviation. Means within a column followed by the same superscript are not
significantly (p > 0.05) different.

Figure 1. Ground edible insect flour of three different species. (A) G. belina; (B) M. subhylanus; and
(C) H. illucens.

3.2.2. Bulk Density

Among other vital properties of powder products, bulk density (BD) has significant
economic and functional importance, for example, in reducing packaging costs [51]. It
is determined by particle density, internal porosity, and particle arrangement in the con-
tainer [52]. Table 2 represents the bulk density of the three edible insect flours (G. belina,
H. illucens and M. subhylanus). The bulk density of the edible insect flours varied from
0.51–0.64 g/mL and no significant difference (p > 0.05) was observed. Akpossan et al. [53]
reported higher BD for Imbrasia oyemensis (I. oyemensis) to (1.1 g/mL), while in a study
by [54] on Imbrasia belina (I. belina) the BD (0.65 g/mL) was comparable to that found
in the present study. An apparent correlation exists between the bulk density and the
protein content. Thus, the edible insect flours all had a low BD due to high protein content.
Low BD of the flours is advantageous when storability and transportation are considered
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since the products could be easily transported and distributed [55]. Low BD flours also
find application in the preparation of complementary foods and among the traditional
techniques.

3.2.3. Water Activity and pH of Edible Insects

Water activity is a measure of how efficiently the water present can take part in a
chemical (physical) reaction or the water available enough for microbial growth to occur in
a food product [56,57]. Generally, food deterioration due to microbial growth (yeast and
moulds to pathogens) occurs at a range of 0.6 to 1.0 [57]. The water activity of the three
edible insect flours G. belina, H. illucens, and M. subhylanus is depicted in Figure 2. The Aw
of the edible insect flours ranged from M. subhylanus (0.35 ± 0.26), G. belina (0.45 ± 0.01),
to H. illucens (0.53 ± 0.01), and there were no significant differences (p > 0.05) within the
different edible insect flours. This implies that the edible insect flours are not susceptible to
microbial growth. However, some enzymatic reactions, such as browning, transpire at the
range of 0.3 to 1.0 and increase rapidly at 0.6 to 0.8. In this study, M. subhylanus had the
lowest Aw; therefore, it might be susceptible to enzymatic reactions rapidly compared to
the other two edible insect flours.

Figure 2. Water activity of three edible insect flours. Values are mean ± standard deviation, means
with different superscripts are significantly different (p < 0.05).

In addition, pH in food contributes to reducing the growth of microorganisms, thereby
ensuring food safety. The pH of H. illucens (8.93) had a significant difference (p < 0.05)
between the pH of G. belina (6.12) and M. subhylanus (6.14), while there was no statistical
difference (p > 0.05) between the pH of G. belina and M. subhylanus (Table 2). Lucas-
González et al. [18] reported similar results for Acheta domesticus flour (6.31–6.48). The pH
of these edible insect flours provides essential information since it determines which type
of food matrix they can be added into without affecting their technological behaviour. Thus,
potential food ingredients with pH values close to neutrality, such as those obtained in this
study, will be better suited for application to neutral food matrices, such as meat replacers
and baked products.

3.3. Techno-Functional Properties
3.3.1. Water Binding Capacity and Oil Binding Capacity

Water binding capacity (WBC) and oil binding capacity (OBC) are critical features of
food ingredients in food processing and applications. They are related to the ability to take
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up and retain water and oil, respectively, which directly affect the texture and the flavour of
the products, especially in meat and bakery [58]. There are several intrinsic factors affecting
the water-binding properties of food flours with relatively high protein. These include
amino acid composition, protein conformation, and surface polarity/hydrophobicity [53].
Table 3 depicts the water binding capacity of the edible insect flours. Higher WBC was
notable for M. subhylanus (1.46 g/g); however, there was no significant difference (p > 0.05)
between this edible insect flour and that of G. belina (1.30 g/g). While the lower WBC value
was observed for H. illucens flour (1.11 g/g), Zielinska et al. [27] reported higher WBC of
Schistocerca gregaria (S. gregaria) (2.18 g/g). Similarly, Lucas-González et al. [18] reported
the WBC of Acheta domesticus flour to be (3.82 g/g). However, the WBC of M. subhylanus
(1.46 g/g) was higher than that reported for T. molitor (0.4 g/g). The apparent difference in
the WBC could be due to the higher protein content in the M. subhylanus, which contains
more hydrophilic groups to bind to water molecules. The WBC of the edible insect flours
is comparable to plant-based flours, such as wheat and rice, which were reported to have
WBC from 1.4–1.9 g/g [59]. This information is crucial for the application of these flours
in the food industry. The significant difference in water holding capacity between the
edible insect flours might be an indication of the different applications they might have in
food. This is the first study to report on the WBC of edible insects, such as G. belina and M.
subhylanus, to our knowledge.

Table 3. Techno-functional properties of three edible insect flours.

Edible Insects WBC (g/g) OBC (g/g) EC (%) ES (%) FC (%) FS (%)

G. belina 1.30 ± 0.12 ab 0.89 ± 0.12 a 41.76 ± 2.84 a 33.75 ± 2.29 a 5.81 ± 3.69 a 95.32 ± 2.37 a

H. illucens 0.11 ± 0.02 a 1.35 ± 0.09 b 67.33 ± 8.49 b 42.45 ± 5.07 b 5.69 ± 1.41 a 97.38 ± 1.70 a

M. subhylanus 1.46 ± 0.06 b 1.48 ± 0.07 b 45.44± 4.28 a 32.80 ± 0.47 a 4.71 ± 2.46 a 97.51 ± 1.22 a

Values are mean ± standard deviation. Means within a column followed by the same superscript are not
significantly (p > 0.05) different. WBC: water-binding capacity, OBC: oil biding capacity, EC: emulsion capacity,
ES: emulsion stability, FS: foam stability, and FC: foam capacity.

The OBC is shown in Table 3. No significant difference was found (p > 0.05) between
H. illucens (1.35 g/g) and M. subhylanus (1.48 g/g), and the lowest value was obtained for
G. belina (0.89 g/g). These values are lower than those reported for Gryllidae sp. (2.02 g/g),
G. sigillatus (2.82 g/g) and A. domesticus (3.37–3.52 g/g) [39]. Assielou et al. [60] reported
the OBC of O. owariensis larvae flour to be 265.90% (2.65 g/g), which is higher than the OBC
in this study. The OBC refers to the ability of the proteins in flour to physically bind to fat
through capillary action, which is of great importance because fat is a flavour retainer and
increases our ability to taste food. Akubor and Eze [61] illustrated that OBC has proven
useful in the formulation of bakery products and sausages, and this shows that the studied
flours (M. subhylanus, H. illucens, and G. belina), since they are low in OBC are, therefore,
low flavour retainers and therefore may be useful in food systems that do not require high
WBC/OBC values.

3.3.2. Emulsion Capacity and Emulsion Stability

Proteins are surface-active agents that can form and stabilise the emulsion by creating
electrostatic repulsion on the oil droplet surface. Generally, the emulsifying activity of pro-
teins is affected by their molecular weight, hydrophobicity, conformation stability, surface
charge, and physicochemical properties, such as pH, ionic strength, and temperature [62].
The results obtained for emulsion capacity (EC) and emulsion stability (ES) of the edible
insect flours are presented in Table 3. The emulsion capacity of G. belina, M. subhylanus,
and H. illucens were 41.76, 45.44, and 67.33%, respectively. The results for EC in this study
are higher than those reported by Mishyna et al. [49] for S. gregaria (39.5%) and A. mellifera
(20.8%) insect flours. The protein emulsification properties are known to be influenced by
their surface hydrophobicity, which affects the protein’s ability to adsorb to the oil side of
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the interface. Higher emulsion capacities are usually associated with greater disintegra-
tion [11]. M. subhylanus had the highest EC (61.69%), which agrees with the macronutrient
composition reported in Table 1.

In this study, the ES of G. belina (33.75%) and M. subhylanus (32.80%) were not signifi-
cantly different (p > 0.05). The results are lower than those reported by Akpossan et al. [53]
on I. oyemensis (84.76%). ES of H. illucens (42.45%) was comparable to that of the larva of
Cirina (45.36%) reported by Omotoso. Adebowale et al. [63] reported adequate emulsifica-
tion but poor stability in African cricket (Gryllidae sp.) flour. Food manufacturers have a
growing demand for sustainable and secure protein sources. Currently, the most widely
used emulsifiers are casein and whey [16]. Therefore, edible insect flours’ high emulsion
capacity and stability highlight the potential to effectively utilise them in food emulsions.

3.3.3. Foam Capacity and Foam Stability

Foams are colloidal systems that consist of a continuous aqueous phase and a dis-
persed gas phase [16]. Foam formation is governed by the transportation, penetration, and
reorganisation of molecules at the air-water interface. To exhibit good foaming properties,
a protein must be capable of migrating rapidly to the air-water interface, unfolding, and re-
arranging at the interface. Table 3 displays the FC and FS of the edible insect flours. The FC
was higher for G. belina (5.81%); however, no significant differences (p > 0.05) were observed
amongst all three edible insect flours. The FC values reported by Torruco-Uco et al. [39] for
Gryllidae sp. (6%) were comparable to the reported values in this study. Zielinska et al. [27]
reported FC of G. sigillatus (41%) while Assielou et al. [60] reported Oryctes owariensis (O.
owariensis) larvae to have FC of (17.87%), which is also higher than the values reported
in this study. This study shows that the low FC can be related to highly ordered globular
proteins that resist surface denaturation [53,64].

There were no significant differences (p > 0.05) in FS of the edible insect flours in
this study. However, the results obtained were higher than those reported by [54] on
I. belina larvae flour (1.4–5.1%), whereas Omotoso [65] reported Cirina forda larva FS to
be 3.00%, which is much lower than the FS reported in this study. There was a notable
significant difference between the FC and FS values of the edible insect flours, and these
results indicate that the proteins and other components of the edible insect flours have a
greater ability to form a strong and cohesive film around air bubbles and greater resistance
of air diffusion from the bubbles [66].

Presently, research is focused on finding alternatives to eggs, which are commonly
used as a foaming agent in food products [16]. The data presented in this study showed that
the three edible insect flours (G. belina. H. illucens and M. subhylanus) exhibited excellent
foaming properties; hence, they can be a suitable foaming agent and has potential for such
food applications.

3.4. Antioxidant Properties
3.4.1. DPPH-RS of Edible Insect Flours

The DPPH radical-scavenging (DPPH-RS) assay is a widely used method for evaluat-
ing the ability of food matrices to scavenge free radicals generated from the DPPH reagent,
which undergo SET mechanism [67]. DPPH is a stable free radical that shows maximum
absorbance at 517 nm in ethanol and changes from purple to yellow in the presence of
antioxidants. When a DPPH radical encounters an electron-donating substrate, such as
an antioxidant, the radical is scavenged [68]. As illustrated in Figure 3, the insect flours
differed significantly (p < 0.05) from one another, with M. subhylanus (55.57%) exhibit-
ing the highest radical scavenging activity followed by G. belina (37.44%) and H. illucens
(3.63%), respectively. In a study reported by Navarro del Hierro et al. [69] T. molitor and
A. domesticus extracts, the DPPH-RS was 57 and 72%, respectively, and the values for T.
molitor are comparable to those of M. subhylanus from this study. Nabil et al. [70] also
reported on Moroccan cladode flour, and the radical scavenging activity was between 7.18
and 72.37%, which is in line with the radical scavenging activity reported in this study.
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The results, therefore, suggest that the edible insect flours could be scavenging agents
and imply that they have the ability to react with free radicals. This study supports the
observation of Mshayisa and van-Wyk [26], who proposed that edible insects can be used
as novel functional components in food compositions.

Figure 3. Scavenging effect of DPPH-RS, ABTS-RS and Fe2+ chelating activity of edible insect flours.
Values are mean ± standard deviation; means with different superscripts are significantly different
(p < 0.05).

3.4.2. ABTS-RS of Edible Insect Flours

The ABTS+ radical scavenging activity was determined to assess the antioxidant
potential of H. illucens, G. belina and M. subhylanus. As depicted in Figure 3, no significant
differences (p > 0.05) were observed between M. subhylanus (96.81%) and G. belina (96.61%).
However, a significant difference (p < 0.05) was observed between the two edible insect
flours compared to H. illucens (95.32%). It was also observed that H. illucens showed lower
DPPH-RS as compared to ABTS-RS. The difference in scavenging patterns of ABTS-RS
and DPPH-RS could be responsible for these observations. ABTS is more accessible to
hydrophilic peptides, while hydrophobic peptides can interact easily with peroxyl radicals,
such as DPPH [71]. Most importantly, to our knowledge, this is the first study to establish
the antioxidant indices of these three edible insect flours. This study’s findings have
implications for the utilization of edible insect flours as functional components in food.

3.4.3. Metal Chelation of Edible Insect Flours

The chelation of Fe2+ was used to determine the ability of edible insect flours in
metal-chelating activity. Ferrozine quantitatively forms complexes with Fe2+ ions in the
presence of chelating agents, the development of complexes is slowed in the presence
of chelating substances disrupted, resulting in the decrease in colour formation [68]. As
shown in Figure 3, all edible insects had a high ability to chelate Fe2+. In this study, the
highest chelating ability activity was observed in H. illucens (76.30%). Moreover, there
were no significant differences (p > 0.05) in G. belina (42.00%) and M. subhylanus (41.61%).
Ferrous ion (Fe2+) is the most potent pro-oxidant among metal ions. This ion can interact
with hydrogen peroxide in a Fenton reaction to produce the reactive oxygen species and
hydroxyl free radical (OH), leading to the initiation and/or acceleration of lipid oxidation
in food [72]. Therefore, the ability of these edible insect flours to chelate Fe2+ suggests they
can reduce or avoid the free radical formation. To the best of our knowledge, this is the
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first study to empirically investigate the Fe2+ chelation of edible insect flours, such as G.
belina and M. subhylanus. The results of this study are vital since they indicate that edible
insect flours possess considerable meatal chelating activity, which is critical in antioxidant
activity since it reduces the concentration of transition metals that catalyse lipid oxidation.

3.4.4. Reducing Power of Edible Insect Flours

Reducing power is a useful indicator of food component antioxidant activity. In this
test, the ferric chloride/ferric cyanide complex is reduced to ferrous form (Fe2+) in the
presence of antioxidants, allowing the Fe2+ concentration to be measured spectrophoto-
metrically by measuring the Prussian blue colour produced at 700 nm [73]. The reducing
power assay is often used to evaluate the ability of antioxidants to donate an electron to
the free radical [74]. In this study, the ability of edible insect flours to reduce Fe3+ to Fe2+

was investigated, and the results are depicted in Figure 4. A significant difference (p < 0.05)
was observed between all the edible insect flours. H. illucens (0.61) had the highest RP,
while G. belina (0.26) had the lowest RP. As articulated by Zielińska and Pankiewicz [75],
due to their high protein nature, edible insects are, therefore, potential sources of bioactive
proteins that could also possess antioxidant activity. In addition, due to the high reducing
power, the obtained results suggest that H. illucens soluble proteins contain amino acids or
peptides that act as electron donors and can react with free radicals to transform them into
stable compounds.

Figure 4. Reducing power activity of edible insect flours. Values are mean ± standard deviation;
means with different superscripts are significantly different (p < 0.05).

3.5. Principal Component Analysis

Principal component analysis (PCA) was performed to understand the inter-relationships
among the measured techno-functional properties and antioxidant activity indices and
the similarities and differences among the edible insect samples. The suitability of data
reduction by PCA was established by several factors, such as the high correlations between
the variables (correlation matrix) and the significant (p ≤ 0.05) Bartlett’s test, as well as
the Kaiser–Meyer–Olkin measure (0.68), which was significantly higher than the recom-
mended minimum of 0.6. The PCA results were displayed using score and loading plots
(Figure 5). To determine the relative contributions of the principal components in overall
total variability, only the eigenvalues greater than one were considered. Thus, the first
three principal components (PC1, PC2 and PC3) were found to be significant and explained
87.99% variability in the data set (Table S1). Component 1 accounted for 51.39% of the
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total variability, and represented EC (0.960), Fe Chelation (0.949), ES (0.897) and DPPH-RS
(−0.897) while FS (0.837), FC (−0.080), ABTS-RS (−0.531) and WBC (0.515) contributed to
PC2, with a total variability contribution of 24.71%. The PC3 accounted for 11.89% of the
total variability due to OBC (0.745), FC (0.504), ABTS-RS (0.442) and RP (0.247), respectively,
as shown in Table S1 (Supplementary Materials). The edible insects were clearly distributed
into three clusters (Figure 5). It can be seen that M. subhylanus can be separated from H.
illucens based on the DPPH-RS, WBC, and foam stability. In Figure 5, H. illucens were
grouped in close proximity with values of component 1, whereas M. subhylanus and G.
belina are diametrically opposed in PC2 (meaning they are on the negative and opposite
sides). PCA showed that M. subhylanus and G. belina located on the opposite sides of
PC2, the FS, OBC and FC were to be majorly responsible for the difference in the edible
insect flours. This was due to the high FC and OBC exhibited by M. subhylanus samples,
while G. belina exhibited the lowest OBC. Therefore, PCA could be helpful to provide
valuable information on the classification and discrimination of edible insect flours and on
relationships between antioxidant indices and techno-functional properties.

Figure 5. Principal components analysis plot for techno-functional properties and antioxidant indices
of edible insect flours.

4. Conclusions

This study was undertaken to establish the potential for edible insect flours as a
source of nutrients, as well as their techno-functional and antioxidants properties. The
studied edible insect flour species were rich in protein and fat, which are essential nutrients
required for the human diet. The results obtained for the physicochemical properties make
the flours valuable to the food industry as potential fortifiers, such as G. belina, which was
yellower and redder in colour since this characteristic is of importance in instances where a
noticeable colour change to the product is not desired. M. subhylanus exhibited good water
binding capacity, and the flour was generally found to have superior techno-functional
properties among the studied species. This makes it useful for producing foods such as
sausages and bakery products. The studied edible insects have unique techno-functional
properties that can be exploited to provide functional ingredients. Future studies on the
shelf life, rheological and structural properties of the edible insect flours are essential prior
to incorporation in food product formulations.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11070976/s1. Table S1: Principal components for illustrating
the interpretation in Figure 5.
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Abstract: This study aimed to investigate the effect of processing methods on inhibiting lipid oxida-
tion of deep fried crickets (Gryllus bimaculatus) during storage. Four antioxidants and two packaging
methods were used. The effects of different antioxidants and packaging methods on composition
of fatty acids, contents of free fatty acids (FFA), peroxide value (PV), and thiobarbituric acid reac-
tive substances (TBARSs) value of deep fried Gryllus bimaculatus were analyzed during 150 days
of storage. The composition of fatty acids changed and the content of FFA, PV, and TBARs value
also increased with the extension of storage time, indicating that the lipid oxidation dominated by
oxidation of unsaturated fatty acids could occur in deep fried Gryllus bimaculatus during storage.
In the same storage period, the total content of FFA, PV, and TBARs value of samples treated with
antioxidants and vacuum-filling nitrogen packaging were lower than those of controls, suggesting
that antioxidants and vacuum-filling nitrogen packaging have noticeable effects on inhibiting lipid
oxidation and improving the quality of deep fried crickets, and dibutyl hydroxyl toluene (BHT) was
found as the most effective antioxidant in this study. The results may provide a reliable reference for
processing of deep fried edible insects.

Keywords: edible insects; Gryllus bimaculatus; processing and preservation; fatty acids; lipid oxidation

1. Introduction

Insects are a biological group with the largest number of species, huge biomass,
fast reproduction capability, and high food conversion rate on earth. Insects are highly
nutritious, containing a large amount of high-quality proteins, high levels of unsaturated
fatty acids, and high levels of essential trace elements, such as iron and zinc [1]. Although
the data of nutritional composition vary from species to species, most species of insects
contain proteins, fat, vitamins, and minerals, corresponding to a human’s nutritional
needs [2]. In view of the increase of global population and the decrease of arable land,
Meyer-Rochow [3] advocated the use of insects as human food and recommended that
the FAO (Food and Agriculture Organization of the United Nations) regarded insects
as a potential sustainable food source to deal with global food security problems, and
encouraged more use of insects in daily diets [4]. More than 2000 kinds of insects are
eaten in more than 110 countries/regions worldwide. The commonly edible insects include
Coleoptera, Lepidoptera, Hymenoptera, Orthoptera, and Hemiptera. Among Orthoptera
insects, crickets are the most widely consumed insect species [5].

Crickets belong to Gryllidae of Grylloidea in Orthopera, which are widely distributed
universally. The commonly consumed varieties are Brachytrupes membranaceus, Gryllus similis,
Gryllus bimaculatus, Gryllotalpa orientalis, and Acheta domesticus [6]. Crickets are also rich
in nutrients, with a protein content of 55–70% [7], and the proportion of unsaturated fatty
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acids (UFAs) is more than 60% in lipids, which may even reach 80% in some varieties,
such as Gryllus testaceus Walker and Teleogryllus emma [8,9]. Regarding minerals, calcium,
iron, zinc, and copper contents in crickets are higher than those of conventional foods of
animal origin, but not dangerously so [9]. Moreover, the low chitin content and hardness of
crickets grown for six to seven weeks may lead to good taste and palatability [6]. Therefore,
crickets promote the development of breeding industry in some countries in Asia, Europe,
America, Australia, and Africa continents, especially in tropical regions (e.g., Southeast
Asia). As reported previously, the total annual output of feeding crickets in Thailand is
within 3000–7000 tons [10], and although the cricket farming scale in Cambodia and Laos
is smaller than that in Thailand, it is promptly expanding and developing [7]. In Korea,
cricket farming has a history of about 20 years. Farmed crickets are mainly used as feed
for livestock and aquaculture, and the number of farmed crickets will also increase due
to the use of cricket flour as a protein-rich additive to flour in the baking industry [11]. In
recent years, cricket farming as the basis of food processing has markedly attracted scholars’
attention as a result of the recognition of the nutritional value and food safety of edible
crickets. Cambodian Center for Livestock and Agriculture Development evaluated the
influences of different types of feed on the survival rate and growth of crickets [12]; Kenya
aimed to introduce cool and high-altitude areas to expand the production of crickets [13];
United States Department of Agriculture—Agricultural Research Service National Biologi-
cal Control Laboratory proposed an optimal harvesting age for reducing costs of cricket
production by determining food conversion efficiency at different ages [14].

The development of cricket farming provides the possibility for exploiting and indus-
trialization of cricket-based foods. Crickets are also consumed in making bread, biscuits,
noodles, and meat sauce as additives [15–18]. However, deep frying is a common method
of processing of crickets [19], and bagged fried cricket is a popular snack food in Thailand,
Laos, and other countries. China is one of the first countries known to consume insects as
food [20]. Although crickets have not been approved as a new resource of food in China,
cricket farms and companies have recently appeared in some regions of China, and the scale
is expanding. The breeding varieties are mainly Gryllus bimaculatus and Acheta domesticus,
in which Gryllus bimaculatus is more popular due to its short life-cycle, being stronger, and
having a cold resistance. In addition to being used as pet feed and serving at restaurants,
farmed crickets are mainly processed with deep fried and packaging in small workshops,
where they then attract consumers’ attention because of their noticeable nutritional level
and delicious taste. However, the lipid oxidation occurs easily during processing and
storage as a result of abundance of UFAs in edible insects, influencing the quality and flavor
of products in the period of storage. This is a prominent and urgent problem that needs to
be eliminated in the production of edible insect, especially deep fried edible insects.

Therefore, regarding Gryllus bimaculatus as a food source, four antioxidants and two
packaging methods were used in the present study, and fatty acid profile, free fatty acid
content, and lipid oxidation indices, such as peroxide value (PV) and thiobarbituric acid
reactive substances (TBARs), of deep fried crickets were analyzed during 150 days of
storage. The effects of antioxidants and packaging methods on lipid oxidation were studied
for improving processing technology of deep fried crickets.

2. Materials and Methods

2.1. Chemicals and Materials

A standard mixture of 37 fatty acid methyl esters, glyceryl triundecanoate standard,
and undecanoic acid standard were purchased from Sigma-Aldrich Co., Ltd. (Shanghai
branch, China); petroleum ether, n-heptane, boron trifluoride methanol solution, chlo-
roform, and 2-isopropanol were purchased from Kunming Beijie Technology Co., Ltd.
(Kunming, China); four antioxidants, including dibutyl hydroxyl toluene (BHT), rosemary
extract (ET), and tert-butylhydroquinone (TBHQ), were purchased from Zhejiang Yinuo
Biotechnology Co., Ltd. (Hangzhou, China), and Phyllanthus emblica polyphenol (PEP)
was prepared by our laboratory; The packing bags made of PET/PE (polyethylene tereph-
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thalate/polyethylene, 0.16 mm of total thickness) and having excellent air tightness, oil
resistance and fragrance retention, were purchased from Cangzhou Jingtian Plastic Industry
Co., Ltd. (Cangzhou, China)

2.2. Preparation of Cricket Samples

The fresh Gryllus bimaculatus used in the experiment were provided by Yunnan
Kuoyang Agricultural Science and Technology Co., Ltd. (Kunming, China), and iden-
tified by Research Institute of Resource Insects, Chinese Academy of Forestry (Kunming,
China). The feeding life-cycle of crickets was 6–7 weeks. After fasting for 2 days, they were
frozen at −18 ◦C for 1 h. The fresh Gryllus bimaculatus contain 71% water, 16.99% protein,
and 9.98% lipid.

2.3. Preparation of Deep Fried Crickets

The dead crickets were washed with water and divided into 6 portions. One portion
was 2 kg and that was deeply fried at 160 ◦C for 5 min in 20 kg of palm oil containing
different antioxidants. The addition proportion of the four antioxidants was determined
according to the maximum use limit of each antioxidant in the oil, and the amount of antiox-
idants used was based on the weight of palm oil. The lipid contents before and after deep
frying of the crickets were 34.43% and 51.55% of dry weight, respectively. Two packaging
methods were used for the deep fried crickets, including non-vacuum sealed packaging
and vacuum-filling nitrogen packaging. Non vacuum packaging samples in bags made
of PET/PE (polyethylene terephthalate/polyethylene, 0.16 mm of total thickness) were
air-packed (50 g sample per bag) using a sealing machine (Guangzhou Feipu Packaging Ma-
chinery Co., Ltd., Guangzhou, China). Vacuum-filling nitrogen packaging samples in bags
made of PET/PE were packed (50 g sample per bag) by vacuumizing and filling in with
nitrogen using a vacuum sealing machine equipped a nitrogen cylinder (Zhejiang Baochun
Packaging Machinery Co., Ltd., Wenzhou, China). The treatment methods of 6 samples
were as follows: BHTV—0.2% BHT + vacuum-filling nitrogen packaging; ETV—0.5% ET +
vacuum-filling nitrogen packaging; PEPV—0.5% PEP + vacuum-filling nitrogen packaging;
TBHQV—0.2% TBHQ + vacuum-filling nitrogen packaging; control 1—no antioxidant +
vacuum-filling nitrogen packaging; and control 2—no antioxidant + non vacuum sealed
packaging. The samples were stored at room temperature in a dark place for the analysis of
indices every 30 days.

2.4. Lipid Extraction

The lipids were extracted using Soxhlet extractor, in which 10 g of crushed sample
and 300 mL of petroleum ether were transferred into a 500 mL flat bottom flask, and
maintained in a 40 ◦C water bath for 8 h. The extract solution was concentrated using a
rotary evaporator (Eyela, Tokyo, Japan) to obtain the lipid extract.

2.5. Analysis of Composition of Fatty Acids

As described by Chinese national standard GB 5009.168-2016 [21], briefly, glyceryl
triundecanoate was used as an internal standard, and 60 mg of lipid extract and 2 mL
of glyceryl triundecanoate solution (2.5 mg/mL) were mixed with 8 mL of 2% sodium
hydroxide methanol solution. The mixture was incubated for 2 h on a water bath at 80 ◦C
for saponification, and then 7 mL of 15% boron trifluoride methanol solution was added
into the mixture and continually incubated for 6 min to achieve methyl esterification. After
cooling, the esterification solution was mixed and shaken with 30 mL n-heptane and 30 mL
saturated sodium chloride solution, kept for layering, and the upper solution was taken
out for analysis.

Fatty acid methyl esters were analyzed by gas chromatography equipped with a poly-
dicyanopropyl siloxane strong polar stationary phase capillary column (100 m × 250 μm ID
× 0. 2 μm film). The temperature of the injection port and the detector was set to 270 ◦C
and 280 ◦C, respectively. The carrier gas was nitrogen, and the flow rate was 1.5 mL/min.
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The injection volume was 1 mL, and the split ratio was 10:1. The procedure was completed
at the following thermal conditions: The initial temperature of 100 ◦C was kept for 13 min,
and it increased to 180 ◦C at 10 ◦C/min and maintained for 6 min, and then the temperature
was elevated to 200 ◦C at 1 ◦C/min and maintained for 20 min. Identification of fatty acid
methyl esters was performed by comparing the retention time of the standard mixture of
fatty acid methyl esters. The fatty acids were quantified by an internal standard, and the
proportion of each fatty acid was calculated as the ratio of each fatty acid content to the
total fatty acid content, and the result was expressed as percentage of total fatty acids. Each
sample was analyzed in triplicate.

2.6. Determination of the Contents of Free Fatty Acids (FFAs)

Free fatty acids were separated by Wang et al.’s method [22], in which 240 mg of lipid
extract was dissolved in 12 mL of chloroform, and 10 mL of chloroform solution was loaded
onto an aminopropyl-silica minicolumn (500 mg/3 mL), which was previously activated
with 10 mL of chloroform. The minicolumn was eluted with 10 mL of chloroform/2-
isopropanol (2/1, v/v), and the eluent was discarded. The free fatty acids were eluted by
15 mL of ether solution, containing 2% acetic acid (w/w), the solvent was removed from
eluent using a rotary evaporator, and the residue was free fatty acid.

The free fatty acids and 2 mL of undecanoic acid solution (50 μg/mL), as an internal
standard, were mixed with 7 mL of 15% boron trifluoride methanol solution, and the
mixture was incubated for 6 min on a water bath at 80 ◦C for methyl esterification. The
cooled esterification solution was mixed and shaken with 20 mL n-heptane and 20 mL
saturated sodium chloride solution, kept for layering, and the upper solution was taken
out for analysis. Fatty acid methyl ester was analyzed according to the above-mentioned
methods, and the result was expressed as mg/100 g sample. Each sample was analyzed
in triplicate.

2.7. Determination of Peroxide Value (PV)

PV was determined according to Chinese national standard GB 5009.227-2016 [23].
Specifically, 10 g of crushed sample was mixed with 20 mL petroleum ether and was kept for
12 h. The filtrate was evaporated to remove petroleum ether under vacuum using a rotary
evaporator in a water bath at 35 ◦C. The residue was dissolved in 30 mL of chloroform-
glacial acetic acid mixture (2/3, v/v) and transferred to a 250 mL iodine-measuring bottle,
and 1 mL of saturated potassium iodide solution was then added. After completion of
reaction for 3 min in a dark place, 100 mL of deionized water and 1 mL of 1% starch solution,
as an indicator, were added, and the reaction solution was titrated with sodium thiosulfate
solution immediately until the intense blue color disappeared and solution became canary
yellow. The blank test was performed according to the above-mentioned method. Each
sample was analyzed in triplicate. The PV was calculated by Equation (1).

X =
(V − V0)× c × 0.1269 × 1000

m
× 100 (1)

where X represents peroxide value (mg/100 g); V and V0 are the volume of sodium
thiosulfate solution consumed by the sample and the blank, respectively (mL); c is the
concentration of sodium thiosulfate solution (mol/L); 0.1269 denotes the mass of iodine
equivalent to 1 mL of 1 mol/L sodium thiosulfate solution; and m indicates the sample
weight (g).

2.8. Determination of Thiobarbituric Acid Reactive Substances (TBARs)

TBARs assay was performed according to Chinese national standard GB 5009.181-
2016 [24]. First, 1,1,3,3-tetraethoxypropane was used as an internal standard. Then, 5 g
of crushed sample and 50 mL of 7.5% trichloroacetic acid were placed into a 150 mL of
conical flask, and shaken at 150 rpm for 30 min in an Ecotron shaking incubator (INFORS,
Basel, Switzerland). The mixture was filtered with paper filters. Next, 5 mL of filtrate and

128



Foods 2022, 11, 326

standard solution (0.01, 0.05, 0.1, 0.15, 0.25 μg/L) was mixed with 5 mL of 0.02 mol/L
thiobarbituric acid solution, respectively, and 5 mL of deionized water was used as blank.
The mixture was incubated in a water bath at 90 ◦C for 30 min. The absorbance of mixture
was measured using a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA)
at 532 nm after cooling. The standard curve was established with the standard solution
concentration as the horizontal coordinate and the absorbance as the vertical coordinate.
The TBARs value of the sample was calculated according to the standard curve and the
dilution ratio of the sample. The result was expressed as milligrams malondialdehyde per
kilogram of sample (mg MDA/kg). Each sample was analyzed in triplicate.

2.9. Statistical Analysis

All experiments were performed in triplicate. All data are expressed as mean ± standard
deviations (SD). One-way analysis of variance (ANOVA) was used for comparing differ-
ences using the SPSS 13.0 software (IBM, Armonk, NY, USA). Bonferroni correction and
Duncan’s test were used for multiple comparisons.

3. Results

3.1. Fatty Acid Compositions of Raw Gryllus bimaculatus and Palm Oil

In order to analyze the changes of fatty acids in the samples after deep frying, the
fatty acid compositions of raw Gryllus bimaculatus and palm oil were determined. The main
fatty acids of different species of crickets are palmitic acid (C16:0), oleic acid (C18:1) and
linoleic acid (C18:2), and the content of oleic acid in Gryllus bimaculatus is generally higher
than that of other varieties [25]. As shown in Table 1, the fatty acid of Gryllus bimaculatus
includes myristic acid (C14:0), palmitic acid (C16:0), palmitoleic acid (C16:1), stearic acid
(C18:0), oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid (C18:3). Among them,
palmitic acid, oleic acid and linoleic acid are the main fatty acids of Gryllus bimaculatus. The
results also showed that the proportion of UFAs was 65.79%, mainly consisting of oleic
acid (22.75%) and linoleic acid (41.75%), the proportion of saturated fatty acids (SFAs) was
34.21%. Compared with the previously reported results on the analysis of fatty acids in
Gryllus bimaculatus [26,27], the composition and content of main fatty acids were consistent,
except for a trace of arachidic acid (C20:0) and arachidonic acid (C20:1), which were not
detected in the present study.

Table 1. Composition of fatty acids in fresh Gryllus bimaculatus and palm oil (% of total fatty acids) 1.

Content of Fatty Acids (% of Total Fatty Acids)

Gryllus bimaculatus Palm Oil

Myristic acid (C14:0) 0.58 ± 0.01 0.97 ± 0.02
Palmitic acid (C16:0) 24.31 ± 0.14 40.67 ± 0.2

Palmitoleic acid (C16:1) 0.44 ± 0.00 -
Stearic acid (C18:0) 9.32 ± 0.07 4.24 ± 0.03
Oleic acid (C18:1) 22.75 ± 0.09 42.8 ± 0.04

Linoleic acid (C18:2) 41.75 ± 0.23 11.23 ± 0.03
Linolenic acid (C18:3) 0.85 ± 0.01 -

ΣUFA 2 65.79 ± 0.19 54.03 ± 0.07
ΣSFA 3 34.21 ± 0.2 45.89 ± 0.21

UFA/SFA 1.92 ± 0.02 1.18 ± 0.01
1 “-” means that this fatty acid was not detected; 2 “UFA” indicates unsaturated fatty acids; 3 “SFA” indicates
saturated fatty acids.

Palm oil contains five fatty acids—myristic acid, palmitic acid, stearic acid, oleic acid,
and linoleic acid (Table 1)—and the main fatty acids are palmitic acid, oleic acid, and
linoleic acid, which are the same as Gryllus bimaculatus. However, the contents of palmitic
acid and oleic acid are remarkably higher than those of Gryllus bimaculatus, and the content
of linoleic acid is much lower than that of Gryllus bimaculatus.
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3.2. Changes in Fatty Acid Composition of Deep Fried Samples

The fatty acid composition of lipids is a critical indicator of nutritional value, and it
is associated with the oxidative stability of lipids. The fatty acids of deep fried samples
with different treatments during storage are summarized in Table 2. The results indicated
that the fatty acid composition of deep fried crickets (0 days) significantly varied compared
with the raw materials (Table 1). Palmitoleic acid and linolenic acid were not found, and
the contents of palmitic acid and oleic acid increased significantly, while the content of
linoleic acid markedly decreased, and the content of stearic acid was reduced as well. The
proportion of UFAs decreased to 55% (Table 2) from 65.79% in raw samples (Table 1). Deep
fried samples contain a large amount of palm oil after frying due to the penetration of palm
oil into samples during frying. Therefore, the compositions and contents of fatty acids were
similar to those of palm oil.

As shown in Table 2, during the storage period (150 days), there were significant
differences between the contents of fatty acids in the same sample at different periods of
storage, including palmitic acid, stearic acid, oleic acid, linoleic acid, ΣUFAs, ΣSFAs, and
UFAs/SFAs in all samples (p < 0.001), as well as myristic acid in PEPV, TBHQV, control 1,
and control 2 (p < 0.001). Meanwhile, the decline of ΣUFAs, the increase of ΣSFAs, and the
decrease of UFAs/SFAs in all samples during storage were also observed, and the changes
of ΣUFAs and ΣSFAs were the results of the decline of the content of oleic acid and the
raise of the contents of myristic acid and palmitic acid. These results suggested that the
oxidation of UFAs in the deep fried Gryllus bimaculatus occurred during storage, and UFAs
were found more susceptible to oxidation than SFAs.

Regarding the differences in samples with different treatments in the same storage
time, Table 2 shows that there were significant differences between the contents of stearic
acid, oleic acid, and linoleic acid from different samples in the same storage time (p < 0.001).
The content of myristic acid in different samples significantly changed after storing for 60
and 150 days (p < 0.01 and p < 0.05, respectively). The difference in the content of palmitic
acid from different samples was statistically significant after storing for 60, 90, and 150 days
(p < 0.01, p < 0.05, and p < 0.001, respectively). For ΣUFAs, ΣSFAs, and UFAs/SFAs, there
was no significant difference among samples within 30–90 days after storage (p > 0.05),
while the difference gradually increased with the extension of storage time. After 120 and
150 days of storage, the difference was significant (p < 0.01 and p < 0.001, respectively). The
results indicated that different antioxidants and packaging treatments had certain effects
on the changes of compositions of fatty acids during storage, and the effects gradually
increased with the extension of storage time.

3.3. Contents of FFAs in Deep Fried Samples

FFA is attributed to the oxidation and hydrolysis of lipids under lipase and oxygen.
The results from the analysis of FFAs in deep fried Gryllus bimaculatus (Table 3) indicated
that palmitic acid, stearic acid, oleic acid, and linoleic acid were detected in samples.
The contents of these FFAs from the same sample in different periods of storage were
significantly different (p < 0.05, p < 0.01, and p < 0.001, respectively). The contents of FFAs
noticeably increased with the prolongation of storage time, and the contents of ΣSFFAs
were markedly higher than those of ΣUFFAs. The contents of a single FFA and total FFAs
in BHTV reached the maximum values after 90 or 120 days of storage, and then decreased
slightly. The contents of a single FFA and total FFAs in other samples basically reached
the peak after 150 days of storage, due to the continuous accumulation of FFAs with the
oxidation and hydrolysis of lipids.
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As presented in Table 3, the contents of a single FFA and total FFAs in different samples
significantly varied (p < 0.05, p < 0.01, and p < 0.001, respectively) at the same storage time.
The ΣUFFAs, ΣSFFAs, and total content of FFAs in control 2 were the highest among all the
samples, especially the total content of FFAs (218.45 and 227.53 mg/100 g) was markedly
higher than that of other samples after 120 and 150 days of storage. Meanwhile, the total
content of FFAs in BHTV, TBHQV, and PEPV was lower than that of control 1 after 150 days
of storage. These results demonstrated that antioxidants and vacuum-filling nitrogen
packaging had inhibitory effects on the lipid oxidation in deep fried Gryllus bimaculatus.
The total content of FFAs in BHTV was the lowest among samples treated with antioxidant,
suggesting that the effect of BHT on lipid oxidation in deep fried Gryllus bimaculatus was
more noticeable than that of other antioxidants.

3.4. PV of Deep Fried Samples

The PV was used to measure the primary lipid-oxidation products, especially hy-
droperoxides [28], which could be further decomposed into low-molecular-weight sub-
stances, such as aldehydes, ketones, and acids. The level of lipid oxidation can be judged
from PV. Figure 1 shows that the PVs of all samples increased during storage, and the PVs
of different samples in the same period were significantly different (p < 0.001). The PV of
control 2 was the highest in each storage time point. The PVs of control 1 and control 2
were markedly higher than those of other samples after 150 days of storage (35.79 and
40.05 mg/100 g, respectively). Among samples that were treated with antioxidants, the
PVs of BHTV and TBHQV were lower than those of other samples, which could be corre-
sponded to the results of analysis of FFAs, indicating that the methods of using antioxidants
and vacuum-filling nitrogen packaging could inhibit the oxidation of lipids, in which the
effects of BHT and TBHQ were more noticeable.

Figure 1. Changes in peroxide values (PVs) of deep fried Gryllus bimaculatus. BHTV = 0.2%
BHT + vacuum-filling nitrogen packaging; ETV = 0.5% ET + vacuum-filling nitrogen packaging;
PEPV = 0.5% PEP + vacuum-filling nitrogen packaging; TBHQV = 0.2% TBHQ + vacuum-filling
nitrogen packaging; control 1 = no antioxidants + vacuum-filling nitrogen packaging; control 2 = no
antioxidant + non vacuum sealed packaging; different lowercase letters on the column chart showed
significant differences in the same storage time (p < 0.001).
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3.5. TBARs of Deep Fried Samples

TBARs is an important indicator of oxidation of fatty acids during storage and pro-
cessing, which could be characterized with the content of malondialdehyde (MDA) [29].
MDA is one of the main end-products of lipid oxidation. A continuous increase in TBARs
values of all samples was observed during storage (Figure 2), and the differences in TBARs
values of different samples at the same storage time were statistically significant (p < 0.001),
in which the TBARs values of control 1 and control 2 were higher than those of other sam-
ples, especially the differences in TBARs values of control 2 and other samples increased
gradually with the extension of storage time. After 150 days of storage, the TBARs value of
control 2 was notably higher than that of other samples. In samples treated with antioxi-
dants, the TBARs values of BHTV and TBHQV were low after 90 days of storage, and the
TBARs values of BHTV, ETV, and PEPV were approximately lower than those of TBHQV
after 150 days of storage. The results indicated that the methods of using antioxidants and
vacuum-filling nitrogen packaging could be advantageous for controlling lipid oxidation
in deep fried Gryllus bimaculatus. Among antioxidants used in the present study, BHT, ET,
and PEP were more appropriate for reducing TBARs value.

Figure 2. Changes in thiobarbituric acid reactive substances (TBARs) values of deep fried Gryllus
bimaculatus. BHTV = 0.2% BHT + vacuum-filling nitrogen packaging; ETV = 0.5% ET + vacuum-filling
nitrogen packaging; PEPV = 0.5% PEP + vacuum-filling nitrogen packaging; TBHQV = 0.2% TBHQ +
vacuum-filling nitrogen packaging; control 1 = no antioxidants + vacuum-filling nitrogen packaging;
control 2 = no antioxidant + non vacuum sealed packaging; different lowercase letters on the column
chart showed significant differences in the same storage time (p < 0.001).

4. Discussion

Cooking and processing methods have a great influence on the composition of fatty
acids in the products. In the frying process, the composition of fatty acids in the deep
fried products may greatly change compared with the raw materials due to absorbing a
large amount of frying oil. Weber et al. [29] and Garcia-Arias et al. [30] analyzed fatty
acids of silver catfish and sardine fillets processed by different methods, and found that the
composition of fatty acids in samples processed by frying and baking did not significantly
vary, while the ratio of UFAs to SFAs in deep fried fish slices significantly increased as a
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result of the high contents of unsaturated fats in soybean oil used for frying. Palm oil is
widely used in the fried food industry and the fried cricket enterprises due to its stability
in the frying process, which is not easy to be hydrolyzed and oxidized, and can make the
fried products have a good taste, as well as the price of palm oil is relatively cheap. As a
result of its stability, palm oil has little impact on the quality of fried food, but the fatty
acid composition of the fried food may change in different levels due to the adsorption of
products to palm oil. In this study, fried crickets may adsorb about 17% of palm oil, therefor,
the data from the analysis of composition of fatty acids in deep fried Gryllus bimaculatus
were consistent with previously reported results, in which the composition of fatty acids
in processed samples significantly differed from that of raw materials, and the contents of
palmitic acid and oleic acid increased, while the contents of stearic acid and linoleic acid
decreased, as the palm oil used for frying crickets has high contents of palmitic acid and
oleic acid and low contents of stearic acid and linoleic acid.

During the processing and storage of animal products, the oxidation and hydrolysis of
lipid occur easily under the action of lipase and oxygen. The stability of various fatty acids
is different, and polyunsaturated fatty acids are more susceptible to oxidation, followed by
monounsaturated fatty acids, while SFAs are the most stable type [31]. In the present study,
the decline of ΣUAFs and the increase of ΣSFAs in deep fried cricks during storage were
observed, and the analysis of FFAs showed that the contents of ΣSFFAs were higher than
those of ΣUFFAs. These results also proved that UFAs in deep fried crickets were unstable
and prone to oxidation.

As a result of lipid oxidation, UFAs containing double bonds with very unstable
properties is hydrolyzed to hydroperoxides [32]. The peroxides accumulate gradually
when the generation of peroxides is greater than their decomposition, resulting in the
increase of PV. Therefore, TBARs value also increases gradually. The results of the current
study showed that PV and TBARs values of deep fried crickets increased during 150 days of
storage, which are consistent with the results of previous studies on beef [33], chicken [34],
pork [35], and fish [28], indicating that the oxidation of fatty acids in deep fried crickets is
similar to other meat, and is consistent with the variations of fatty acids and FFAs.

Compared with other meat products, such as pork [32], beef [33], and goose [22], edible
insects have higher contents of UFAs, leading to lipid oxidation easily. Although there
are relatively few studies on fatty acid oxidation of edible insects during processing and
storage, a number of relevant researches have been conducted. For instance, Kinyuru [36]
studied the composition of fatty acids in deep fried termites and long-horned grasshoppers,
and it was revealed that the proportion of SFAs increased, whereas the proportion of UFAs
significantly decreased during frying, indicating the occurrence of lipid oxidation and
degradation. The temperature of processing has a significant effect on the composition of
fatty acids of crickets, and the contents of polyunsaturated fatty acids in Acheta domesticus
decreased from 45% to 30%, while the contents of monounsaturated fatty acids increased
from 21% to 39% under freeze-drying and heat-drying respectively [37]; for black crickets,
the content of palmitic acid in the sample dried at 120 ◦C was markedly higher than that of
freeze-drying, while the contents of linoleic acid and linolenic acid were significantly lower
than those of freeze-drying [38]. Kim et al. [39] and Ssepuuya et al. [40] analyzed the effects
of storage conditions on lipid oxidation of edible insects, although there was no significant
difference in the contents of main fatty acids of Gryllus bimaculatus powder after storage at
40 ◦C for six months, the indicator of lipid oxidation such as acid value varied significantly;
vacuum packaging and refrigeration could inhibit the lipid oxidation of fried grasshoppers
and prolong the shelf-life to 22 weeks, in which the PV of the product was <21.50 mEq
O2/kg, and the TBARs was <0.079 mg MDA/kg 40]. These studies demonstrated that
different degrees of lipid oxidation and decomposition may occur in edible insects during
processing and storage, which are similar to other animal foods. Lipid oxidation is an
important factor, influencing the quality and shelf-life of animal foods.

Antioxidants inhibit the oxidation of lipids by scavenging the peroxide reaction matrix,
complexing metal ions, reducing the concentration of active oxygen and blocking the
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dehydrogenation of fatty acids [41,42]. Synthetic antioxidants commonly used in meat
processing include dibutyl hydroxyl toluene (BHT), tert-butylhydroquinone (TBHQ), and
butyl hydroxyanisole (BHA), which have good antioxidant effects and can delay lipid
oxidation by eliminating free radicals and chelating metal ions to increase the shelf life of
meat products [43]. Natural antioxidants are increasingly used in meat products due to
they are safer than chemically synthesized antioxidants, in which rosemary extract is more
widely used [44,45]. The strong antioxidant activity of rosemary is related to substances
such as carnosic acid, carnosol, diterpenes and rosemary diphenols [46], which slow down
the oxidation process by combining with hydroxyl radicals and peroxides to form stable
quinones [47,48] and chelating metal ions [49]. Plant polyphenols have been proven to have
a good inhibitory effect on lipid oxidation in meat products [50], and Phyllanthus emblica
polyphenols have activities such as scavenging free radicals and anti-lipid oxidation [51].
Therefore, two chemically synthesized antioxidants, including BHT and TBHQ, and two
natural antioxidants, including oil-soluble rosemary extract (ET) and Phyllanthus emblica
polyphenols (PEP), were used for the investigation in this study. The analysis results of free
fatty acids content and PV value show that the antioxidant effects of BHT and TBHQ are
better than that of ET and PEP, while the antioxidant effects of BHT, ET, and PEP are better
than that of TBHQ in the analysis results of TBARs, in which the most effective antioxidant
is BHT. Although some studies have reported that the antioxidant effects of some natural
antioxidants in meat products are equivalent to BHT [52], and even better than BHT [53],
the antioxidant effects of chemically synthesized antioxidants are significantly better than
that of natural antioxidants in this study. The difference between the results of this study
and the literatures may be related to different processing methods. The processing method
in this study is high-temperature frying. At high temperatures, natural antioxidants are
more unstable and easier to decompose. Therefore, chemical synthesis of antioxidants has
greater advantages in the processing of fried food. In this study, only single antioxidants
were carried out, and the combination of different antioxidants may have better effects,
which can be further studied.

5. Conclusions

In order to study and inhibit lipid oxidation in deep fried Gryllus bimaculatus, four
antioxidants were added to the palm oil used for deep frying, and the non-vacuum sealed
packaging and vacuum-filling nitrogen packaging methods were used. Besides, the compo-
sition of fatty acids, contents of FFAs, PV, and TBARs value of samples that were treated
with different methods during 150 days of storage were analyzed. The results showed
that the contents of UFAs decreased, while the contents of SFAs increased. Meanwhile,
the total content of FFAs, PV, and TBARs value increased during 150 days of storage,
indicating that the lipid oxidation dominated by oxidation of UFAs could occur in deep
fried Gryllus bimaculatus during storage. Additionally, at the same storage time, there were
significant differences in the contents of UFAs and SFAs, as well as the total content of
FFAs, PV, and TBARs value of samples treated with different methods. The total content
of FFAs, PV, and TBARs value of samples treated with antioxidants and vacuum-filling
nitrogen packaging were lower than those of the control, suggesting that antioxidants
and vacuum-filling nitrogen packaging could significantly inhibit the lipid oxidation in
deep fried Gryllus bimaculatus, which is an effective method to improve the quality and
shelf-life of deep fried crickets, and BHT was found as the most effective antioxidant in the
present study.
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Abstract: Insects represent a sustainable, protein-rich food source widely consumed in Asia, Africa,
and South America. Eating Clanis bilineata tsingtauica Mell is common in the eastern part of China.
A comparative characterization of nutrients in the meat and epidermis of C. bilineata tsingtauica
was performed in this study. The results showed this insect to be high in nutrients, particularly
in the epidermis where protein total was 71.82%. Sixteen different amino acids were quantified in
C. bilineata tsingtauica, and the ratio of essential to nonessential amino acids in the epidermis and meat
was 68.14% and 59.27%, respectively. The amino acid composition of C. bilineata tsingtauica is balanced,
representing a high-quality protein source. Eight minerals were quantified in C. bilineata tsingtauica,
including four macro and four trace elements. Fe in the epidermis and Zn in the meat were abundant
at 163.82 and 299.31 μg/g DW, respectively. The presence of phytic acid impacted the absorption of
mineral elements in food. We also detected phytic acid in C. bilineata tsingtauica. The molar ratio of
phytic acid to zinc (PA/Zn) in C. bilineata tsingtauica was very low (3.28) compared to Glycine max
and Cryptotympana atrata, which indicated that mineral utilization was high. In conclusion, this study
confirms that C. bilineata tsingtauica is a highly nutritious food source for human consumption, and
the results provide a basis for further consumption and industrialization of this edible insect.

Keywords: Clanis bilineata tsingtauica Mell; edible insects; nutritional composition; phytic acid

1. Introduction

As the world population continues to increase, food shortage has become a serious
global problem [1]. The possibility of using edible insects as food and feed was suggested
in 1975 as a route to easing global food shortages [2,3] and has also been addressed by
the Food and Agricultural Organization (FAO) [4,5]. Although insects are the largest and
most diverse group of organisms on Earth, their implementation as a food source has
not been fully utilized [6,7]. Over one million species of named insects are estimated
to exist worldwide, and approximately 1900–2000 species are edible [8–10]. Humans
primarily consume arthropods from one of the following five orders: Isoptera, Orthoptera,
Coleoptera, Hymenoptera, and Lepidoptera [11–13]. Numerous studies have shown that
these insects are of high nutritional value and contain considerable amounts of protein
(20% to 76% of dry matter), amino acids, vitamins, and minerals [10,14–20]. Nutritional

Foods 2021, 10, 2895. https://doi.org/10.3390/foods10122895 https://www.mdpi.com/journal/foods
143



Foods 2021, 10, 2895

values are highly variable, however, because of the wide range of edible species and the
variation in developmental stages and feeding substrates [3,17,21–23].

Clanis bilineata tsingtauica Mell, 1922, (Insecta: Lepidoptera: Sphingidae) is an important
pest of Glycine max (Linn.) Merr. The history of C. bilineata tsingtauica as a food source dates
back to the Chinese Qing Dynasty about two hundred years ago [24–26]. The consumption of
the fifth instar larvae of C. bilineata tsingtauica is common in many regions of China, especially
in the Jiangsu, Shandong, and Henan provinces [27], and Lianyungang (Jiangsu province) is
a major production center. The production of C. bilineata tsingtauica in G. max amounted to
approximately 3 × 104 t/year, with an output value of nearly RMB 4.5 billion. Since the annual
demand for larvae is about 10 × 104 t/year, production has failed to satisfy consumption
needs [28]. Recently, farmers in Jiangsu, Shandong, and Henan have begun growing G. max as
a C. bilineata tsingtauica food source to meet consumer demand.

Many consumers believe that C. bilineata tsingtauica is rich in nutrients, primarily
because it feeds on nutrient-dense G. max leaves. Tian et al. reported that the crude protein
content of whole larvae was 65.5%, essential amino acids accounted for 52.84% of total
amino acids, and the content of unsaturated fatty acids was as high as 64.17% [29]. It is
important to mention that different regions of China exhibit different ways of preparing and
eating C. bilineata tsingtauica. For example, the processing method in Lianyungang involves
removing the larval head, squeezing the body with a round wooden stick to retain the
internal meat, discarding the external epidermis, and then processing the remaining body
parts into a delicious soup. However, in Xuzhou (Jiangsu Province), the intact larvae with
skin are chopped and fried for consumption, whereas the larvae are consumed after grilling
in Shandong [27]. The variation in preparation methods indicates that a comprehensive
analysis of C. bilineata tsingtauica is warranted.

In humans, the scarcity of mineral elements such as iron and zinc has been a difficult
problem to solve [30,31]. The bioavailability of minerals in plants and plant products is
inhibited by phytic acid [32–34], a derivative of inositol with six phosphate groups [35,36].
Phytic acid (PA) negatively impacts the absorption of zinc and iron in compound diets [37–40];
however, there are relatively few studies on the presence of PA in edible insects that feed on
plants [41,42]. In this study, we focused on the preparation of C. bilineata tsingtauica using
protocols typical in Lianyungang. Changes in protein and amino acid contents in the meat
and epidermis of C. bilineata tsingtauica were determined, along with analysis of minerals and
phytic acid. At the same time, compared with G. max and Cryptotympana atrata, (recorded in
the Pharmacopoeia of the People’s Republic of China and the Taiwan Herbal Pharmacopoeia
to have medicinal value), the results of this study provide a scientific basis and reference for the
nutritional value, processing methods, and further industrialization of C. bilineata tsingtauica.

2. Materials and Methods

2.1. Collection and Preparation of Materials

The fifth instar larvae of C. bilineata tsingtauica reared on G. max leaves were obtained
from the Dongming Yellow River Beach Ecological Agriculture Co. Ltd. in Heze, Shandong
Province, China (35◦14′ N, 115◦26′ E). The internal meat of the larvae was removed with
round wooden sticks to separate the inner material and organs from the epidermis (skin).
The meat included all insect tissues except the epidermis. Larval parts were then frozen at
−70 ◦C and transferred to a drying oven (Hangzhou Lantian Instrument Co., Ltd., Zhejiang,
China) at 65 ◦C for 24 h. Body parts were then macerated with a stainless steel grinder
(FW-100, Zhejiang, China) fitted with a 100-mesh sieve, and stored in brown, wide-mouth
bottles until needed.

G. max leaves were collected from the same field as C. bilineata tsingtauica. A rice huller
(OHYA-25, OHYA Corporation, Tokyo, Japan) was used to remove G. max hulls, and seeds
were then pulverized into powder with a stainless steel grinder (FW-100, Zhejiang, China).
For comparison, cicada, Cryptotympana atrata, was obtained from the Dongming Yellow
River Beach Ecological Agriculture Co., Ltd. (Shandong, China), and the grinding and
storage processes were identical to that of C. bilineata tsingtauica.
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2.2. Determination of Protein Content

Crude protein was determined by the Kjeldahl method using an automated Kjeldahl
System (Buchi, Flawil, Switzerland). The protein in each sample was disintegrated by
catalytic heating, which released ammonia that subsequently reacted with sulfuric acid
to produce ammonium sulfate [43]. Ammonia was freed, gasified by alkaline distillation,
absorbed with boric acid, and further titrated with sulfuric acid [42]. Nitrogen content was
calculated as described previously, and protein content was calculated by multiplying the
result by a conversion factor of 6.25 [43,44].

The contents of albumin, globulin, glutelin, and prolamin were determined as de-
scribed by Ju et al. [45]. In brief, the sample was first defatted with hexane and then
subjected to protein extraction. The above protein was extracted with distilled water,
50 g/L NaCl, 0.02 mol/L NaOH, and 700 mL/L ethanol in sequence [46].

2.3. Determination of Amino Acid Content

AccQ·Tag high-performance liquid chromatography (HPLC) was used to measure
amino acid content, and all HPLC analyses were performed on a Waters 2695 HPLC system
(Waters Corporation, Milford, MA, USA). About 0.10 g of the powder sample was weighed
into a 10 mL glass bottle; then 5.00 mL of 6 mol/L HCl was added and the mixture was
well-shaken and sealed. After the bottle was placed in an oven at 110 ◦C for 24 h, the
samples were run through filters for quantification and the volume was adjusted to 50 mL.
The filtrate (2.00 mL) was transferred into a cuvette, and low-pressure evaporation was
used to remove HCl in a vacuum freeze drier (Labconco Corporation, Kansas, MO, USA).
The concentrate thus obtained was dissolved in 2.00 mL of pure water, and the solution
was filtrated with a 0.45 μm membrane filter. Then, 10 μL of filtrate, 70 μL of AccQ·Fluor
buffer, and 20 μL of derivatizing agent (Waters Corporation, Milford, MA, USA) were
transferred successively into the derivatization tube, and the mixture was warmed at
55 ◦C for 10 min in an oven (Hangzhou Lantian Instrument Co., Ltd., Zhejiang, China).
Finally, amino acid content was determined by high-performance liquid chromatography
(Waters 2695 HPLC separation unit, 2487 UV detector, Waters Co., Milford, MA, USA, and
Empower management system, X&Y Solutions, Inc., Boston, MA, USA). The AccQ·Tag
reversed-phase analysis column was 3.9 mm × 150 mm; mobile phase A was sodium
acetate (140 mmol/L)-ethylamine (17 mmol/L, pH 4.95, adjusted with phosphoric acid);
mobile phase B was acetonitrile; and mobile phase C was pure water. Flow velocity was
1.00 mL/min; column temperature was 37 ◦C; UV detector wavelength was 248 nm; sample
volume was 10 μL. The standards of 17 amino acid components were provided by Waters
Co. Ltd. (Milford, MA, USA), except for tryptophan (Trp) [44].

A Waters 2695 HPLC detection system was used to determine the quantity of seven
essential amino acids, including threonine (Thr), valine (Val), methionine (Met), isoleucine
(Ile), leucine (Leu), phenylalanine (Phe), and lysine (Lys), but not tryptophan (Trp). The
content of the following nine nonessential amino acids was also determined: aspartic acid
(Asp), serine (Ser), glutamic acid (Glu), glycine (Gly), alanine (Ala), arginine (Arg), proline
(Pro), histidine (His) tyrosine (Tyr), and cysteine (Cys) [44].

The following equations were used for evaluating amino acids:

Amino acid score (AAS) =
mg o f amino acid in test protein
mg o f amino acid in FAO model

Chemical score (CS) =
mg o f amino acid in test protein

mg o f amino acid in eggs

Essential amino acid index (EAAI) = n

√
Lyst

Lyss × 100 × Trpt

Trps × 100 × · · · × Thrt

Thrs × 100

where n is the total number of essential amino acids, t is the amino acid content of the
sample, and s is the amino acid content of the egg.
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2.4. Determination of Mineral Content

Inductively coupled plasma–atomic emission spectroscopy (ICP-AES, ICAP 6300,
Thermo, Waltham, MA, USA) was used for rapid and precise determinations of macro and
trace mineral content in the samples. Briefly, pulverized samples (0.50 g) were weighed
and combined with ultrapure-grade HNO3 (5.00 mL) and H2O2 (2.00 mL). A microwave
digester (CEM MARS 5, Matthews, NC, USA) and the easy prep microwave digestion
program were used to digest the samples [47]. After complete digestion, the mixed sample
was cooled at room temperature and increased to a final volume of 20 mL with ultrapure
water. Then, macro elements (Ca, K, Mg, and P) and trace elements (Cu, Fe, Mn, and Zn)
were determined using ICP-AES. The optimal instrumental conditions were maintained at
15 L/min for the stable plasma gas flow rate. The auxiliary and the nebulizer gas flow rate
were kept at 0.2 and 0.8 L/min, respectively. The sample flow rate was 1.5 mL/min, and
the power was 1500 W.

2.5. Determination of Phytic Acid Content

Pulverized samples (0.25 g) were weighed and combined with a 0.7% HCl solution
(5.00 mL). This mixture was incubated in a constant-temperature oscillator at 25 ◦C and
150 rpm for 1 h. After centrifugation at 4000 rpm for 15 min at 4 ◦C, supernatants were
collected. Supernatants (0.60 mL) were combined with 2.40 mL of deionized water and
0.50 mL of FeCl3 (0.1%, w/v); the mixture was shaken and then centrifuged at 3400 rpm
for 10 min. The absorbance of supernatants was measured with a spectrophotometer
(UV-1601 UV-VIS Spectrophotometer, Shimadzu Corporation, Tokyo, Japan) at 500 nm, and
the amount of phytic acid was calculated using a phytic acid standard curve [44].

2.6. Statistical Analyses

Results are shown as means ± standard deviation (SD). Analysis of C. bilineata tsing-
tauica was compared with G. max and C. atrata. Data were stored in Microsoft Excel (2013)
and analyzed with SPSS v. 16.0 statistical software.

3. Results

3.1. Classification and Determination of Total Protein

The total protein content of C. bilineata tsingtauica was higher than G. max, and more
abundant in the larval epidermis (71.82%) than in the meat (64.24%) (Table 1). Four proteins,
including albumin, globulin, glutelin, and prolamin, were identified in C. bilineata tsing-
tauica, and had different concentrations in the larval meat and epidermis. For example,
glutelin was the predominant protein (meat, 34.35%; epidermis, 34.23%) and globulin was
the least abundant (meat, 5.13%; epidermis, 3.70%). Prolamin content in the C. bilineata
tsingtauica epidermis (11.67%) was double that found in the meat (5.27%). Interestingly, pro-
lamin levels in the C. bilineata tsingtauica epidermis and C. atrata (11.02%) were eight-fold
greater than levels in G. max (1.28%) (Table 1).

Table 1. The protein content (% dry weight) in Clanis bilineata tsingtauica, Glycine max, and Cryptotym-
pana atrata.

Clanis bilineata
tsingtauica

Meat

Clanis bilineata
tsingtauica
Epidermis

Glycine max
(CK1)

Cryptotympana
atrata (CK2)

Albumin 19.50 ± 2.40 22.25 ± 8.56 33.55 ± 2.05 12.75 ± 4.03
Globulin 5.27 ± 1.20 3.70 ± 0.57 4.56 ± 0.30 3.53 ± 0.39
Glutelin 34.35 ± 4.43 34.23 ± 3.49 8.17 ± 0.52 39.07 ± 3.20
Prolamin 5.13 ± 0.98 11.67 ± 1.32 1.28 ± 0.35 11.02 ± 2.01

Total protein 64.25 ± 0.21 71.85 ± 3.18 47.55 ± 1.63 66.35 ± 4.74
Note: Data are expressed as means ± SD (standard deviation).
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3.2. Essential and Nonessential Amino Acid Content

Sixteen amino acids were analyzed in C. bilineata tsingtauica, including seven essential
amino acids (EAA) and nine nonessential amino acids (NEAA). Trp was not measured (an
alkaline hydrolysis method is needed), and Cys could not be determined due to analytical
methods and not necessarily because it was absent. The total amino acid content (TAA) of
the C. bilineata tsingtauica meat and epidermis was 455.62 and 710.07 mg/g DW, respectively.
Both EAA and NEAA were higher in the larval epidermis than in the meat (Table 2). In the
epidermis, the EAA and NEAA contents were 287.75 and 422.33 mg/g DW, respectively.
Furthermore, the EAA/NEAA ratio (meat, 59.27%; epidermis, 68.14%) and EAA/TAA
ratio (meat, 37.18%; epidermis, 40.51%) were higher in the epidermis than in the meat.
Among the seven EAAs, Leu content was the highest in the C. bilineata tsingtauica meat
(40.81 mg/g DW), Lys was highest in the epidermis (59.05 mg/g DW), and the Met content
was the lowest of the four EAAs in both the meat and epidermis. Among the nine NEAAs,
the Glu content was highest in the C. bilineata tsingtauica meat (78.40 mg/g DW) and
epidermis (99.21 mg/g DW), and the Pro content was the lowest (meat, 3.60; epidermis,
3.69 mg/g DW). All 16 amino acids exhibited a higher content in the epidermis than in the
C. bilineata tsingtauica meat. The TAA, EAA, and NEAA contents in the four food sources
were ranked from high to low as follows: G. max, C. bilineata tsingtauica epidermis, C. atrata,
and C. bilineata tsingtauica meat. The contents of Thr, Met, Ile, Leu, Lys, Glu, and Arg in the
epidermis of C. bilineata tsingtauica were higher than in G. max and C. atrata; but the Phe
content of G. max (107.26 mg/g DW) was over four-fold higher than that of the C. bilineata
tsingtauica meat (24.81 mg/g DW), and more than twice that of the C. bilineata tsingtauica
epidermis (40.64 mg/g DW) (Table 2).

The amino acid score (AAS), chemical score (CS), and essential amino acid index
(EAAI) are important indicators to further evaluate the quality of amino acids. With respect
to EAAs, our results showed the AAS of Met in C. bilineata tsingtauica was the lowest (meat,
0.27; epidermis, 0.54), which defined the first limiting amino acid (Table 3). The highest
AAS score was that of the aromatic amino acids (Phe + Tyr) in the meat and epidermis
of C. bilineata tsingtauica, where values were 0.72 (meat) and 1.33 (epidermis). The content
of Ile, Lys, Phe + Tyr, and Thr in the epidermis of C. bilineata tsingtauica exceeded the amino
acid content in the FAO standard, and the content of total essential amino acids was higher
in the epidermis of C. bilineata tsingtauica compared to the FAO standard. Furthermore, the
AAS and CS of essential amino acids in the epidermis of C. bilineata tsingtauica were higher
than those in the meat (Table 3). C. bilineata tsingtauica possessed an excellent amino acid
index of 87.67 in the meat and 94.91 in the epidermis (Figure 1). The overall EAAI was
slightly lower for C. bilineata tsingtauica compared to G. max.

Table 2. Amino acid content in C. bilineata tsingtauica, Glycine max, and Cryptotympana atrata
(mg/g DW).

Clanis bilineata
tsingtauica

Meat

Clanis bilineata
tsingtauica
Epidermis

Glycine max
(CK1)

Cryptotympana
atrata (CK2)

Thr * 23.35 ± 4.34 44.22 ± 2.81 42.37 ± 5.59 29.95 ± 1.51
Val * 22.85 ± 1.00 33.17 ± 4.12 37.85 ± 4.91 25.05 ± 1.78
Met * 9.49 ± 1.22 18.81 ± 1.21 10.40 ± 1.09 6.73 ± 0.74
Ile * 21.02 ± 1.71 40.79 ± 2.08 36.74 ± 4.41 29.73 ± 2.76

Leu * 40.81 ± 2.55 50.89 ± 6.54 41.23 ± 6.50 39.67 ± 2.67
Phe * 24.81 ± 3.10 40.64 ± 3.21 107.26 ± 6.93 34.65 ± 1.76
Lys * 26.91 ± 1.82 59.05 ± 2.38 48.73 ± 14.81 42.03 ± 1.51
Trp * - - - -
Asp 45.49 ± 7.47 66.59 ± 2.47 69.51 ± 7.28 64.38 ± 2.86
Ser 24.53 ± 4.26 35.12 ± 3.02 40.15 ± 1.53 31.56 ± 2.89
Glu 78.40 ± 2.18 99.21 ± 2.04 93.21 ± 4.42 97.59 ± 1.44
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Table 2. Cont.

Clanis bilineata
tsingtauica

Meat

Clanis bilineata
tsingtauica
Epidermis

Glycine max
(CK1)

Cryptotympana
atrata (CK2)

Gly 28.43 ± 1.84 42.37 ± 3.56 48.97 ± 2.99 30.74 ± 2.65
Ala 35.52 ± 3.28 47.76 ± 2.98 52.52 ± 4.02 28.34 ± 2.58
Tyr 18.38 ± 0.78 39.11 ± 3.04 58.96 ± 2.26 24.50 ± 2.69
Arg 30.92 ± 3.08 54.82 ± 4.94 40.30 ± 1.54 48.68 ± 0.52
Pro 3.60 ± 0.48 3.69 ± 0.11 6.28 ± 0.39 3.79 ± 0.45
His 21.13 ± 1.25 33.68 ± 2.24 39.60 ± 4.16 21.29 ± 3.14
Cys - - - -
EAA 169.23 ± 1.97 287.75 ± 15.49 324.56 ± 3.43 207.72 ± 7.87

NEAA 286.39 ± 20.95 422.33 ± 1.22 449.48 ± 16.70 350.84 ± 7.29
TAA 455.62 ± 22.92 710.07 ± 14.27 774.04 ± 20.13 558.55 ± 15.16

EAA/NEAA (%) 59.23 ± 3.64 68.14 ± 3.86 72.24 ± 1.92 59.20 ± 1.01
EAA/TAA (%) 37.18 ± 1.44 40.51 ± 1.37 41.94 ± 0.65 37.19 ± 0.40

Abbreviations: * essential amino acids (EAAs); -, not determined; EAA/NEAA, ratio of EAA and nonessential
amino acids; EAA/TAA, ratio of EAA and total amino acids (TAA). Data are expressed as means ± SD.

Table 3. Comparison of the amino acid score and chemical score in Clanis bilineata tsingtauica with
other sources.

Content (mg/g DW) AAS CS

FAO * Eggs * Meat Epidermis Meat Epidermis Meat Epidermis

Ile 40 52.4 21.02 40.99 0.53 1.02 0.40 0.78
Leu 70 84.1 40.81 50.89 0.58 0.73 0.49 0.61
Lys 55 64.9 26.91 59.05 0.49 1.07 0.41 0.91
Met 35 62.7 9.49 18.81 0.27 0.54 0.15 0.30

Phe + Tyr 60 95.5 43.19 79.75 0.72 1.33 0.45 0.84
Thr 40 53.9 23.35 44.22 0.58 1.11 0.43 0.82
Trp 10 16.2 - - - - - -
Val 50 57.6 22.85 33.17 0.46 0.66 0.40 0.58

TAA 360 487.3 217.94 362.60 - - - -
Note: * amino acid content as reported by Qiao et al. [48]; -, not determined. Abbreviations: AAS, amino acid
score; CS, chemical score; FAO, Food and Agricultural Organization; TAA, total amino acids.

3.3. Determination of Mineral Content

The contents of four macro elements (calcium, potassium, magnesium, and phos-
phorus) and four trace elements (copper, iron, manganese, and zinc) were determined
in C. bilineata tsingtauica (Table 4). Among the macro elements, Ca content was the highest
in the meat (0.57 mg/g DW) and epidermis (0.73 mg/g DW), whereas Mg was the lowest
(meat, 13.92; epidermis, 11.24 mg/g DW). As for trace elements in the C. bilineata tsingtauica
meat, Cu content was the lowest (6.79 μg/g DW) and Zn was the highest (299.31 μg/g
DW), whereas Mn was the lowest (11.04 μg/g DW) and Fe was the highest (163.82 μg/g
DW) in the epidermis. The K, Mg, P, and Zn concentrations were higher in the C. bilineata
tsingtauica meat than in the epidermis; however, the Ca, Cu, Fe, and Mn concentrations
were higher in the epidermis than in the meat. Notable differences in the mineral content
of C. bilineata tsingtauica and G. max included Fe in the epidermis and Zn content in the
meat, which were about two- and six-fold higher than G. max, respectively (Table 4).
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Figure 1. The essential amino acid index (EAAI) in Clanis bilineata tsingtauica, Glycine max, and
Cryptotympana atrata.

Table 4. Mineral element content in Clanis bilineata tsingtauica, Glycine max, and Cryptotympana
atrata (DW).

Clanis bilineata
tsingtauica

Meat

Clanis bilineata
tsingtauica
Epidermis

Glycine max
(CK1)

Cryptotympana
atrata (CK2)

Ca (mg/g) * 0.57 ± 0.12 0.73 ± 0.01 0.98 ± 0.03 1.59 ± 0.15
K (mg/g) * 12.53 ± 2.08 9.52 ± 0.13 13.56 ± 1.02 5.45 ± 0.16

Mg (mg/g) * 13.92 ± 2.21 11.24 ± 0.48 21.75 ± 0.49 12.09 ± 1.45
P (mg/g) * 7.91 ± 0.44 3.06 ± 0.15 5.10 ± 0.50 5.30 ± 0.24
Cu (μg/g) 6.79 ± 0.62 11.48 ± 0.29 14.00 ± 0.91 33.15 ± 0.16
Fe (μg/g) 63.05 ± 7.94 163.82 ± 4.08 87.88 ± 4.19 532.80 ± 30.92
Mn (μg/g) 10.57 ± 2.39 11.04 ± 0.02 23.37 ± 1.44 391.98 ± 13.51
Zn (μg/g) 299.31 ± 39.69 94.80 ± 20.57 44.71 ± 3.11 296.06 ± 33.54

Note: * macro element. Data are expressed as means ± SD.

3.4. Phytic Acid (PA) Content and Mineral Bioavailability

Analysis showed that PA was present in both C. bilineata tsingtauica and C. atrata, but
the concentration was lower than in G. max (Figure 2). The PA content of the C. bilineata
tsingtauica epidermis (16.47 mg/g DW) was higher than that of the meat (Figure 2). The
PA/Zn ratio in C. bilineata tsingtauica meat was 3.28, lower than the epidermis, G. max, and
C. atrata (Figure 3). The PA/Fe ratio in C. atrata was 2.95, lower than C. bilineata tsingtauica
and G. max. It is also important to note that the PA/Fe ratios in the C. bilineata tsingtauica
meat and epidermis were lower than G. max at 13.13 and 8.52, respectively (Figure 3).
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Figure 2. Phytic acid content in Clanis bilineata tsingtauica, Glycine max, and Cryptotympana
atrata (DW).

 
Figure 3. Bioavailability of Zn (A) and Fe (B) in Clanis bilineata tsingtauica, Glycine max, and Cryptotympana atrata.

4. Discussion

According to the FAO, insects are an environmentally friendly food source for the
growing world population [49]. As an edible insect, C. bilineata tsingtauica has a long
history in China and is loved by the Chinese people. In this study, we found that C. bilineata
tsingtauica is rich in protein, and the glutelin content is much higher than in G. max. Edible
insects generally have a rich protein content and supply energy for various physiological
functions [50–54]. Although many researchers have tried to substitute edible insect protein
for meat protein [55], it is important to consider the risks of food allergy following insect
ingestion [56], and possible pathogens in insects, too.
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The essential amino acid composition of C. bilineata tsingtauica is relatively balanced
and comprehensive. According to FAO standards, the ratios of EAA/NEAA and EAA/TAA
in the C. bilineata tsingtauica epidermis meet the FAO/WHO recommended values (60%
and 40%, respectively), while ratios in its meat are slightly lower [57]. Previous reports
demonstrated that other edible insects, namely Tenebrio molitor, Acheta domesticus, and
Locusta migratoria, contain seven essential amino acids, but the balance of EAAs is not
as good as in C. bilineata tsingtauica. For example, the EAA/NEAA ratios in T. molitor,
A. domesticus, and L. migratoria are only 57.32%, 55.04%, and 56.09%, respectively [58].

Minerals are essential micronutrients for animals and humans [59]. In this study, we
measured the concentrations of eight minerals in C. bilineata tsingtauica and found that
Zn is the highest in C. bilineata tsingtauica meat and Fe is highest in the epidermis. The
recommended human intake of Fe and Zn is 15 mg/day [60,61], and Zn deficiency is highly
prevalent in children and women in developing countries [62,63]. Additionally, phytic acid
acts as an anti-nutrient by binding to Fe and Zn; this prevents the absorption of minerals in
the gastrointestinal tract and decreases their bioavailability [64,65]. Phytic acid is present
in numerous edible insect species (see Table 7 in [41]), and the PA/Zn and PA/Fe molar
ratios of cereal and legumes are important considerations [66]. This study showed that the
PA/Zn and PA/Fe ratios in C. bilineata tsingtauica are lower than in G. max, indicating that
Zn, Fe, and bioavailability are higher in C. bilineata tsingtauica than in G. max. Therefore,
the consumption of C. bilineata tsingtauica can alleviate the Fe and Zn deficiency caused by
cereal- and bean-based diets in some areas [64,67], and can be used as a zinc supplement to
reduce childhood morbidity and mortality in developing countries [68,69].

In conclusion, this study evaluated the nutritional value of C. bilineata tsingtauica, a
rich source of protein and minerals. PA is present in C. bilineata tsingtauica and C. atrata, but
the ratios showed that the bioavailability of minerals in these insects is superior to G. max.
It is important to note that nutrition is distributed throughout the insect body, including
the fat body in the abdomen and beneath the epidermis [70,71]. Based on our results, we
advocate that the traditional way of eating C. bilineata tsingtauica in Lianyungang should
be changed, and recommend the consumption of the entire larvae as is common in Xuzhou
and Shandong. Future research should address the determination of toxic and beneficial
substances in C. bilineata tsingtauica, and breeding technologies need to be improved to
meet consumer demands for C. bilineata tsingtauica products.
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Abstract: Clanis bilineata tsingtauica Mell, 1922 (Lepidoptera, Sphingidae), also known as “Doudan”
in China, is an important pest in legume crops. As an edible insect, it is most commonly consumed in
Jiangsu, Shandong, and Henan Provinces. Mass rearing requires access to large numbers of eggs. This
stage, however, is of short duration and supplies are frequently not sufficient for insect production.
Therefore, we identified the cold storage conditions for C. bilineata tsingtauica that can effectively
prolong the storage time of the eggs, to make supplies more readily available. We found that when
stored at 4 ◦C, only 7.5% of the eggs hatched after 7 days, while at 10 ◦C the hatch rate was 78.3%.
At 15 ◦C, the egg hatch rate remained at this same level (77.8% even after 14–20 days). Considering
various combinations, we found that optimal egg hatch occurred if eggs were stored at 15 ◦C for
11 days, and then held at 15–20 ◦C under dark conditions. Stored as described above, the egg hatch
rate was not significantly different from the control group (at 28 ◦C). These conditions allow for easier
mass rearing of C. bilineata tsingtauica by providing a stable supply of eggs.

Keywords: Clanis bilineata tsingtauica; edible insects; cold storage; temperature; artificial breeding

1. Introduction

Due to the increase in the world’s population, the need for proteins is increasing [1].
Due to limitations in the growth of the production of livestock, alternative meat products
are of interest. In nutritional value, insects are comparable to traditional meat products
and their production offers some advantages compared to increasing livestock production.
Insects emit less greenhouse gas than vertebrate animals and the cost of insect rearing is
lower than that of keeping vertebrates [1–3]. The interest in insects as food has increased
ever since it was first suggested by Meyer-Rochow in 1975 that edible insects could ease the
problem of global food shortages and that the FAO and WHO should support the use of
insects as food and feed [3–5]. There are at least 2100 species of insects that are consumed
in various parts of the world, especially species of beetles, crickets, caterpillars, bees, and
wasps [3]. Insects may be fried, boiled, or processed as an ingredient added to flour, beer,
candy, noodles, and protein bars [6–11].

Clanis bilineata tsingtauica Mell, 1922 (Lepidoptera, Sphingidae), in contrast to most
edible insects, has a long history of consumption in China of 300 years plus [12]. C. bilineata
tsingtauica larvae are rich in proteins, amino acids, fatty acids, vitamins, and trace elements,
and they are a good source of nutrition [13–16]. C. bilineata tsingtauica is widely distributed
in China. Breeding of C. bilineata tsingtauica has become an important source of income
from agricultural activities for farmers in some areas of Jiangsu province. Currently, the
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market for C. bilineata tsingtauica products is gradually expanding, and has radiated to
Shandong province, Nanjing city, Shanghai city, Guangzhou city, and other places in China.
The annual output of C. bilineata tsingtauica through artificial breeding in the country is
3 × 104 t, with an output value of nearly 4.5 billion RMB (0.7 billion USD). However, the
annual demand for C. bilineata tsingtauica is about 10 × 104 t, and the artificial breeding
of C. bilineata tsingtauica is far from meeting people’s consumption needs [15]. Methods
of cooking C. bilineata tsingtauica larvae include deep-frying, adding larvae into soups,
cooking larvae together with vegetables, and stir frying them with chili (Figure 1).

Figure 1. A common Clanis bilineata tsingtauica dish in a restaurant in Lianyungang City, Jiangsu Province.

Clanis bilineata tsingtauica, whose larvae are also known as “Doudan (豆丹)” in China,
feed as larvae on legumes, for example soybeans, among other plants [17]. In some years,
this species can be a pest of soybeans. In nature, C. bilineata tsingtauica has 1 or 2 generations
per year in China. In Jiangsu Province, there is 1 generation per year. There are 5 instars,
and the biomass increases dramatically in the 3rd and 4th instars. [18]. The weight of a
5th instar larva is around 8.15 g, and approximately 120 larvae weigh one kilogram. It is
the 5th instar larvae that are usually sold in the market, and they are eaten in restaurants.
To meet the demand for these larvae as human food, larvae are being reared in plastic
greenhouses on soybean plants. The level of such production is expanding, and under
ideal conditions three generations can be produced each year in Jiangsu Province.

For mass production of this insect, a crucial problem is the need for a reliable supply
of high-quality eggs that can be synchronized with the production of soybean plants
under greenhouse conditions. The duration of the egg stage of C. bilineata tsingtauica
is between 3 and 5 days. Unless these eggs are held under suitable cold conditions,
losses occur when trying to match the egg supply to development of the plant hosts.
Meanwhile, due to the short duration of the egg stage, larvae may hatch during the long-
distance transportation and cause losses. Thus, cold storage is an appropriate way of
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preserving C. bilineata tsingtauica eggs when there is a lack of host plants or transportation.
Furthermore, considering the demand in the market, sometimes when supply exceeds
demand, people can also cold store C. bilineata tsingtauica eggs and sell them when the
market demand increases, which would lead to more profit.

For ectotherms, temperature is a major environmental factor that affects insect de-
velopment and growth and almost all ecological and physiological processes [19–24].
Low temperature can harm insects being stored, causing reduced vitality or slow body
metabolism [25–27]. Cold storage has been used to preserve and manipulate several
stages of various insects, including eggs and pupae of Chilo suppressalis (Walker, 1863)
(Lepidoptera, Crambidae) and eggs of Corcyra cephalonica (Stainton, 1866) (Lepidoptera,
Pyralidae) and Sitotroga cerealella (Oliver, 1789) (Lepidoptera, Geechiidae) [27,28]. The
desired temperature is one that will maintain the insects in a live and suitable stage, with
adequate viability. For example, after cold-storing Carposina sasakii (Matsumura, 1900)
(Lepidoptera, Carponisidae) eggs at 4 ◦C for 7 days, the hatch rate showed no significant
difference from the control group [29]. The goal of this study was to determine the optimal
temperature for cold storage of Clanis bilineata tsingtauica eggs to support mass-rearing
facilities producing this species for human consumption. We developed and assessed a
method of cold storage based on the use of variable storage temperatures, which we found
to effectively prolong the storage time and retain egg viability.

2. Material and Methods

2.1. Source of Insect Materials

Clanis bilineata tsingtauica eggs were supplied from Suntiao Village, Yangji Town,
Guanyun County, Jiangsu Province, China. C. bilineata tsingtauica larvae in our colony were
reared on soybean leaves in glass containers.

2.2. Storage Container

The device for storing eggs consisted of a layer of moist filter paper on the bottom of a
closed Petri dish to prevent the larvae hatched crawling away and affecting the statistics,
with approximately 30 newly laid eggs scattered in the Petri dish. The Petri dish diameter
is around 11.5 cm.

2.2.1. Storage at Fixed Temperatures

Viability after storage was assessed for 4, 10, and 15 ◦C, where 4 ◦C and 10 ◦C are
common temperatures in the cold storage of insects. Furthermore, 4 ◦C is the temperature
of household refrigerators. It will be convenient if eggs could be stored at 4 ◦C with a
high egg hatch rate and long storage time. Eggs were held at 4 and 10 ◦C for 7, 14, and
21 days in the dark all the time. The control group was held at 28 ◦C, which is the optimal
development temperature for C. bilineata tsingtauica. Each treatment was replicated 4 times,
with a replicate being one dish of 30 eggs.

Eggs were also held at 15 ◦C, which is the threshold for development [30]. Eggs held
at 15 ◦C were kept in the dark until the last larva hatched. The control group was held at
28 ◦C. Each treatment (15 ◦C) and control group (28 ◦C) was replicated 3 times.

After storage, eggs were observed daily at the same time and any hatched or dead eggs
were noted. A blackened or shriveled or empty egg indicates the death of the egg. The egg
hatch rate, mortality rate, and stage duration were then calculated. Eggs were held under
moist conditions to maintain humidity by spraying the filter paper with distilled water.
Relative humidity in the test petri dishes and the incubator were held at 60−70%. Larvae
from hatched eggs were reared at 28 ± 1 ◦C, 60−70% relative humidity, and L:D = 16:8
photoperiod, and were fed on soybean leaves in order to further observe the feeding
intake and growth status. Larvae under different treatments consumed soybean leaves and
molted regularly, as in the control group.
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2.2.2. Storage at Variable Temperatures

For this experiment, there were 5 treatments and 1 control, all with three replicates.
The control group was held in the dark at 28 ◦C. This control group is the same as the one
mentioned above when eggs were held at 15 ◦C. Before the experiment, eggs destined for
the treatment groups were held in the dark at 20 ◦C for one day. Then, eggs were placed in
the respective treatments in the dark, which were as follows:

Treatment 1: 15 ◦C for 5 days, 10 ◦C for 7 days, then put them under 28 ◦C
Treatment 2: 15 ◦C for 5 days, 10 ◦C for 7 days, then put them under 15 ◦C
Treatment 3: 15 ◦C for 10 days, 10 ◦C for 7 days, then put them under 28 ◦C
Treatment 4: 15 ◦C for 10 days, 10 ◦C for 7 days, then put them under 15 ◦C
Treatment 5: 15 ◦C for 11 days, then put them under 20 ◦C
Control: 28 ◦C all the time

Egg hatch and egg mortality were observed daily at the same time and, from these
data, we calculated the overall egg hatch and mortality rates for each treatment and the
control. Eggs were held under moist conditions to maintain humidity by spraying the filter
paper with distilled water. Relative humidity in the test Petri dishes and the incubator were
held at 60−70%. When the larvae hatched, they were also observed and reared at 28 ± 1 ◦C,
60−70% relative humidity, and L:D = 16:8 photoperiod, and were fed on soybean leaves.
Larvae under different treatments consumed soybean leaves and molted regularly, as in
the control group. The routine of the whole experiment is showed below (Figure 2).

Figure 2. The routine of the whole experiment.
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2.3. Statistical Analysis

The experimental data were analyzed by GraphPad Prism 8 and SPSS 16.0 (IBM Inc.,
New York, NY, USA). Significant differences were determined using the LSD (homogeneity
of variances) or Dunnett T3 test (non-homogeneous). The hatch rates of eggs stored at
4 ◦C and 10 ◦C were analyzed using Dunnett T3. Student’s t-test (p < 0.05) was used to
test whether the hatch rate of eggs stored at 15 ◦C was significantly different from the
control group. The hatch rates of eggs stored at variable temperatures were analyzed
using LSD. Dunnett T3 was used to analyze the storage time of eggs stored at 15 ◦C and
variable temperatures.

3. Results

3.1. Effects of Storage at Fixed Temperatures on Egg Hatch

When eggs were stored at 4 ◦C for 7 days and then placed at 28 ◦C after storage, only
7.5% (±3.4%) (mean ± SE) of the eggs hatched. When eggs were stored at 4 ◦C for 14 days
or longer, there was no hatch after storage. The hatch rate for the control group was 79.6%
(±3.3%) (mean ± SE) (Figure 3). Eggs stored at 10 ◦C for 7 days and then returned to 28 ◦C
had a hatch rate of 78.3% (±3.2%) (mean ± SE), which was not significantly different from
the control (p = 1.000). When eggs were stored at 10 ◦C for 14 or 21 days, no eggs hatched
after storage. (Figure 4). At 15 ◦C, 77.8% (±5.6%) (mean ± SE) of the eggs hatched, which
was not different from the control group (p = 0.074) (Figure 5). Meanwhile, the feeding and
growth status of the larvae from 15 ◦C were similar to the larvae from the control group.
Therefore, 15 ◦C can be used as a temperature for cold storage.

Figure 3. Difference analysis among the different treatments (4 ◦C). Bars represent the standard
error. The hatch rates of eggs stored at 4 ◦C analyzed using Dunnett T3. Different letters on the bars
indicate significant differences (F3,12 = 264.61; p < 0.05).

Figure 4. Difference analysis among the different treatments (10 ◦C). Bars represent the standard
error. The hatch rates of eggs stored at 10 ◦C were analyzed using Dunnett T3. Different letters on
the bars indicate significant differences (F3,12 = 378.74; p < 0.05).
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Figure 5. Difference analysis among the different treatments (15 ◦C). Bars represent the standard
error. Student’s t-test (p < 0.05) was used to test whether the hatch rate of eggs stored at 15 ◦C was
significant different from the control group (p = 0.074).

3.2. Effects of Storage at Variable Temperatures on Egg Hatch

Except for the fifth treatment, none of the treatments with variable combinations of
colder and warmer temperatures produced eggs with hatch rates similar to the control
(Figure 6). Only treatment 5, in which eggs were held at 15 ◦C for 11 days (just at the devel-
opmental threshold) and then brought up to 20 ◦C, had a high hatch rate (84.5% ± 4.0%)
(mean ± SE), which exhibited a remarkable difference compared to the control hatch
rate of 93.3% (±3.3%) (mean ± SE) (p = 0.216) (Figure 6). The feeding and growth status
of the larvae from treatment 5 were not significantly different from the larvae from the
control group.

Figure 6. Effect of five variable temperature regimes on the hatching rate of Clanis bilineata tsingtauica
eggs. Bars represent the standard error. The hatch rates of eggs stored at variable temperatures
were analyzed using LSD. Different letters on the bars indicate significant differences (F5,11 = 44.43;
p < 0.05).
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3.3. Storage Times under Various Temperature Regimes

Storage time of the control group (at 28 ◦C) was only 5 days until hatching occurred.
The storage times of treatments 1, 2, 3, and 4 were 15–18, 19–21, 17–19, and 18–21 days,
respectively, but all of these treatments reduced the hatch rates to under 40% (Figure 7).
The storage time of treatment 5 averaged 15.5 days but hatched similarly to the control.
For eggs held continuously at 15 ◦C, the storage time averaged 17 days (Figure 8).

Figure 7. Heat map of the storage time and hatching number of each treatment.

Figure 8. Storage times of Clanis bilineata tsingtauica eggs under different temperature regimes. Bars
represent the standard error. Dunnett T3 was used to analyze the storage time of eggs stored at 15 ◦C
and variable temperatures. Different letters on the bars indicate significant differences (F6,14 = 366.58,
p < 0.05).
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4. Discussion

Clanis bilineata tsingtauica is an edible insect with an expanding commercial market. As
the demand for this product increases, the rearing scale will have to increase. Cold storage
can be used to store C. bilineata tsingtauica eggs. We assessed various possible storage
temperatures or combinations of temperature. Use of 4 ◦C for storage was examined
because it is the temperature of household refrigerators and if suitable would be extremely
convenient. However, from eggs stored at this temperature, almost none hatched, likely
because a larva, not egg, is the overwintering stage in nature. The cold resistance of larvae
is better than that of eggs and the developmental threshold temperature of larvae is lower
than that of eggs [30]. At 10 ◦C, some larvae hatched when stored for 7 days; but, when
stored longer at this temperature, the hatching rate declined. This phenomenon may be
due to the fact that at low temperature eggs produce anti-cold biochemical substances to
improve their cold tolerance [25,26,31], and with a longer storing time, the accumulation
of cold-resistant substances reaches saturation. At this point they will consume a high
fraction of metabolic energy to adapt to the external low-temperature environment. Even
given sufficient and suitable growth conditions, they will not restore their original vitality.
At 15 ◦C, which is the normal threshold temperature for egg developmental, many eggs
hatched after a period of storage of 11 days. Combining this temperature with subsequent
storage at 10 ◦C did not improve egg hatch. In general, storage at a temperature below the
lower developmental threshold temperature lowered the hatch rate of eggs significantly. If
eggs are held at a temperature above the developmental threshold temperature (15 ◦C), the
ultimate hatching rate of the eggs is not harmed, and the storage time can be prolonged for
over 2 weeks. In the same time, the feeding and growth status of the larvae were similar
to those of the control group. This finding is of great importance to mass reproduction
systems and will allow eggs to be held until needed over a period of several weeks between
production and use. Being able to store eggs when market demand for them is low or
during the transportation can help increase profitability and make possible shipping eggs
between different regions. The storage time, however, is not long (14–20 days), and future
work on selection of eggs best adapted to longer storage should be pursued.

Alternatively, markets could use larvae rather than eggs as the stage to initiate rearing,
given that C. bilineata tsingtauica overwinters as diapausing larvae [30]. However, breaking
of the larval diapause after having received the material would take time, which would
be disadvantageous in mass-rearing operations; also, even after diapause termination, the
growth and feeding of the resulting larvae may be affected [32], or larvae may remain in
quiescence for several months [33]. In general, technology for effectively breaking diapause
in insects is not well developed. However, if methods to break diapause effectively could
be developed, it would solve a major problem limiting the mass reproduction of this insect
and likely would be valuable for the cold storage of other insects as well.
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Abstract: In this study, we investigated the effects of various defatting methods, including organic
solvent (aqueous, acetone, ethanol, and hexane) extraction and physical (cold pressure) extraction, on
the nutritional, physicochemical, and functional properties of proteins extracted from Hermetia illucens
larvae. The total essential amino acid contents were higher with cold pressure protein extraction
than other treatments. The surface hydrophobicity with cold pressure treatment was the lowest,
and there were no significant differences among the other treatments. The protein solubility after
defatting with organic solvent was higher than for other treatments. The nonreduced protein band at
50 kDa of the defatted protein prepared using organic solvent was fainter than in the cold pressure
treatment. The cold pressure-defatted protein showed the highest emulsifying capacity, and the
water extracted protein showed the lowest emulsifying capacity. Although organic solvents may be
efficient for defatting proteins extracted from insects, organic solvents have detrimental effects on
the human body. In addition, the organic solvent extraction method requires a considerable amount
of time for lipid extraction. Based on our results, using cold pressure protein extraction on edible
insect proteins is ecofriendly and economical due to the reduced degreasing time and its potential
industrial applications.

Keywords: insect protein; cold pressure; protein characteristics; functional properties

1. Introduction

Globally, the insect industry has recently been in the spotlight because of it has a very
high potential for development [1]. Insects are already being used as a substitute for meat
in many countries and insects can be used as a source of high-quality protein [2,3]. Insect-
derived protein is easier to digest and absorb because it has a lower molecular weight than
conventional meat [4]. However, the use of insects as food is limited because of the stigma
of consuming them in Western society [2,5,6]. Therefore, converting edible insects into a
powder or extract form is necessary to increase marketability and consumer acceptance [7].
Several studies have reported that powder or extract proteins derived from dried edible
insects can be added to nutritionally enhance food [2,8–10]. However, lipid oxidation
caused by 20–30 g lipid/100 g edible insects can affect the rancid odor of products [11].
Thus, a defatting process is required to remove edible insect lipids.

Organic solvents, such as ethanol, acetone, and hexane, have been used to remove
fat components [11]. Mishyna et al. [12] reported that the protein extracted from edible
insects used n-hexane as the defatting solvent to improve functional properties. Hexane
is widely used in the food industry as an extraction solvent; however, residual hexane
can be problematic. Zhao et al. [13] also defatted yellow mealworm protein using ethanol
as a solvent. However, this use of organic solvents is costly and results in environmen-
tal or health problems, owing to residual solvents [14]. Despite these harmful effects,
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organic solvent-based defatting has only minimal effects on the functional properties of
proteins [1,4]. Therefore, alternative defatting methods need to be developed.

Cold pressure extraction is an extraction method that does not require heat or chemical
treatment to obtain natural and safe products [14]. Cold pressure extraction is used to
extract or remove vegetable oil and can inhibit protein denaturation by extracting lipids at
controlled temperatures to inhibit lipid oxidation [14,15]. The use of cold pressure instead
of degreasing using organic solvents should suppress the denaturation of insect proteins
and thereby improve their functional properties.

Therefore, the objective of this study was to investigate the physicochemical properties
and rheological properties of defatted proteins from Hermetia illucens larvae. Furthermore,
we attempted to establish an ecofriendly protein extraction process for insects by defatting
using cold pressure extraction without an organic solvent.

2. Materials and Methods

2.1. Materials

Ten kilograms of frozen H. illucens at the second instar stage were obtained in triplicate
from a Real Nature Farm (Jeju, Korea). The larvae were fed on formulas of feed mixtures
obtained from bio-waste and grown in cement boxes, and starved before freezing at −20 ◦C.
Obtained frozen larvae were stored at −20 ◦C and defatting was carried out within a
week after obtained frozen larvae. Acetone, ethanol, and hexane were obtained from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).

2.2. Defatting, Processing, and Protein Extraction

All extraction processes were conducted on frozen and ground larvae. Chemical
defatting processes were performed as described by Kim et al. [16]. For defatting, ground
larvae (200 g) and a 99% organic solvent (1000 mL acetone, ethanol, or n-hexane) were
stirred for 1 h at 20 ◦C. After discarding the organic solvent that contained insect fat, the
same process was repeated five times until a clear solvent was obtained. The residual
solvent was volatilized in a fume hood for 12 h at 20 ◦C. Cold pressure (Cold press-30;
National Engineering, Goyang, Korea) was used for defatting at a feed rate of 4.18879 rad/s
with temperatures of 80, 80, and 70 ◦C for the upper, middle, and lower layers, respectively.
The oil cake thickness of cold pressure was fixed at 0.5 mm. Extracted fat components
were discarded, and the residual sample was obtained to extract protein (46.2 ◦C). For
protein extraction, 100 g defatted sample and 200 mL distilled water were homogenized
at 1047.197551 rad/s for 2 min and centrifuged at 15,000× g for 30 min. The supernatant
was filtered using a 500 μm pore-sized sieve, frozen at −20 ◦C, then freeze-dried using a
freeze-dryer (Ilshinbiobase Co., Dongducheon, Korea). A water extract group was used
as the control, and protein extraction was performed similarly to the treatment groups
but without defatting. All extracted protein powder was stored at −20 ◦C before the
experiments within a week.

2.3. Amino Acid and Essential Amino Acid Index

The amino acid composition of the protein powder extracted from larvae was deter-
mined according to Kim et al. [17]. An L-8800 amino acid analyzer (Hitachi, Tokyo, Japan;
ion-exchange resin column (4.6 mm inner diameter × 60 mm)) was used to determine the
amino acid composition. The essential amino acid index was measured by calculating the
essential amino acid index (EAAI; FAO/WHO/UNU, 1985).

2.4. Surface Hydrophobicity

The surface hydrophobicity of the defatted insect proteins was estimated using the
method of Chelh et al. [18]. Insect powder (0.5 g) was dissolved in 100 mL phosphate buffer
(0.025 M, pH 7.4, 4 ◦C), 1 mL of the sample, and 200 μL of 0.1 mg/100 mL bromophenol
blue (Bio-Rad Laboratories, Hercules, CA, USA). This was mixed and reacted at 20 ◦C for
10 min. A mixture of 100 mL phosphate buffer and 200 μL bromophenol blue was prepared
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as a blank. All reacted samples and blanks were centrifuged at 19,613.3 m/s2 for 15 min.
The absorbance of 10-fold diluted solution in phosphate buffer was estimated at 595 nm
using an Optizen 2120 UV plus UV/VIS spectrophotometer (Mecasys Co. Ltd., Daejeon,
Korea). Bromophenol blue-bound protein (μg), which can show surface hydrophobicity,
was calculated using the following formula:

Bromophenol blue bound (μg) =
absorbance of control at 595 nm − absorbance of sample at 595 nm

absorbance of control at 595 nm
× 200 μg (1)

2.5. Protein Solubility

The protein solubility of the proteins extracted from larvae was determined following
the methods of Kim et al. (2019). Briefly, freeze-dried protein from larvae was diluted
with distilled water (pH 6.86), and the concentration was adjusted to 10 mg/mL. Then, the
protein solubility of the extract was measured using Bradford reagent (Sigma-Aldrich, St.
Louis, MO, USA).

2.6. Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The molecular weight distribution of insect proteins was estimated using SDS-PAGE [19].
After adjusting the protein concentration to 1 mg/mL in sample buffer, 20 μL of solution
was poured into Mini-PROTEIN TGX Gels (Bio-Rad Laboratories, Hercules, CA, USA)
after heating at 100 ◦C for 5 min. Precision Plus Protein dual-color standards (Bio-Rad
Laboratories) were used as standard markers. After running at 80 mA, protein bands were
stained with Coomassie Brilliant Blue R 250 (Bio-Rad Laboratories). Samples were reduced
using 2-mercaptoethanol.

2.7. pH Measurements

The pH of protein extracted from defatted H. illucens larvae was measured using a
model 340 pH meter (Mettler-Toledo GmbH, Schwerzenbach, Switzerland), and pH 4, 7,
and 10 buffers (Mettler-Toledo GmbH) were used as pH standard buffers.

2.8. Color Measurements

The color values of insect protein solutions were estimated using a CR-410 colorimeter
(Minolta, Tokyo, Japan) attached to a CR-A50 granular attachment model (Minolta, Tokyo,
Japan) according to the manufacturer’s instructions. Color values were presented using
the International Commission on Illumination (CIE) L* a* b*color values. The illumination
source was D65, and the observer degree was 2. The instrument was calibrated using a
calibration plate (Y = 87.1, x = 0.3166, y = 0.3338). According to the CIE76 standard, the
color difference (ΔE) was calculated, and the water extract was used as the standard.

2.9. Foam Capacity and Stability

After adjusting the protein concentration to 1 mg/mL in distilled water, foaming
capacity and foam were determined according to the method of Mishyna et al. [12]. Ten
milliliters of the sample were poured into a 50 mL conical tube and homogenized at
1256.637061 rad/s for 2 min. To estimate the foaming capacity, the foam volume was
immediately compared with the initial volume of the solution. Changes in foam volume
were recorded after 2, 5, 10, 20, 30, and 60 min and were calculated as mL/100 mL to
estimate the foam stability.

2.10. Emulsion Capacity and Emulsion Stability

The emulsion capacity and emulsion stability were determined as previously described
by Pearce and Kinsella [20] with modifications. For emulsion capacity, 1 mL olive oil
was added to 10 mL protein that was extracted from defatted H. illucens larvae, and
homogenized at 1884.955592 rad/s for 2 min. The homogenized sample was allowed to
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stand for 10 min, and the emulsified layer and initial volume were compared and expressed
as a percentage.

To determine the emulsion stability of the protein extracted from defatted H. illucens
larvae, a 50 μL emulsion was added to 10 mL SDS solution (0.3 mg/100 mL) and inverted
several times. Changes in the absorption of each emulsion were detected at a wavelength of
500 nm. The emulsion stability was calculated by dividing the absorbance after the interval
time by the initial absorbance and multiplying by 100. The interval times were 10, 20, 30,
40, 50, 60, 90, and 120 min.

2.11. Statistical Analysis

Statistical Package for Social Sciences 20 software (SPSS Inc., Chicago, IL, USA) was
used to analyze the data statistically. A one-way analysis of variance with the Duncan’s
range test was performed (p < 0.05). Fixed effects were considered when the effects of
defatting methods were compared. All experiments were performed in triplicate, and
protein extraction from H. illucens larvae was evaluated for each replicate. Replicates were
considered as random effects.

3. Results and Discussion

3.1. Amino Acid Composition and Essential Amino Acid Index

When calculating the crude protein content of insects, the conventional nitrogen
conversion factor (6.25) should be modified because of nonprotein nitrogen compounds,
such as chitin [21]. Protein extraction could enhance the factor value by decreasing chitin
content, and different amino acid components have been observed in previous studies
by using different defatting methods and insect species [1,17]. Therefore, the amino acid
composition should be estimated to obtain the nutritional value in insects. The amino
acid composition of the protein extracted from H. illucens larvae using various defatting
methods is shown in Table 1. Among essential amino acids, the contents of His, Ile, Leu,
Phe + Tyr, and Val were highest when the cold pressure protein extraction method was
used (p < 0.05), whereas that of Lys was highest when the water extraction method was
used (p < 0.05). In addition, the total essential amino acid contents were highest when cold
pressure was used for the defatting proteins that were extracted from H. illucens larvae
(p < 0.05).

The total essential amino acid was lowest in the hexane treatment (p < 0.05). Essential
amino acids cannot be synthesized by the organism and must be obtained through the diet.
Thus, essential amino acid intake is important for human nutrition, and their recommended
intake has been investigated and widely used [22]. For nonessential amino acids, the
contents of Als, Arg, Asp, and Gly were higher in the cold pressure treatment group
than in the group treated with organic solvent (p < 0.05). However, the total nonessential
amino acid contents were highest in the group treated with hexane (p < 0.05). These
different amino acid compositions may be related to the chemical or physical denaturation
of insect proteins. Protein denaturation could affect protein solubility during drying,
defatting, and extraction. The organic solvent, pH condition, or heating denatured the
insect proteins [1,23]. These changes in protein structure can affect protein characteristics,
and changes in protein solubility can affect amino acid profile [1]. However, according to
Queiroz et al. [24], the unfolding temperature of extracted protein from H. illucens ranged
from 110 to 140 ◦C. Therefore, protein cold pressure treatment might not denature proteins,
or result in a small amount of protein being denatured by cold pressure instrument.

Although the protein contents in the extracts were similar, their nutritional value
could differ, and cold pressure treatment yielded the highest nutritional value among all
treatments (p < 0.05). Protein hydrophobicity depends on the hydrophobic amino acid
composition exposed at the surface. The balance of hydrophilic or hydrophobic amino acids
can affect protein functionality, such as foaming and emulsifying properties [23]. In this
study, the composition of hydrophilic and hydrophobic amino acids in all treatments were
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compared, and the most similar ratio was observed under cold pressure treatments (data
not shown). Therefore, cold pressure may have good nutritional and functional qualities.

Table 1. Effects of different defatting methods on amino acid profiles and essential amino acid index
for proteins extracted from Hermetia illucens larvae.

Water Extract Acetone Ethanol Hexane Cold Pressure ReferenceValue 1

Essential amino acids
His 44.87 ± 1.16 bc 44.06 ± 0.01 c 45.78 ± 0.23 b 44.56 ± 0.47 bc 56.02 ± 0.44 a 15
Ile 27.17 ± 0.01 b 26.89 ± 0.10 b 26.63 ± 0.56 bc 25.86 ± 0.12 c 28.82 ± 0.64 a 30
Leu 38.77 ± 0.57 b 38.05 ± 0.45 bc 36.80 ± 0.79 c 36.84 ± 0.10 c 41.16 ± 0.53 a 59
Lys 95.09 ± 0.31 a 87.93 ± 0.02 d 88.65 ± 0.28 c 91.86 ± 0.26 b 86.48 ± 0.27 e 45

Met + Cys 11.69 ± 0.06 c 12.09 ± 0.02 b 12.10 ± 0.01 b 12.57 ± 0.03 a 10.21 ± 0.06 d 22
Phe + Tyr 99.50 ± 0.35 b 98.27 ± 0.40 bc 97.00 ± 0.40 c 93.68 ± 1.40 d 108.30 ± 0.13 a 38

Thr 35.31 ± 0.18 c 35.68 ± 0.17 c 38.13 ± 0.58 a 36.61 ± 0.03 b 36.61 ± 0.11 b 23
Val 37.02 ± 0.47 bc 37.57 ± 0.34 b 36.67 ± 0.20 c 36.85 ± 0.04 bc 42.08 ± 0.26 a 39

Sum of EAA 389.4 ± 0.34 b 380.51 ± 0.26 cd 381.74 ± 1.29 c 378.8 ± 0.69 d 409.64 ± 1.95 a 271

Nonessential amino acids
Ala 123.81 ± 0.23 b 123.98 ± 0.69 b 117.3 ± 0.17 c 123.17 ± 0.18 b 135.78 ± 0.47 a

Arg 47.12 ± 0.09 d 47.67 ± 0.21 cd 49.15 ± 0.51 b 47.94 ± 0.17 c 52.58 ± 0.09 a

Asp 85.55 ± 0.36 c 88.64 ± 0.71 b 92.76 ± 0.11 a 89.36 ± 0.07 b 91.95 ± 0.09 a

Glu 185.79 ± 0.83 c 191.50 ± 1.20 b 196.44 ± 0.81 a 193.12 ± 0.10 b 155.88 ± 0.60 d

Pro 73.94 ± 1.52 a 73.16 ± 3.38 a 64.25 ± 0.67 b 73.53 ± 0.60 a 62.94 ± 3.09 b

Gly 48.86 ± 0.05 b 49.34 ± 0.42 b 50.47 ± 0.03 a 49.04 ± 0.14 b 52.11 ± 0.09 a

Ser 45.56 ± 0.36 b 45.24 ± 0.84 b 47.94 ± 0.8 a 45.07 ± 0.37 b 39.16 ± 0.02 c

Sum of
nonessential
amino acids

610.61 ± 0.34 c 619.5 ± 0.26 ab 618.27 ± 1.29 b 621.21 ± 0.69 a 590.37 ± 1.95 d

Essential amino
acid index 1.26 ± 0.01 b 1.25 ± 0.01 bc 1.25 ± 0.01 bc 1.24 ± 0.01 c 1.31 ± 0.01 a 1

All values are means ± standard deviations of three replicates (n = 3). The units for amino acids are mg amino
acid/1 g protein. a–d Means within a row with different letters are significantly different (p < 0.05). Hydrophobic
amino acids are presented in bold text. 1 Reference values of essential amino acid requirements for humans were
from FAO/WHO/UNU (1985).

3.2. Surface Hydrophobicity, Protein Solubility, pH, and Color

Structural characteristics, protein solubility, and pH should be considered to improve
protein techno-functionality [23]. The effects of the defatting method on protein character-
istics, such as surface hydrophobicity, protein solubility, and pH, are shown in Table 2. The
surface hydrophobicity was lowest for the samples treated with cold pressure (p < 0.05),
and there were no significant differences among the other samples (p > 0.05). Buried
hydrophobic residues can be exposed to protein denaturation, affecting the tension of the
protein film [25]. Therefore, higher hydrophobicity can result in higher protein functionali-
ties because of changes in the interfacial or surface tension [23]. However, if the surface
hydrophobicity is greater than a certain degree, binding forces between proteins can be
stronger, and unpredictable protein aggregation can occur [1]. Organic solvents can change
the structural characteristics of the protein, affecting surface hydrophobicity and solubil-
ity [26]. Therefore, the protein solubility obtained after the defatting treatment with organic
solvents was higher than the other treatments (p < 0.05). However, the water extract had
similar surface hydrophobicity values when compared with the organic solvents treatments
(p > 0.05). This may be because of insufficient defatting when compared with the other
treatments. Kim et al. [1] also reported that the surface hydrophobicity of aqueous extracts
was higher than the other methods because of the high-fat content in the extract.
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Table 2. Effects of different defatting methods on the surface hydrophobicity, protein solubility, pH,
and color characteristics of an extracted protein solution from Hermetia illucens larvae.

Water Extract Acetone Ethanol Hexane Cold Pressure

Surface hydrophobicity
(Bromophenol blue bound, μg) 35.69 ± 3.79 a 33.90 ± 6.84 a 30.58 ± 6.47 a 37.45 ± 2.80 a 11.65 ± 1.75 b

Protein solubility (mg/mL) 41.60 ± 0.17 d 52.42 ± 0.74 a 52.80 ± 0.78 a 50.40 ± 0.29 b 44.19 ± 0.02 c

pH 7.14 ± 0.01 ab 7.13 ± 0.01 b 7.14 ± 0.01 ab 7.14 ± 0.00 a 7.12 ± 0.01 c

CIE L* 16.67 ± 0.01 c 16.37 ± 0.01 d 16.83 ± 0.02 c 18.01 ± 0.01 a 17.24 ± 0.31 b

CIE a* 1.86 ± 0.06 d 1.82 ± 0.06 d 1.95 ± 0.08 c 2.22 ± 0.02 a 2.09 ± 0.09 b

CIE b* 4.07 ± 0.04 b 3.98 ± 0.03 c 3.85 ± 0.06 d 4.14 ± 0.03 a 3.87 ± 0.03 d

Color difference (ΔE) - 1 0.32 ± 0.03 c 0.31 ± 0.06 c 1.39 ± 0.01 a 0.65 ± 0.31 b

All values are means ± standard deviations of three replicates (n = 3). a–d Means within a row with different
letters are significantly different (p < 0.05). 1 The color value of water extract was used as a standard to compare
color differences between other treatments, and the color difference was calculated according to the CIE76 ΔE
formula (ΔL*2 + Δa*2 + Δb*2)1/2.

Generally, protein functionality is increased away from the isoelectric point of a
protein, which is typically close to 5.0 for insect proteins [12,23]. Therefore, changes in
pH during extraction should be controlled, and differences in pH values could explain
the different functions of the proteins [27]. Although there was a significant difference
between cold pressure and the other methods (p < 0.05; Table 2), the difference was very
small (0.02 points). Therefore, protein functionality differences among treatments caused
by pH may be minimized.

Color pigments such as melanin can be affected by various conditions during the
extraction of insect proteins [1]. In this study, CIE L*, CIE a*, and CIE b* values, as well
as color differences of the hexane treatment, were higher than for the other treatments
(p < 0.05). In a related study, a protein obtained from Protaetia brevitarsis was affected by
organic solvents, and the highest color difference was also observed in the hexane treat-
ment [1]. As shown in Table 2, the color difference for the hexane treatment only exceeded
one, and that of the others was lower than one. The human eye can detect color differences
when the color difference value between samples exceeds one [28]. Therefore, although
some significant differences were detected in our statistical analysis of the treatments,
consumers could not detect differences among treatments, except for the hexane treatment.

3.3. SDS-PAGE

The molecular weight distributions of insect proteins are presented in Figure 1. Because
it was difficult to separate parts from tiny insects, the various proteins in insects, such
as muscle tissues, organs, and hemolymph, were extracted without separation in this
study [29]. Similar patterns of protein bands were observed but with varying intensities
(Figure 1). When compared to the control, the protein band at 50 kDa was fainter for the
nonreducing organic solvent and cold pressure treatment (Figure 1a). The interfacial films of
proteins can be affected by protein molecular weight, and the formation of high-molecular-
weight protein polymers could help achieve good protein functionalities [23]. Disulfide
bonds can occur via protein denaturation, which can be observed through a reducing
method using mercaptoethanol [19]. Figure 1b shows that all treatments had a stronger
intensity at 37 kDa, and fainter bands were observed above 100 kDa after reduction. Protein
resistance to denaturation may differ depending on the protein source and can be affected
by chemical reagents, temperature, pH, and processing method [30]. Protein denaturation
during extraction induces changes in protein solubility owing to structural changes [23].
According to the data shown in Table 1, the amino acid composition differed according
to the defatting method used, and these different compositions may be correlated with
variations in the molecular weight distributions of the proteins. Overall, high-molecular-
weight proteins with high resistance to denaturation could be extracted after removing fat
using cold pressure, and this could help enhance protein functionalities.
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Figure 1. Effects of different defatting methods on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) of extracted nonreduced (a) and reduced (b) proteins from Hermetia
illucens larvae.

3.4. Foaming Capacity and Foam Stability

Foaming properties were assessed to measure foaming capacity and foam stability.
As shown in Figure 2a, there were no significant differences among treatments in foaming
capacity (p > 0.05). Foaming capacity depends on protein solubility, surface flexibility, and
hydrophobicity [12]. Although the protein solubility of the control and cold pressure groups
was lower than that of the other groups, the large amount of high-molecular-weight proteins
in these extracts could support the high foaming capacity, because thick films can physically
hold their structure better than thin films [23]. However, the foams collapsed rapidly, and
all treatments lost over 90 mL/100 mL of foam after 10 min (Figure 2b). Among treatments,
the foam collapse speed of the water extract was the fastest (loss of >85 mL/100 mL of foam
after 2 min; p < 0.05). Mishyna et al. [12] reported that the dominance of low-molecular-
weight (5–30 kDa) components, such as proteins and polysaccharides, in insects could
enhance foam stability. As shown in Figure 1, most protein bands were concentrated below
37 kDa. However, because the water extract was prepared without any defatting step, the
remaining fat components may have inhibited the formation of a stable foam structure [1].

(a) (b) 

Figure 2. Effects of different defatting methods on foaming capacity (a) and foam stability (b) on the
extracted protein solutions from Hermetia illucens larvae. Control and treatments (acetone, ethanol,
hexane, cold pressure) are indicated using different line types and colors ( , , , ,

).
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3.5. Emulsifying Capacity and Emulsion Stability

Emulsifying capacity plays an important role in forming the frame and texture of
food [17]. The emulsifying capacity and emulsion stability results are shown in Figure 3.
Among the protein samples, cold pressure-defatted protein showed the highest emulsifying
capacity (p < 0.05), and the water extract protein showed the lowest emulsifying capacity
(p < 0.05). Mishyna et al. [12] reported that excessively hydrophobic proteins have strong
binding forces between proteins and are unsuitable for emulsion formation. In addition, the
cold pressure-defatted proteins had a lower surface hydrophobicity than the other defatted
proteins and the water extract. Thus, the cold pressure-defatted proteins had the highest
emulsifying capacity.

Figure 3. Effects of different defatting methods on the emulsifying capacity (a) and emulsion stability
(b) of extracted proteins from Hermetia illucens larvae. Control and treatments (acetone, ethanol,
hexane, cold pressure) are indicated using different line types and colors ( , , , , ).
Different letters on top of columns indicated significant differences among treatments (p < 0.05).

Furthermore, the electrophoresis results (Figure 1) showed there were no signifi-
cant changes in the protein composition when different defatting methods were used.
Damodaran [31] reported that low-molecular-weight proteins are more effective at forming
emulsions. In addition, other studies have reported that low-molecular-weight emulsifiers
show better emulsion capacity [32,33]. In this study, however, the abundance of low-
molecular-weight proteins was high, and this dispersion may have affected the emulsifying
properties of the solution. The emulsion stability results are shown in Figure 3b. At 120 min,
protein samples that were defatted using acetone, ethanol, and hexane extraction and cold
pressure treatment showed a lower emulsion stability than the protein samples subjected
to water extraction. During the defatting process, the interaction between proteins is
weakened, and the interfacial tension is decreased, reducing emulsion stability [34,35].

4. Conclusions

The effects of various defatting methods, such as organic solvent extraction (aqueous,
acetone, ethanol, and hexane) and physical extraction (cold pressure) on the amino acid
profiles, physicochemical characteristics, and functional properties of proteins extracted
from H. illucens larvae were investigated. The cold pressure extraction method with
nonorganic solvent extraction showed excellent characteristics in terms of the nutritional
properties of insect protein extracts. The physicochemical characteristics and functional
properties of the insect protein treatment group that underwent extraction with an organic
solvent were high. However, there were no significant differences when compared with
the cold pressure extraction group. Organic solvents can have detrimental effects on the
human body when ingested. Thus, cold pressure could be used at the industrial level
when extracting edible insect protein as an ecofriendly extraction method. In addition,
the organic solvent extraction method requires more time for lipid extraction; however,
the cold pressure method has the advantage of shortening the extraction time. Therefore,
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the cold pressure method could be used as an appropriate and effective defatting method.
Based on these findings, this approach may have industrial applications as a defatting
process in the preparation of edible insect proteins.
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Abstract: Due to their protein content and balanced amino acid profile, edible insects have been
described as an excellent alternative protein source to combat malnutrition. As the global population
continues to grow, edible insects such as the black soldier fly larvae (BSFL) may contribute to food
security. The effect of different protein extraction methods, i.e., alkaline solution and acid precipi-
tation (BSFL-PC1) and extraction with an alkali (BSFL-PC2), on the nutritional, techno-functional,
and structural properties of BSFL flours and protein concentrates were studied. The highest protein
content (73.35%) was obtained under alkaline and acid precipitation extraction (BSFL-PC1). The
sum of essential amino acids significantly increased (p < 0.05) from 24.98% to 38.20% due to the
defatting process during extraction. Protein solubility was significantly higher in protein concen-
trates (85–97%) than flours (30–35%) at pH 2. The emulsion capacity (EC) was significantly higher
(p < 0.05) in the protein concentrates (BSFL-PC1 and BSFL-PC2) compared to the freeze-dried and
defatted BSFL flours, while the emulsion stability (ES) was significantly (p < 0.05) higher in BSFL-PC1
(100%) compared with BSFL-PC2 (49.8%). No significant differences (p > 0.05) were observed in
foaming stability (FS) between freeze-dried and defatted BSFL flours. Fourier transform infrared
spectroscopy (FT-IR) analysis revealed distinct structural differences between BSFL flours and protein
concentrates. This was supported by surface morphology through scanning electron microscopy
(SEM) images, which showed that the protein extraction method influenced the structural properties
of the protein concentrates. Therefore, based on the nutritional and techno-functional properties,
BSFL flour fractions and protein concentrates show promise as novel functional ingredients for use in
food applications.

Keywords: functional properties; black soldier fly larvae; protein extraction; foaming; insect protein;
novel food ingredients

1. Introduction

The United Nations (UN) has predicted that the world population will increase from
seven to nine billion people by the year 2030 [1], and with this increase, about 60% of
people are expected to migrate and live in cities [2]. Animal protein is expensive and
is becoming beyond the reach of many people, especially in developing countries. To
feed this growing population, a paradigm shift towards producing sustainable and cost-
effective food products is required now more than ever before. Entomophagy, or the
consumption of insects, has been practised by humankind on every continent in the world
throughout history and continues today. However, the advancement of the scientific
impetus for large-scale insect rearing, production, and utilisation began in 1975 with the
call by Meyer-Rochow [3]. Over 2000 species have been deemed edible since 2012 in
116 countries, and there has been an increase in industrial insect rearing companies in
recent years [4,5]. Large industrial-scale insect farming companies include AgriProtein
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in South Africa, Ynsect in France, Enviroflight in Ohio, USA, and HaoCheng Mealworms
Inc. in China [6]. Edible insects have recently been suggested as a food source that
could address economic, environmental, and health concerns as the population expands.
Due to the emerging demand in edible insect consumption, the industrial rearing of
edible insects such as the black soldier fly larvae (Hermetia illucens, hereinafter referred
to as BSFL) has been expanding due to its stable supply, cost-effectiveness, and hygienic
production. Currently, edible insects are primarily marketed as whole insects, ground
pastes or flours, protein powders, and oil fractions which can further be used as ingredients
in food applications [2,7,8]. Edible insects are a good source of minerals and vitamins and
fat, and, most importantly, protein. According to La Barbera et al. [9], consumers may be
willing to consume insects when they are added as an ingredient in an unrecognisable
form. The food industry’s further processing of insects as an alternative protein source and
acceptance depends mainly on their ability to fulfil tailored techno-functional properties
required in food systems. The potential use of an insect ingredient as a techno-functional
food ingredient is dependent on chemical, physical, techno-functional, and structural
properties [10].

An ingredient’s techno-functionality has been described as any food property, ex-
cluding its nutritional value, affecting its utilisation [11,12]. Emulsification, solubility,
water and oil binding, foam capacity and stability, gelation, and viscosity are among the
techno-functional properties vital in food processing. Yi et al. [13] studied five different
acid-extracted insect proteins and reported that these exhibited poor foaming and gelling.
Protein-enriched fractions of Schistocerca gregaria (S. gregaria) and Apis mellifera (A. mellifera)
were reported to have a higher foam stability after alkaline and sonication extraction, respec-
tively. Moreover, Akpossan et al. [14] demonstrated that Imbrasia oyemensis (I. oyemensis)
protein fractions from full fat and defatted flours possessed poor solubility due to their
isoelectric point. However, both studied flours exhibited good water absorption and emul-
sification characteristics. According to Omotoso [15], the dried powders of Cirina forda
(C. forda) possessed good emulsion and solubility properties. Kim et al. [7] evaluated the
effects of added defatted Tenebrio molitor (T. molitor) and Bombyx mori (B. mori) in sausages.
Including edible insect flours increased cooking yield and firmness in the emulsion-based
sausages. For the successful application of insect-derived ingredients in food formulations,
it is essential to understand their nutritional and techno-functional properties and how
processing affects them.

To date, an in-depth analysis of the nutritional value of commercially available
H. illucens available in South Africa has not been reported. For the possible use of H. illucens
flours and protein concentrates as foodstuffs, information on the nutritional value and
techno-functional properties are extremely essential. Therefore, the aim of this study was
to determine the effect of different extraction methods on the nutritional, techno-functional,
and structural properties of BSFL flour and protein concentrates in order to identify new
protein sources for human nutrition.

2. Materials and Methods

2.1. Chemicals

If not stated otherwise, all chemicals were purchased from either Merck (Modder-
fontein, South Africa) or Sigma-Aldrich (Aston Manor, South Africa). All the chemicals
used in this study were of analytical grade, and chemical reagents were prepared according
to standard analytical laboratory procedures. Ultrapure water purified with a Milli-Q water
purification system was used throughout the experiments conducted (Millipore, Microsep,
Cape Town, South Africa). The study was approved by the faculty of applied sciences
ethics committee (Ref: 208176519/01/20220 date: 4 February 2020).

2.2. Edible Insects Flour Preparation

Previously fasted Hermetia illucens (black soldier fly—BSF) in the larval stage were
obtained from AgriProtein, Cape Town, South Africa. They were immediately blanched in
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boiling water for two minutes to prevent browning and washed with cold water (Figure 1).
To obtain a paste, the clean larvae were frozen at −75 ◦C in a blast freezer prior to grinding in
a laboratory blender. This paste was then freeze-dried (Genesis, Virtis, New York, NY, USA)
to obtain a stable powder. Some of the freeze-dried (BSFL-FD) powder was ground in a
laboratory blender (Kenwood, Titanium, South Africa) and was passed through a 40-mesh
US Standard sieve (Endecotts, London, UK) to separate the integument and stored at
−20 ◦C until further analysis. The sieved BSFL flour was defatted using hexane and
isopropanol (3:2) mixture. One part of the insect flour and five parts of defatting solvent
were stirred in a magnetic stirrer for six hours. After the solids were sedimented, the
solvent-fat mixture was decanted, and the procedure was repeated twice. Residual hexane
was removed by evaporation overnight in a fume hood, and the defatted flour (BSFL-DF)
was stored at −20 ◦C until further analysis.

Larvae fasting 

Cleaning & Blanching 
(90°C; 2 min)

Storage (-75°C)

Fine grinding (-20°C)

Freeze-drying 
(24 – 48 h)

Freeze-dried larvae 

Larvae treatment Freeze dried BSFL 

Defatting 1 

Air Drying 1

Grinding and sieving 

Defatting 2 

Defatted BSFL powder 

Hexane: 
Isopropanol (3:2)

Solvent 
recovery 

Hexane: 
Isopropanol (3:2) 

Air Dry

Grinding an

Defatt

Hexane:
Isopropanol (3:2) 

 

Figure 1. BSFL pre-treatment and defatting.
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2.3. Preparation of Insect Proteins

This study used two chemical techniques, alkaline solution and isoelectric precipitation
(IEP) and alkaline extraction, to extract protein concentrates from defatted BSFL flour
(Figure 2).

 

Figure 2. Alkaline and acid precipitation extraction (BSFL-PC1) and alkaline extraction (BSFL-PC2)
of protein concentrates.

2.3.1. Alkaline and Isoelectric Precipitation

The BSFL protein concentrate (BSFL-PC1) was prepared as previously described [16].
Briefly, after defatting, BSFL flour (BSFL-DF) was mixed with Milli-Q water at a ratio of
1:10 (w/w), and the pH of the mixture was adjusted to pH 10 using 1 M NaOH solution
(Figure 2). With the aid of a magnetic stirrer, the slurry was stirred for 30 min (25 ◦C ± 1.0)
on a laboratory mixer at a rate intended to prevent the formation of a vortex. Subsequently,
the slurry was centrifuged at 10,000× g for 20 min (4 ◦C). The pH of the supernatant was
then adjusted to 4.5 with 1 M HCl, and the suspension was left at 4 ◦C overnight to allow
protein precipitation. Centrifugation at 10,000× g for 30 min (4 ◦C) was used to recover
the precipitated soluble proteins. The BSFL protein concentrate (BSFL-PC1) was then
freeze-dried (0.094 mBar, −74.5 ◦C, 48 h, Genesis, Virtis, New York, NY, USA) and stored
in vacuum bags at −20 ◦C.

2.3.2. Alkaline Extraction

Following the method of Azagoh et al. [10], with some modifications, BSFL-PC2 was
extracted by mixing defatted BSFL flour with Milli-Q water at a ratio of 1:40 (w/w), and the
pH of the mixture was adjusted initially to pH 10 using 1 M N NaOH solution (Figure 2).
Subsequently, the slurry was stirred at a rate designed to prevent the formation of a vortex
for 2 h at 40 ◦C. The pH was monitored intermittently and maintained at 10 throughout
the stirring period. The mixture was centrifuged at 10,000× g for 30 min (4 ◦C). The BSFL
protein concentrate (BSFL-PC2) supernatants were freeze-dried under similar experimental
conditions with BSFL-PC1.
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2.4. Proximate Composition Analysis

The proximate composition, i.e., the moisture (925.10), crude protein (920.87), crude
fat (932.06), and ash content (923.03) of the insect flour and protein concentrates, was
determined following standard methods recommended by the Association of Official
Analytical Chemists [17]. Moisture percentage was calculated by drying the sample in an
oven at 100 ◦C for two hours. The dried sample was placed into a desiccator, allowed to
cool, and then re-weighed. The process was repeated until a constant weight was obtained.
Crude protein content was analysed by the high-temperature combustion process according
to the Dumas combustion method (TruSpec-N Leco, St. Joseph, MI, USA) using a protein-to-
nitrogen conversion factor of 5.60 as recommended by Janssen et al. [18]. EDTA was used as
a standard. Crude fat was determined by drying fats after extraction in a Soxhlet assembly
using diethyl ether. The ash percentage was calculated by combusting the samples in a
silica crucible placed in a muffle furnace at 550 ◦C. The percentage of carbohydrates on a
dry basis was determined by subtracting all of the components (moisture, crude protein,
crude lipid, and ash) from 100.

2.5. Amino Acid Analysis

Five hundred milligrams of each insect flour and protein concentrate were hydrol-
ysed with 6 mL of 6 N HCl at 110 ◦C for 23 h. Then the internal standard (7.5 mL of
5 mM norleucine in water) was added. The hydrolysed samples were analysed by High-
Performance Liquid Chromatography with a fluorescence detector (HPLC/FLD, Waters
Alliance 2695, Agilent technologies, Chemetrix, Midrand, South Africa) after derivatisation
with 6-aminoquinolyl-N-hydro-xysuccinimidyl carbamate (AQC). The amino acid profiles
of insect flour and protein concentrates were compared with data in the literature on egg
white and cow’s milk proteins used for human consumption. The FAO/WHO method was
used to calculate the amino acid score (AAS) as shown below:

AAS =
mg of AA in 1 g of test protein

mg of AA in 1 g of the FAO/WHO reference pattern
× 100

2.6. Bulk Density

Bulk density was measured as a ratio of mass to volume. A graduated cylinder,
previously tared, was gently filled up to the ten mL mark with BSFL flour or protein. The
sample was then packed by gently tapping the cylinder on the bench-top from a height
of five cm until there was no further diminution of the sample level, and the volume was
noted. The weight of the filled cylinder was taken, and the bulk density was calculated as
the weight of sample per unit volume (g/mL).

2.7. Colour

Colour was determined by the method as described by Diedericks and Jideani [19] and
Bußler et al. [20], with minor modifications. The colour of the insect flours and protein con-
centrates was measured with a spectrophotometer (Konica Minolta Sensing Americas Inc.,
Tokyo, Japan) using the CIEL* a* b* colour space system. The instrument was calibrated
by using the white calibration plate followed by zero calibration. Powdered samples were
placed evenly in the provided cuvette (diameter 30 mm), covering the bottom of the dish,
to allow for reflectance measurement. Measurements for each sample were performed in
triplicate at 3 different positions in the samples (one reading = average of 3 readings per
rotated position), with the results recorded in L* (lightness), a* (+a* = red and −a* = green),
b* (+b* = yellow and −b* = blue). The colour change (ΔE) was calculated, whereas the
indices 0 and s indicate measured values of unprocessed (larvae) and processed insects
(flour fractions), respectively.

ΔE =

√
(L0 − Ls)

2 + (a0 − as)
2 + (b0 − bs)

2
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where: L—is L* (lightness), a—a* (difference in green and red), b—b* (difference in yellow
and blue), o—indicates measured values of BSFL-FD, s—indicates measured values of
processed flour or protein concentrates.

2.8. Determination of Techno-Functional Properties
2.8.1. Water and Oil Binding Capacity

The water-binding capacity (WBC) was determined according to Purschke et al. [21],
with slight modifications. Briefly, 0.5 g insect flour or protein concentrate powder was
mixed with 2.5 mL Milli-Q water at an ambient temperature (25 ◦C), vortexed for 1 min
(Vortex-Genie 2, Scientific Industry Inc., Bohemia, NY, USA), and centrifuged for 2 min at
3330× g. The non-bound water was decanted, and the tube was placed upside down on a
Whatman No 1 filter paper for one hour and re-weighed. WBC was calculated as:

WBC =
Wb − Wa

Wa,DM

where: Wa is the initial weight, Wb is the final weight, and Wa,DM is the initial weight
of the sample based on dry matter. The oil binding capacity (OBC) was analysed using
commercial sunflower oil instead of Milli-Q water. Except for the vortexing step (2 min), the
experimental procedure was identical to the WBC assay, and OBC was calculated similarly.

2.8.2. Emulsion Capacity and Stability

Emulsifying properties were determined based on the method of Coelho and Salas-
Mellado [22] and Zielińska et al. [23] with minor revisions. Briefly, the edible insect sample
was dispersed in distilled water (5% w/v) and centrifuged (Thermo Electron Corporation
Jouan MR1812, Waltham, MA USA) at 9000× g speed for 15 min. The supernatant was
mixed with sunflower oil (1:1 v/v) and homogenised (Polytron PT 2500 E, Thermofisher,
Cape Town, South Africa) at 18,000 rpm for 1 min. Aliquots (15 mL) of the emulsion
samples were centrifuged at 3000× g for five min, and the volume of the individual layers
was read using a 50 mL scaled tube. The emulsifying activity was calculated as:

Emulsion capacity (EC) =
Vel
V

× 100

The emulsion was heated in a water bath (80 ◦C for 30 min) to determine the stability
values. Emulsion stability was calculated as:

Emulsion stability (EC) =
V30

Vel
× 100

where: V—total volume of tube contents, Vel—volume of the emulsified layer, V30—volume
of the emulsified layer after heating.

2.8.3. Solubility

The solubility of the insect flours and protein concentrates was determined using a
modified version of the method by Hall et al. [24]. Each sample (400 mg) was dispersed
in 20 mL phosphate buffers of pH 2–10, respectively. Each buffer mixture was stirred
with a magnetic stirrer bar at room temperature for 30 min and centrifuged at 7500× g for
20 min at 4 ◦C. The protein content of the supernatant and total protein in the sample was
determined using the bicinchoninic acid protein assay (BCA) method with bovine serum
albumin as a standard, following the manufacturer’s protocol (Sigma, St. Louis, MO, USA).
Protein solubility was expressed as a percentage and calculated as follows:

Solubility (ES) =
protein content in supernatant
total protein content in sample

× 100
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2.8.4. Foaming Capacity and Stability

The foaming properties of the edible insects were measured according to Mshayisa
and Van Wyk [16] with slight modifications. The edible insect and protein concentrates
were rehydrated in Milli-Q water (5% w/v) followed by centrifugation at 10,000 rpm for
15 min. Then 20 mL of the supernatant was homogenised in a high shear homogeniser
mixer (Polytron PT 2500E) at a speed of 16,000 rpm for three minutes. The homogenised
solution was poured into a 50 mL graduated cylinder. The total volume was read at time
zero and 30 min after homogenisation. The foaming capacity and foam stability were
calculated from the formula:

Foaming Capacity (FC) =
Va − V

V
× 100

Foam Stability (FS) =
V30

Va
× 100

where: V—volume before whipping (mL), Va—volume after whipping (mL), V30—volume
after standing (mL).

2.9. Surface Charge (Zeta Potential)

The ζ-Potential of the protein concentrates (BSFL-PC1 and BSFL-PC2) were determined
using a Zetasizer Nano Series (Malvern Instruments, Malvern, Worcestershire, UK) as
described by Ladjal-Ettoumi et al. [25] and Mshayisa et al. [26], respectively. The protein
powders were diluted to 1% (w/v) with Milli-Q water. The Smoluchowski model was used
to process data collected over least five of the experiments [27].

2.10. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (TM-3000, Hitachi Corporation, Tokyo, Japan) was
used to study the surface morphology of the BSFL flours and protein concentrates. The
edible insect powders were placed onto double-sided carbon adhesive tape attached to
the specimen stubs, respectively. The sample’s surface structure was observed at 320×
magnification and in the secondary electron mode at 15.0 kV following the procedure
described by Mshayisa et al. [26].

2.11. Fourier Transform Infrared Spectroscopy (FT-IR)

All flour and protein concentrate samples were analysed using a Perkin Elmer Fourier
transform infrared spectroscope (FT-IR) equipped with a universal attenuated total re-
flectance (UATR) polarisation accessory for spectra as described by Mshayisa et al. [26].
A background spectrum was collected prior to data collection of each sample, and then
the sample powders obtained by grinding in a mortar were placed directly, covering the
surface of the ATR crystal. All spectra were acquired by the co-addition of 32 scans at a
resolution of 4 cm−1 in the range of 400–4000 cm−1. Acetone was used to clean the UATR
crystal to remove any residual contribution from previous samples.

2.12. Data Analysis

All statistical tests were performed using multivariate analysis of variance (MANOVA),
the level of significance was p < 0.05, followed by Duncan’s multiple comparisons using
the statistical package for social sciences (SPSS 27, SPSS, Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Nutritional Properties

The proximate compositions of freeze-dried BSFL (BSFL-FD), defatted BSFL (BSFL-DF),
alkali and isoelectric precipitation BSFL protein concentrate (BSFL-PC1), and alkaline ex-
traction protein concentrate (BSFL-PC2) are depicted in Table 1. The ash content of all
samples ranged between 2.08 and 10.81%, and BSFL-FD had the highest (p < 0.05) content.
BSFL-PC1 had the highest protein (73.35%) content, and BSFL-FD (44.47%) had the lowest
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protein content (p < 0.05), while BSFL-PC1 had a significantly (p < 0.05) higher protein
content compared to BSFL-PC2. This signifies that the protein extraction method affected
the protein content. The protein content obtained for BSFL-FD was within a similar range
to that reported by Huang et al. [28] for oven-dried BSFL (40–44%). The protein contents
measured in this study were much higher than those reported by Bußler et al. [20] for fresh
and freeze-fried BSFL, namely, 31.7% and 34.7%, respectively. The differences in protein
content can be attributed to the different feeding regimes (diets), age, and size of the black
soldier fly larvae prior to analysis. Moreover, in this study, the conversion factor of 5.60,
as advised by Janssen et al. [18], was used instead of 6.25, which has been reported to
overestimate the protein content since edible insects contain chitin which contributes to the
nitrogen content. The protein and lipid composition of BSFL is highly impacted by what
they consume [29]. Edible insects reported in this study were fed on clean, standardised
feed and were fasted and blanched prior to further processing. The protein content of all
the fractions investigated in this study was higher than that of common food products such
as cow’s milk (3.5%), eggs (13%), fish (18.3%), and chicken (22%) [13,30].

Table 1. Proximate composition of BSFL flour and protein concentrates.

Sample Crude Protein (%) Crude Fat (%) Carbohydrates (%) Moisture (%) Ash (%)

BSFL-FD 44.47 ± 1.77 a 22.60 ± 1.39 b 21.13 ± 0.57 a 9.48 ± 0.34 c 10.81 ± 0.26 d

BSFL-DF 50.12 ± 0.66 b 0.83 ± 0.06 a 40.80 ± 0.39 d 6.07 ± 0.25 b 8.25 ± 0.33 c

BSFL-PC1 73.35 ± 0.88 d 0.37 ± 0.12 a 22.92 ± 1.02 b 1.48 ± 0.01 a 3.36 ±0.28 b

BSFL-PC2 68.47 ± 0.93 c 0.27 ± 0.06 a 29.19 ± 0.92 c 1.57 ± 0.03 a 2.08 ±0.01 a

Freeze-dried BSFL flour—BSFL-FD, defatted BSFL flour—BSFL-DF, alkaline and acid precipitation extraction BSFL
protein concentrate—BSFL-PC1, alkaline extraction BSFL protein concentrate—BSFL-PC2. Results are reported
as mean ± standard deviation. Different superscripts in the column indicate significant differences between
treatments (p ≤ 0.05).

As shown in Table 1, the defatting step significantly (p < 0.05) decreased the crude fat
present in BSFL from 22.60 to 0.83%, while protein concentrates contained 0.27–0.37% fat. The
fat content of BSFL-FD (22.60%) was comparable to the data reported by Bußler et al. [20] for
H. illucens (21.1%) and T. molitor (20.0%). The current practice in the food industry is geared
towards the extensive use of soy protein products as non-meat proteins in processed meat
products. These are classified based on their protein concentration as soy flour (50–54%),
concentrated soy protein (62–69%), and isolated protein (86–87%) [7]. The results of this
study clearly demonstrate that BSFL flours and protein concentrates were comparable
to that of soy flour and soy concentrated protein, both of which are widely used as food
ingredients commercially.

3.2. Bulk Density and Colour

The bulk density of BSFL flour and protein concentrates is shown in Table 2. Bulk
density can be described as the weight of powder per unit volume (expressed as g/mL).
The bulk density of BSFL flours and protein concentrates ranged from 0.83 to1.04 g/mL. No
significant differences were observed between the freeze-dried and defatted BSFL flours
(p > 0.05). Akpossan et al. [14] reported similar bulk density values in full-fat and defatted
ground I. oyemensis flours. In terms of the protein concentrates, a significant (p < 0.05)
reduction in bulk density was observed compared to the flour fractions, signifying that
the extraction process employed affected bulk density. In assessing packaging require-
ments, material handling, and applications in wet manufacturing, bulk density is a critical
parameter for consideration by food processors [31].

Processing of the BSFL affected the visual appearance of the BSFL flour and protein
concentrates produced. The colour changes are summarised in Table 2. Defatting with the
hexane:isopropanol mixture led to a significantly higher (p < 0.05) lightness (L) in the BSF-
DF than the freeze-dried BSFL flour. Similar results were reported by Mishyna et al. [32] in
A. mellifera defatted with hexane. In this study, the defatting process significantly increased
lightness (p < 0.05), redness (p < 0.05), and yellowness (p < 0.05). In terms of a* (red/green),
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only BSFL-PC2 fell within the greener quadrant (negative quadrant), while no significant
(p > 0.05) differences were observed in the yellowness b* (positive quadrant) of all the
flour and protein concentrate samples. In this study, the ΔE was in the range 11.95–23.87,
indicating perceptible colour differences at a glance; in other words, the colour changes
could be clearly perceived without closer inspection. The high ΔE value for BSFL-PC2 can
partly be attributed to phenolic compounds situated in the insect cuticle or integument
that can undergo oxidation, protein–polyphenol interaction, and enzymatic browning
catalysed by phenoloxidase [7,33]. In a study conducted by Janssen et al. [33], H. illucens
exhibited a distinct black appearance after grinding, while T. molitor exhibited a more deep
brown colour. Therefore, the bright colour of the defatted BSFL flours could be due to
the removal of compounds such as phenoloxidase, which catalyses the browning of insect
flours. However, the lightness, as well as the redness, decreased significantly after further
extraction. The reaction mechanism resulting in the extracted protein fractions’ dark and
brown colour is still not yet well understood. Nonetheless, edible insect flours can also be
used in baked goods where colour or visual appeal may not be a critical problem.

Table 2. Bulk density and colour attributes of black soldier fly larvae flours and protein concentrates.

Sample
Bulk Density

(g/mL)
L * a * b * ΔE

BSFL-FD 1.01 ± 0.02 b 51.24 ± 0.34 c 0.84 ± 1.34 ab 17.99 ± 1.70 a Control
BSFL-DF 1.04 ± 0.02 b 62.95 ± 1.01 d 1.67 ± 0.12 b 18.43 ± 2.67 a 11.95 ± 1.16 a

BSFL-PC1 0.84 ± 0.01 a 44.56 ± 0.63 b 0.85 ± 1.35 ab 17.99 ± 1.70 a 16.16 ± 1.27 a

BSFL-PC2 0.86 ± 0.01 a 35.20 ± 1.87 a −2.14 ± 3.28 a 18.78 ± 6.56 a 23.87 ± 4.16 b

Freeze-dried BSFL flour—BSFL-FD, defatted BSFL flour—BSFL-DF, alkaline and acid precipitation extraction BSFL
protein concentrate—BSFL-PC1, alkaline extraction BSFL protein concentrate—BSFL-PC2. Results are reported
as mean ± standard deviation. Different superscripts in the column indicate significant differences between
treatments (p ≤ 0.05).

3.3. Amino Acid Composition

The amino acid composition of BSFL flours and protein concentrates compared to
that of cow’s milk, egg, and FAO protein intake recommendations for adults are shown in
Table 3. The essential amino acids, leucine, and lysine contents were predominant in BSFL-
DF compared with BSFL-FD. Lysine is considered a limiting amino acid in staple cereals
such as maize, cassava, rice, and wheat [12,29]. Thus, incorporating BSFL-DF (6.76% lysine)
and BSFL-PC1 (9.16% lysine) in food products can serve as a source of lysine, especially
in developing countries. Histidine, an essential amino acid regarded as vital for infants
and toddlers, was significantly higher (p < 0.05) in BSFL-DF (3.84%) and BSFL-PC1 (3.64%)
than that in cow’s milk and egg (2.70% and 2.44%, respectively). The sum of the essential
amino acids increased due to defatting from 24.98% to 38.20%. Moreover, BSFL-PC1 had
a significantly (p < 0.05) higher sum of amino acids than BSFL-PC2. These values align
with those of Leni et al. [34] and Huang et al. [28]. Among the non-essential amino acids
in Table 3, glutamic acid had the highest concentration in BSFL-DF (13.2%), BSFL-PC1
(12.4%), and BSFL-PC2 (12.13%), respectively. These results are in agreement with the work
conducted by Köhler et al. [35], who reported high levels of glutamic acid in whole house
cricket (Acheta domesticus) flour. In this study, tryptophan was not detectable, possibly due
to the fact that this amino acid is destroyed during acid hydrolysis or it was not present
in the samples under investigation. The content of essential amino acids for BSFL flours
and protein concentrates was comparable or exceeded FAO’s recommended amount [36]
as a basic human dietary requirement. In the case of BSFL-PC1, the sum of the essential
amino acids for BSFL was more than double (45.52%) the FAO requirements. The results
of this study confirm the claims of other studies that, in general, edible insects are good
sources of amino acids (Table 3), proteins, and lipids (Table 1) [13,35,37–40]. The high levels
of essential amino acids are particularly pertinent as they cannot be synthesised by the
human body in sufficient quantities and thus should be provided by the diet. Moreover,
protein functionality and bioavailability are governed by the amino acid composition
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and the amino acid sequence. Table 4 shows the amino acid scores of BSFL Flours and
protein concentrates. Leucine was the first limiting amino acid in all the samples with the
exception of BSFL-FD. In terms of the BSFL protein concentrates, lysine and valine were
the second limiting amino acids for BSFL-PC1 and BSFL-PC2, respectively. The essential
amino acid scores for BSFL flours and protein met FAO/WHO [41] standards for older
children, adolescents, and adults.

Table 3. Amino acid composition (g.100 g−1) of BSFL flour fractions and protein concentrates
compared to cow’s milk, egg protein, and FAO requirements for human consumption.

Amino Acid BSFL-FD BSFL-DF BSFL-PC1 BSFL-PC2 Cow’s Milk Egg Protein FAO [36]

Essential
Histidine 1.82 ± 0.01 a 3.84 ± 0.01 d 3.64 ± 0.02 c 2.48 ± 0.00 b 2.70 2.40 1.50
Isoleucine 2.49 ± 0.01 a 4.32 ± 0.44 bc 5.18 ± 0.78 c 3.99 ± 0.45 b 4.90 5.60 3.00
Leucine 4.01 ± 0.12 a 7.29 ± 0.15 c 7.99 ± 0.29 d 4.61 ± 0.17 b 9.10 8.30 5.90
Lysine 3.73 ± 0.01 a 6.79 ± 0.19 c 9.16 ± 0.34 d 5.37 ± 0.20 b 7.40 6.30 4.5
Methionine 2.53 ± 0.00 a 1.72 ± 0.45 a 2.53 ± 0.00 a 2.67 ± 0.08 a 2.60 3.20 1.60
Phenylalanine 4.14 ± 0.01 a 4.36 ± 0.20 a 7.18 ± 0.05 c 5.41 ± 0.21 b 4.90 5.10 Not supplied
Threonine 2.87 ± 0.53 a 4.09 ± 0.49 b 4.95 ± 0.12 bc 4.65 ± 0.00 b 4.40 5.10 2.30
Valine 3.39 ± 0.01 a 5.80 ± 0.51 b 5.61 ± 0.89 c 5.09 ± 0.51 b 6.60 7.60 3.90
Sum 24.98 ± 0.80 a 38.20 ± 2.44 b 46.52 ± 2.48 c 34.27 ± 2.19 b 42.60 43.60 22.70

Non-essential
Alanine 3.58 ± 0.01 a 5.95 ± 0.48 c 4.66 ± 0.04 b 5.41 ± 0.48 bc 3.60 5.40 -
Arginine 3.38 ± 0.00 a 4.85 ± 0.36 b 4.57 ± 0.02 b 5.72 ± 0.02 c 3.60 6.10 -
Aspartic acid 5.89 ± 0.01 a 10.38 ± 0.39 b 12.56 ± 0.69 c 9.62 ± 0.40 a 7.70 10.70 -
Glycine 3.08 ± 0.06 a 4.80 ± 0.13 c 3.88 ± 0.06 b 4.97 ± 0.15 c 3.00 2.00 -
Glutamic acid 6.89 ± 0.05 a 13.62 ± 0.05 d 12.13 ± 0.09 b 12.40 ± 0.05 c 12.0 20.60 -
Proline 2.57 ± 0.01 a 5.71 ± 0.23 d 4.38 ± 0.01 c 3.38 ± 0.24 b 8.50 3.80 -
Serine 2.13 ± 0.04 a 4.42 ±0.10 d 3.99 ± 0.28 c 3.13 ± 0.17 b 5.20 7.90 -
Tyrosine 6.89 ± 0.00 c 6.47 ± 0.07 b 6.28 ± 0.15 a 9.34 ± 0.09 b 4.10 7.60 -
Sum 34.41 ± 0.21 a 56.21 ± 1.74 b 52.45 ± 1.85 b 53.98 ± 2.00 b 55.30 56.50 -

Freeze-dried BSFL flour—BSFL-FD, defatted BSFL flour—BSFL-DF, alkaline and acid precipitation extraction BSFL
protein concentrate—BSFL-PC1, alkaline extraction BSFL protein concentrate—BSFL-PC2. Results are reported
as mean ± standard deviation of triplicate analysis. Different letters indicate significant (p < 0.05) differences
between the means across the rows.

Table 4. Amino acid score of BSFL flours and protein concentrates and the FAO/WHO/UNU
(2007) consultation.

Amino Acids
FAO/WHO/UNU 2007 [41]

(mg/g Protein)

Chemical Score (%)

BSFL-FD BSFL-DF BSFL-PC1 BSFL-PC2

Histidine 15 191.84 254.03 175.72 230.52
Isoleucine 30 139.86 152.62 150.66 174.96
Leucine 59 110.73 b 126.51 c 85.67 b 132.72 b

Lysine 45 130.74 c 149.90 126.75 c 193.37
Methionine 16 265.73 113.68 b 188.91 160.22
Threonine 23 193.08 173.10 210.92 200.63
Valine 39 142.76 153.46 144.30 142.11 c

Phenylalanine + tyrosine 38 488.83 301.99 439.71 358.91
Total EAA 277 151.8 146.1 140.2 169.1

b First limiting amino acid, c Second limiting amino acid, Freeze-dried BSFL flour—BSFL-FD, defatted BSFL flour—
BSFL-DF, alkaline and acid precipitation extraction BSFL protein concentrate—BSFL-PC1, alkaline extraction BSFL
protein concentrate—BSFL-PC2.

3.4. Techno-Functional Properties
3.4.1. Water and Oil Binding Capacity

Owing to their effects on the flavour and the textural properties of food products, water
and oil interactions with proteins play a significant role in food systems [12]. Protein ingre-
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dients’ water-binding capacity (WBC) and oil-binding capacity (OBC) may be influenced
by intrinsic factors such as the amino acid sequence, protein conformation, hydrophobicity,
and polarity. The ability of protein ingredients to interact with water under restricted condi-
tions is expressed by its WBC. The WBCs of BSFL flour and protein fractions are displayed
in Figure 3. The removal of the fat did not have a significant effect (p < 0.05) on the WBC of
BSFL flours, whereas the BSFL-PC1 showed a higher (p > 0.05) WBC compared to BSFL-PC2.
The differences in WBC between the protein fractions can be attributed to the differences in
amino acids reported in Table 2 as influenced by the extraction method. Few studies have
been conducted on the WBCs of BSFL flours and protein fractions extracted using different
chemical techniques. The results of this study were higher than the WBC values described
for BSFL flour fractions (0.4–0.8 g/g-) by Bußler et al. [20]. The differences in the WBC
values of BSFL flours and protein concentrates can be ascribed to the differences in the
methods of extraction used by the authors and the insect origin and diet. Among the BSFL
flour and protein fractions, the highest WBC was observed in BSFL-PC1 (5.6 g/g). This
value was comparatively higher than the WBC of other insect protein fractions reported
in the literature, such as T. molitor (1.87 g/g) [30] and S. gregaria (2.18 g/g) [23]. A high
water-binding capacity value for a protein allows the moistness mouthfeel and freshness of
baked goods to be maintained and is correlated with a decreased moisture loss in bakery
products. Thus, information about the WBC of insect-derived ingredients is essential for
future application in food systems.

Figure 3. Water and oil binding capacity of flour and protein fractions. Freeze-dried BSFL flour—
BSFL-FD, defatted BSFL flour—BSFL-DF, alkaline and acid precipitation extraction BSFL protein
concentrate—BSFL-PC1, alkaline extraction BSFL protein concentrate—BSFL-PC2. Values are mean
± standard deviation; means with different superscript are significantly different (p < 0.05).

Another primary techno-functional attribute of food ingredients used in processed
foods is the OBC. To enhance the palatability and flavour retention of foods, a high OBC
is desirable [12]. Figure 3 depicts the result of the OBC. Similar to the WBC, the defatting
step did not have a significant (p > 0.05) effect on the OBC of BSFL flours, but for the
BSFL protein concentrates, it was significantly lower (p < 0.05). The OBC of BSFL-FD
flour in this study was (4.1 mL/g). This was superior to the OBC value obtained for
hydrolysed migratory locust protein flour (1.5 mL/g) [21] and T. molitor (1.71 mL/g) [23].
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The capacity of a protein to bind oil or fat is critical in the formulation of meat substitutes
and extenders, as well as cake batters, sausages, and emulsions [42]. In terms of the protein
fractions, the highest (p < 0.05) OBC was observed in BSFL-PC1 compared to BSFL-PC2
(Figure 4). The differences in OBC are possibly due to the different surface hydrophobicity
or hydrophilicity of these proteins, which may be influenced by the extraction method [43].
In this research, the WBC and OBC values showed that BSFL flour and protein concentrates
could be useful for various food applications, such as enhancing the palatability and texture
of formulated foods.

Figure 4. Emulsification capacity and stability of BSFL flour fractions and protein concentrates.
Freeze-dried BSFL flour—BSFL-FD, defatted BSFL flour—BSFL-DF, alkaline and acid precipitation
extraction BSFL protein concentrate—BSFL-PC1, alkaline extraction BSFL protein concentrate—BSFL-
PC2. Values are mean ± standard deviation; means with different superscript are significantly
different (p < 0.05).

3.4.2. Emulsifying Capacity (EC) and Stability (ES)

The amphiphilic nature of proteins allows them to form and stabilise food emulsions.
In the development of formulated foods, emulsifying properties are among the most
vital properties, and strong emulsifying properties are needed to produce meat analogues
and milk-like drinks [44]. Figure 4 exhibits the emulsion capacity and stability of the
BSFL flour and protein concentrates. The emulsion capacity of defatted BSFL flour (BSFL-
DF, 78.73%) was significantly higher (p < 0.05) than the full-fat flour (BSFL-FD, 76.80%).
Similar results were reported for the EC of I. oyemensis by Akpossan et al. [14], while
Kim et al. [8] observed a lower EC of cricket flour (39.17–45%). In a study conducted by
Mishyna et al. [32], no significant differences were observed in raw and defatted S. gregaria
flours. The variations in the EC of edible insect flours could be attributed to protein content
and molecular structure differences. In general, the EC of a food protein is based on the
protein–oil and protein–water interactions. The highest EC was determined for the protein
concentrates BSFL-PC1 (100%) and BSFL-PC2 (100%). These results show that the processes
used to obtain protein concentrates did not have a significant (p > 0.05) impact on the ability
of BSFL-PC1 and BSFL-PC2 to aid in the creation of emulsions.
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In terms of ES, BSFL-FD (25.27%) formed emulsions with a significantly (p < 0.05)
lower ES compared with BSFL-DF (33.73%), signifying that its protein did not effectively
interact at the interface to form a strong interfacial membrane (Figure 4). The ES of
the protein concentrates (49.83–100%) was significantly higher (p < 0.05) than the flour
fractions (25.27–33.73%). The BSFL protein concentrate results reported in this study
indicate that these novel proteins may be appropriate for use in the formulation of a wide
range of processed food products. Currently, there is a paucity of studies investigating the
emulsification properties of insect protein concentrates obtained using different extraction
techniques (alkaline and acid precipitation and alkaline extraction), which makes the
comparison of the results difficult. Proteins currently used by the food industry due to
their emulsifying abilities are mainly derived from soybean, milk (whey or casein), and egg.
These are widely used in various food formulations due to their commercial availability
and good functional properties [45]. However, the major drawback is that they all have
been identified as common food allergens. Therefore, further studies on the emulsifying
properties of edible insect concentrates are required, especially using different extraction
methods. Based on the findings of this study, it could be concluded that BSFL flours and
protein concentrates possess emulsifying properties.

3.4.3. Protein Solubility

In order to provide knowledge on the successful use of insect-derived ingredients
in different food applications, the protein solubility of edible insect flours and protein
concentrates was investigated. Solubility at different pH values and the level of protein
denaturation due to heat or chemical treatment serve as a measure of how well insect flours
and protein concentrates can perform when integrated into food systems [46].

In general, BSFL-FD and BSFL-DF flours had a low protein solubility at pH 2–3
compared to the protein concentrates (Figure 5). The high solubility at low pH values for
the protein concentrates (BSFL-PC1, 95% and BSFL-PC2, 85%) makes them ideal candidates
for use in acidic beverages. The protein solubility of all BSFL samples ranged from a
minimum at the isoelectric point (pI) to its maximum at pH 11 (Figure 5). For all the
insect flours, the pI was in the region of pH 4.0–4.5. During the extraction process, protein
solubility was highly dependent on the pH. The results of this study resemble the pI of
common essential food proteins such as casein (4.6), soybean (4.5), and meat products
(5.0) [12,13,46]. These results can be attributed to the reduced interaction between protein
and water at pH 4.5–5.0, and this phenomenon enhances the protein–protein interaction
in foods resulting in protein aggregation and precipitation [46]. The protein solubility
profiles of BSFL flours and protein concentrates against pH were generally similar to each
other and consistent with previously published data for insect species [14,24,47] and plant
legumes such as peas, Kabuli chickpeas, and kidney beans [12,31]. Protein concentrates
must be highly soluble in order to be used as functional ingredients in a wide variety of
foods, including confections, salad dressings, coffee whiteners, whipped toppings, and
beverages [12,32]. These findings further support the possible application of BSFL flour,
and BSFL protein concentrates over a broad pH spectrum, in addition to acidic foods.

3.4.4. Foaming Capacity and Foam Stability

Food foams can be defined as air bubbles imprisoned in a liquid and stabilised by
protein at the air–liquid interface. As foaming agents, proteins play a significant role in
the distribution of fine air cells in the processed food structure. They are also responsible
for imparting smoothness and lightness and allowing flavours to be volatilised to improve
the palatability of food products [12]. The foam capacity and stability results for BSFL
flour and protein concentrates are exhibited in Figure 6. The FC of BSFL-FD (40%) was not
statistically different (p > 0.05) compared with that of BSFL-DF (55%). The foaming capacity
of BSFL-PC2 (78.43%) after alkaline extraction was significantly higher (p < 0.05) than BSFL-
PC1 (75.97%). Overall, the protein concentrates exhibited an improved foaming capacity.
The high foamability may be attributed to increased protein content and the possibility of
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changes in protein characteristics after the extraction. The FC results of this study show that
BSFL-FD and BSFL-DF flours were higher than those described by Adebowale et al. [37]
for the large African cricket (Gryllidae sp.) that had an FC of only 6%. Previous studies
on freeze-dried A. mellifera and S. gregaria conducted by Mishyna et al. [32] also exhibited
low FC of 5.8% and 45%, respectively. These results are consistent with the observation of
Akpossan et al. [14], who reported a poor FC of the edible full-fat insect I. oyemensis flour.
The variations in FC may be due to the different conformation characteristics of edible
insect proteins.

 
Figure 5. Solubility profile of BSFL flour fractions and protein concentrates as a function of pH.
Freeze-dried BSFL flour (pentagon), defatted BSFL flour (circle), alkaline and acid precipitation
extraction BSFL protein concentrate (star), and alkaline extraction BSFL protein concentrate (triangle).

The stabilisation of foams is primarily dependent on the formation of a thick cohesive
viscoelastic film involving each gas bubble. The present study supported earlier findings
that foam stability increases with the removal of fat. To our best knowledge, this is the
first study to investigate the effect of protein extraction methods on the FC and FS of BSFL
protein concentrates. This work will generate fresh insights into the effect of extraction
methods on edible insect protein techno-functional properties. An increased FC and FS of
protein fractions is also consistent with higher protein solubility (Figure 5) compared to
BSFL flours, which likely contributes to the formation of a cohesive viscoelastic film at the
interface via intermolecular interactions. The high FC and FS of BSFL-PC1 and BSFL-PC2
reported in this study suggest that they can be used in bakery and confectionery products.
Currently, the food industry utilises wheat, soy, and dairy-based protein concentrates and
isolates as ingredients. However, consumers and food processors are searching for new
novel protein sources to alleviate the allergenicity challenges posed by the common eight
priority allergens (wheat, peanut, soy, fish, dairy, tree nuts, crustaceans, and egg).
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Figure 6. Foaming capacity and stability of BSFL flour and protein concentrates. Freeze-dried BSFL
flour—BSFL-FD, defatted BSFL flour—BSFL-DF, alkaline and acid precipitation extraction BSFL
protein concentrate—BSFL-PC1, alkaline extraction BSFL protein concentrate—BSFL-PC2. Values are
mean ± standard deviation; means with different superscript are significantly different (p < 0.05).

3.4.5. Effect of pH on the ζ-Potential of BSFL Protein Concentrates

A significant feature of proteins which determines their functional properties is the
surface charge. In most cases, protein molecules carry a charge, which plays an essential
role in interacting with other food matrices components [48]. Protein Zeta potential (ζ)
is a critical analysis tool that can be used to optimize food product formulations for new
ingredients, predict interactions with surfaces, and predict long-term stability. Zeta (ζ)
potential measurements of protein dispersions for different pH values provide information
about the isoelectric point (pI). The ζ-potential of BSFL protein concentrates is displayed in
Figure 7. The apparent isoelectric point (pI) of all proteins together was determined at a
zero net charge. The pH-dependent droplet ζ-potential of BSFL proteins extracted with
both methods was zero at pH 4.5, representing the pI of the isolates at this pH. Form the
results, it is clear that the chemical extraction method does not affect the isoelectric point of
the BSFL protein concentrates. Zeta potential values (positive or negative) at the curve’s
extremes typically indicate increased electrostatic repulsion, increasing protein solubility.
Protein solubility around the apparent pI, on the other hand, was the lowest since there was
slight repulsion. These results are in agreement with previously reported data for BSFL [49].
Typically, proteins (e.g., from milk, soy, egg) used as ingredients in the food industry have
an isoelectric point in the pH range 4–6 [45]. Therefore, the respective droplet ζ-potentials
converged to zero in this pH range to finally change from positive to negative values at pH
values above the pI. The pI tended to coincide with the minimum solubility, as previously
shown in Figure 3.

3.5. Scanning Electron Microscopy (SEM)

The study of the microstructure of BSFL flours and protein concentrates provided
further information on the results of the physicochemical and functional parameters and
allowed a more complete interpretation of the effects produced by the different treatments.
The surface morphology and microstructure of BSFL flours and protein concentrates are
shown in Figure 8. The BSFL freeze-dried and defatted flours showed particle morphology
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and distribution differences, with BSFL-DF exhibiting large particles. The microstructure of
BSFL-FD flour was less dense and had a smooth surface, although some irregular, cracked,
or shrunk particles could also be observed, while the BSFL-DF was largely irregularly
shaped. The BSFL-PC1 microstructure exhibited a thin flaky plate-like surface morphology,
whereas the surface morphology of BSFL-PC2 appeared large and blocky. There were
distinct differences in the microstructure of the protein concentrates. These findings suggest
that the protein extraction methods changed or modified the microstructure of the BSFL
proteins and further explain the observed differences in the functional and physicochemical
properties. Moreover, more work on higher resolution or magnification should be further
conducted with the view to characterise the BSFL flours and protein concentrates fully.

Figure 7. Effect of pH on the zeta potential of BSFL protein concentrates. The point where the line
crosses the x-axis represents the apparent pI of the protein solution (prepared in MilliQ water).

3.6. Fourier Transform Infrared (FT-IR) Spectrometer Analysis

FT-IR, a precise, low-cost, and non-destructive analytical technique, was employed to
examine the effect of the protein extraction technique on the protein secondary structure
(functional groups). Figure 9 presents representative FT-IR absorption spectra for BSFL
flours and protein concentrates in the 400–4000 cm−1 region. The major peaks for BSFL
samples in this study were found at wavenumbers 3278, 2931, 2580, 1742, 1627, and
1534 cm−1 for amide A, amide B, amide I, amide II, and amide III, respectively. The
absorption peaks of all samples at 2931 and 2850 cm−1 represent the functional groups
O-H and C-H, respectively. After defatting and protein extraction, the intensity of these
peaks decreased significantly. This can be attributed to the chemical treatment applied.
Vital information on the protein secondary structure is provided by the Amide I band
(1650–1800 cm−1) resulting from the stretching of the C=O of amide in protein. Its intensity
decreased as a function of protein extraction and thus indicated an alteration of the protein
structure. The Amide I and II bands are the most important. The sensitivity of C=O peptide
bonds to the different conformations of protein secondary structures is mainly due to these
bands. The protein concentrate (BSFL-PC1 and BSFL-PC2) samples showed a significantly
lower peak intensity at 1627 cm−1 according to the FT-IR spectrum presented in Figure 9,
which corresponds to native intramolecular β-sheets and had marginally lower α-helices
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intensities (1652 cm−1) compared to the BSFL-FD sample [50,51]. The IR spectra of BSFL-FD
and BSFL-DF were composed of the distinct regions that correspond to the amide I band
(1600–1700 cm−1), which is mostly carbonyl stretching (C=O) vibrations and amide II which
is essentially the combination of the N-H plane boundary and C-N stretching vibrations.
It is widely acscepted that the functional and digestive properties of proteins are directly
related to their molecular structure, wherein the configurations of the α-helix and beta-sheet
are associated with their performance in food systems, particularly their absorption of
water and digestion in vitro [50,51]. The BSFL flour and protein concentrate FT-IR spectra
were largely comparable. However, variations were observed in a few characteristic peaks
and intensities (Figure 9), suggesting minor differences in structure, amino acids, and
protein function groups. In addition, the prolonged exposure of proteins during freeze-
drying to low temperatures may have caused an increase in disordered structures. Thus,
the extraction process influences the secondary structure of the proteins.

 

Figure 8. Scanning electron micrographs of (a) BSFL-FD flour, (b) BSFL-DF flour, (c) BSFL-PC1, and
(d) BSFL-PC2.
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Figure 9. FT-IR Spectra of BSFL flours and protein concentrates. Freeze-dried BSFL flour—BSFL-FD,
defatted BSFL flour—BSFL-DF, alkaline and acid precipitation extraction BSFL protein concentrate—BSFL-
PC1, alkaline extraction BSFL protein concentrate—BSFL-PC2.

4. Conclusions

This study established the nutritional properties of BSFL flour fractions and protein
concentrates. All fractions met the recommended FAO requirements for a well-balanced
essential and non-essential amino acid content for human consumption. The overall results
indicated that alkaline and acid precipitation extractions of BSFL protein concentrates
resulted in enhanced nutritional and functional properties. The protein extraction method
appeared to have altered the molecular structure and characteristics of proteins such as
surface charge and functional groups and thus contributed to the improved functionality of
protein fractions. As a general trend, an improvement in water binding capacity, solubility,
and emulsifying capacity were observed. Protein concentrates (BSFL-PC1 and BSFL-PC2)
extracted from BSFL exhibited a high emulsion capacity. This offers the possibility of the
industrial processing of these edible insect protein concentrates and their use in suitable
commercial food applications. More research on the interaction of edible insect ingredients
with other food components and on the microbiological, rheological, and sensory properties
of new insect-based food proteins is recommended for future studies.
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Abstract: Insects are becoming increasingly relevant as protein sources in food and feed. The Black
Soldier Fly (BSF) is one of the most utilized, thanks to its ability to live on many leftovers. Vegetable
processing industries produce huge amounts of by-products, and it is important to efficiently rear
BSF on different substrates to assure an economical advantage in bioconversion and to overcome the
seasonality of some leftovers. This work evaluated how different substrates affect the protein and
amino acid content of BSF. BSF prepupae reared on different substrates showed total protein content
varying between 35% and 49% on dry matter. Significant lower protein contents were detected in
BSF grown on fruit by-products, while higher contents were observed when autumnal leftovers
were employed. BSF protein content was mainly correlated to fibre and protein content in the diet.
Among amino acids, lysine, valine and leucine were most affected by the diet. Essential amino acids
satisfied the Food and Agricultural Organization (FAO) requirements for human nutrition, except for
lysine in few cases. BSF could be a flexible tool to bio-convert a wide range of vegetable by-products
of different seasonality in a high-quality protein-rich biomass, even if significant differences in the
protein fraction were observed according to the rearing substrate.

Keywords: Hermetia illucens; insect rearing; vegetable leftovers; protein fraction; amino acids composition;
growth substrate

1. Introduction

By 2050, the world will host more than 9 billion people, and the availability of proteins
is the main concern in feeding the increasing population, as already pointed out as long ago
as 1975 by Meyer-Rochow [1]. Presently, in Western diets the proteins are predominantly
introduced through products of animal origin, although the zootechnical production
constitutes an important issue from an ecological point of view due to its impact on the
environment [2]. A valuable and more sustainable source of protein is represented by
insects. They have a high nutritional value [3–5] and, compared with traditionally farmed
animals, insects have a much higher conversion efficiency and require much less water [2],
and their rearing involves much less greenhouse gas emissions [6].

Nowadays, more than one-third of the edible parts of food produced gets lost or
wasted; insects could bear an important role in managing and valorizing food waste, since
they can be reared on a large variety of bio-waste substrates [7,8], thus contributing to their
mass reduction and preventing unnecessary waste of resources and further emissions of
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greenhouse gas [9]. Therefore, insects fit perfectly in the perspective to valorise bio-waste
to create a sustainable food and feed production system that embraces the concept of
circular economy and increased sustainability [10,11]. The ability of insects to convert
waste materials into high-quality nutrients has long been known [12], and the Black Soldier
Fly (BSF, Hermetia illucens L., Diptera, Stratiomiyidae) is known as one of the most efficient
bioconverters among insects, being able to reduce the weight of organic waste up to 75%
and converting it into a biomass rich in proteins and lipids [13]. This makes the BSF
suitable to be used as feed for farmed animals [14], for biodiesel production [15] and also
for cosmetics or pharmaceuticals industries, thanks to its high chitin content [16]. All
these applications could be simultaneously tackled through an appropriate fractionation
method [17]. Last but not least, the residual larval frass can be employed as a quality soil
improver [18,19].

Many studies have shown that BSF larvae can live on many substrates with different
characteristics, ranging from mushrooms [20] and winery by-products [21], restaurant
waste [8], municipal waste [22], animal manure [10,23] and human faeces [24]. However,
according to European legislation (Regulation (EC) No. 1069/2009), when invertebrates are
industrially reared, they are considered as “farmed animals”; therefore, the use of animal
manure, catering waste or former foodstuffs containing meat and fish as feeding substrates
is totally forbidden [25,26]. As a consequence, despite the lower content of nutrients,
vegetable and fruit leftovers are increasingly used as rearing substrates for BSF, also due to
their high availability in industrialized regions that are fully compliant with the legislation
on feed for farmed animals [9]. European Food Safety Authority (EFSA) highlighted that
no additional microbiological risks are expected for insect rearing on authorized substrates
with respect to other animal farming [26]. In addition, a few studies demonstrated that the
eventual pesticides and mycotoxins do not accumulate in BSF biomass after the breeding
process [27–30].

An important point in the use of vegetal substrates as feed for insects is their seasonal
availability. As a matter of fact, most of the vegetal leftovers are not constantly available
throughout the year, thus it is important, both from the economic and technical point of
view, to understand the feasibility of rearing BSF on a variety of substrates and a combination
thereof, in order to have a constant BSF production and composition throughout the year.

Many authors have studied the influence of rearing substrates on BSF protein frac-
tions in terms of total amount and of amino acid profile. The protein amount showed
marked differences, varying from 32 to 58% on dry matter [13], while for the amino acid
composition, studies in the literature are often inconsistent, and this is true for other insect
species as well [31]. According to Newton et al., BSF larvae reared on animal manure
were lacking some essential amino acids, such as cysteine, methionine and threonine [12],
whereas according to Liland et al., BSF larvae had sufficient threonine amounts when
reared on a conventional diet supplemented with increasing quantities of seaweed [32].
When fed on a vegetable mix, BSF showed high amounts of aspartic acid, glutamate and
arginine [7], but also of leucine [8].

In this paper, a wide range of data was collected on the content and quality of BSF pre-
pupae protein in relation to the rearing substrates used. A total of 49 different combinations
of vegetable rearing substrates were tested in order to obtain the most complete picture of
the effect of diet on BSF proteins and on the possibility of using diverse substrates for their
rearing. All these vegetable by-products have been chosen focusing on their availability
in a specific region (Regione Emilia-Romagna, Italy) and mostly on their seasonal avail-
ability. The diets were formulated according to a Design of Experiment approach (Mixture
Design) based on the nutrient composition of each substrate and their seasonal availability,
as reported in Barbi et. al, in the optic of a possible scale-up application of BSF rearing
on vegetable by-products across the whole year [33]. To put this approach into practice
and fulfil the requirements of a circular economy, it is of primary importance to verify
the composition of BSF reared on the different substrates, and in particular their protein
fraction that nowadays is considered as the most valuable component of insects.
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2. Materials and Methods

2.1. Materials

The vegetable by-products were collected from different suppliers in the Emilia Ro-
magna Region (northern Italy): Agribologna (Bologna, Italy), Conserve Italia (Bologna,
Italy) and Cooperativa Agricola Brisighellese (Ravenna, Italy). The by-products were stored
at −20 ◦C until use, and further grinded with IKA A10 laboratory grinder.

Chemicals: an AccQ-Fluor reagent kit was obtained from Waters (Milford, MA, USA).
DL-norleucine, amino acid standard mixture, L-tryptophan, 5-Methyl-DL-tryptophan,
L-Cysteic acid, DL-Dithiothreitol, Ethylenediaminetetraacetic acid (EDTA) and Tris-HCl
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium dodecyl sulfate was
purchased from Biorad (Hercules, CA, USA). All the other solvents, salts, acids and bases
were of analytical grade and were purchased from Sigma-Aldrich or Carlo Erba (Milan, Italy).

2.2. Insect Rearing Conditions and Substrate Selection

BSF prepupae for the analyses were obtained from a series of experiments carried out
in the Applied Entomology laboratory of the University of Modena and Reggio Emilia
(Italy). Leftovers selection, rearing substrates design and larvae rearing experiments
have been managed by the University of Modena and Reggio Emilia (Italy), as discussed
in another study [33]. Essentially, BSF larvae were reared under controlled conditions
(27 ± 0.5 ◦C, 60–70% Relative Humidity, RH) in various mixtures of fruit and vegetable by-
products with a different seasonal availability (All-year, Summer and Autumn, Table S1),
and the mixtures were designed through a Mixture Design approach. Details on the
chemical composition of the substrates are reported in Table S1. The “Gainesville House
Fly” diet (50% wheat bran, 30% alfalfa meal and 20% corn meal) [34] was used as the control
diet (CTR). Forty-nine experiments were conducted, inoculating exactly 300 BSF larvae (of
second and third stage) for each substrate. The rearing experiments was conducted for a
maximum period of 65 days, checking regularly the prepupae developed. At each control,
the prepupae observed were collected, killed by freezing and stored at −20 ◦C until further
analysis.

2.3. Proximate Composition of Rearing Substrates and BSF Prepupae

Proximate composition of agri-food leftovers was determined using standard pro-
cedures [35]. Moisture was determined in an oven at 105 ◦C for 24 h. Crude fat content
was determined using an automatized Soxhlet extractor (SER 148/3 VELP SCIENTIFICA,
Usmate Velate, Italy) using diethyl ether. Total ash was determined after mineralization
at 550 ◦C for 5 h. Total nitrogen was determined with a Kjeldahl system (DKL heating
digestor and UDK 139 semiautomatic distillation unit, VELP SCIENTIFICA) using 6.25 as
the mean nitrogen coefficient conversion for vegetable rearing substrates. Dietary fibres of
vegetable by-products were determined through the official method AOAC 991.43, while
total polyphenol content was determined by using the Folin–Ciocalteu method. Digestible
carbohydrates were determined by difference.

Regarding BSF prepupae, the total protein content was determined by the Kjeldahl
method, utilizing 4.67 as the nitrogen to protein conversion factor, in order to exclude chitin
contributing to total nitrogen, as previously reported [36].

2.4. Amino Acid Profile of BSF Prepupae
2.4.1. Sample Preparation

The total amino acid profile was evaluated according to the protocol proposed by
Caligiani et al. with some modifications [17]. An amount of 0.5 g of BSF prepupae was
hydrolysed with 6 mL of HCl 6 N at 110 ◦C for 23 h, then the internal standard (7.5 mL of
5 mM Norleucine in HCl 0.1 M) was added. Cysteine was determined as cysteic acid after
performic acid oxidation followed by acid hydrolysis. In this case, an amount of 0.5 g of
BSF was added to performic acid freshly prepared (by mixing 9 volumes of formic acid
with 1 volume of hydrogen peroxide) and samples were kept in an ice bath for 16 h at 0 ◦C.
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Then, 0.3 mL of hydrobromidric acid was added and the bromine formed was removed
under nitrogen flow. Then, acid hydrolysis was performed as described above.

2.4.2. UPLC/ESI-MS Analysis

The hydrolysed samples were analysed by ultra-performance liquid chromatography
with electrospray ionization and mass spectrometry detector (UPLC/ESI-MS, WATERS
ACQUITY) after derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
(AQC). In particular, UPLC/ESI-MS analysis was performed by using an ACQUITYU-
PLC separation system with an Acquity BEH C18 column (1.7 μm, 2.1 × 150 mm). The
mobile phase was composed of H2O + 0.2% CH3CN +0.1% HCOOH (eluent A) and
CH3CN + 0.1% HCOOH (eluent B). Gradient elution was performed: isocratic 100% A for
7 min, from 100% A to 75.6% A and 24.4% B by linear gradient from 8 to 28 min, isocratic
100% B from 29 to 32 min, isocratic 100% A from 33 to 45 min. The flow rate was set at
0.25 mL/min, injection volume 2 μL, column temperature 35 ◦C and sample temperature
18 ◦C. Detection was performed by using Waters SQ mass spectrometer: the ESI source was
in positive ionization mode, capillary voltage 3.2 kV, cone voltage 30 V, source temperature
150 ◦C, desolvation temperature 300 ◦C, cone gasflow (N2) 100 L/h, desolvation gas flow
(N2) 650 L/h, full scan acquisition(270–518 m/z) and scan duration 1 s. Calibration was
performed with standard solutions prepared mixing norleucine, amino acids hydrolysate
standard mixture, cysteic acid and deionized water.

2.4.3. Tryptophan Determination

Total tryptophan was determined following the protocol proposed by Delgado-
Andrade et al. with some modifications [37]. An amount of 0.2 g of sample was weighed
and dissolved in 3 mL of 4N NaOH. An amount of 150 μL of 5-methyl-tryptophan
(16 mg/100 mL), used as internal standard, was added and mixed. Hydrolysis was then
carried out for 18 h at 110 ◦C. The hydrolysates were aerated and cooled, then carefully
acidified to a pH 6.5 with HCl 37%, diluted to 25 mL with sodium borate buffer (0.1 M,
pH 9.0) and allowed to stand for 15 min. Samples were finally centrifuged at 4000 rpm for
5 min and supernatant filtered through a 0.45 μm nylon filter membrane into UPLC vials.
UPLC/ESI-MS analysis was performed as for the other amino acids.

2.5. Statistical Analysis

All analyses on prepupae were carried out in duplicate. Data are expressed as the
mean ± standard deviation. Protein and amino acid data were subjected to one-way
analysis of variance (ANOVA) followed by a Tukey post hoc test using IBM SPSS software
version 21.0 (SPSS Inc., Chicago, IL, USA) to determine differences between samples.
Significant differences were compared at a level of p < 0.05.

The Pearson correlation coefficient was calculated to evaluate the linear correlations
between the nutrients in rearing substrates and protein amounts in BSF prepupae biomass.
Both values were taken in absolute terms, calculated according to the following equations:

BSF total protein content = Protein%∗total grams of prepupae at the end of the breeding
100

Le f tovers total nutrient content =
nutrient% in diet ∗ total grams of diet

100
The second equation was applied separately for each nutrient present in the diet:

proteins, lipids, fibres, carbohydrates, ashes and polyphenols.
Principal Component Analysis (PCA) was carried out on amino acid data using IBM

SPSS software version 21.0 (SPSS Inc., Chicago, IL, USA). PCA was performed through a
52-point matrix (49 samples plus 3 replicates of the control substrate, one for each seasonal
period) and 19 variables (18 amino acids and total protein content), and the principal
components were derived with the correlation method. As an unsupervised learning
approach, PCA allows us to describe the variation in the dataset. Data were visualised by
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plotting the score plot and the loading plot, the latter allowing the identification of the amino
acids having influences on specific grouping of samples according to the rearing substrate.

The Design Expert 12.0 (Stat-Ease) code was used both to set up the experimental plan
and to analyse the results. A mixture design was selected to obtain predictive reliability on
the effect of the leftovers’ composition on the amino acid content of BSF’s prepupae. Six
factors were considered: proteins, fibres, carbohydrates, polyphenols, lipids, and ashes,
from which the experimental plan of Table S1 was derived. ANOVA was employed to
estimate the influence of each factor over the responses observing the p-values (α-level of
0.05) and F-tests. The quality of the fit in terms of regression analysis and the predictive
power of the model were evaluated by using the R2 and Pred-R2, respectively. R2 is
the proportion of the dependent variable’s variance predictable from the independent
variables. In a similar way, Pred-R2 shows how well the model can predict the responses
for new observations. Response contour plots were used as functional tools in explaining
graphically the role of the main components on the final considered properties [38].

3. Results and Discussion

3.1. Rearing Substrate Composition and Related BSF Biomass

The composition of rearing substrates, both in terms of leftover combinations and
specific nutrient composition is reported in Table S1, while in Table 1, the mean composition
of the diets according to the seasonality (substrates available all year, substrates available
in summer and substrates available in autumn) is reported and compared with the BSF
standard diet (Gainsville diet, CTR). The three groups of tested diets differed between each
other and in respect to the control diet. The differences in diet compositions are related
to the vegetable by-products employed: (i) fruit peels and pulp (exotic fruits, apple, kiwi,
pineapple, melon) for the All-Year diets, (ii) tomato peels/seed and peach pulp/peels
for the Summer group and (iii) legume, corn and olive pomace for the Autumn group,
although the exotic fruits and melon, as substrates that are available all year round, were
introduced in some diets of the AUTUMN and SUMMER groups. Corn, wheat brans and
alfalfa were instead the ingredients of the control diet (CTR diet), used as the BSF rearing
substrate in the lab colony.

Table 1. Mean percentage composition of the different diets, expressed as g/100 g dry matter and corresponding amount of
total prepupal biomasses obtained (g) starting from 300 Black Soldier Fly (BSF) larvae. Nd = not detected.

All-Year (n = 21) Summer (n = 13) Autumn (n = 15) CTR

Lipid 0.78 ± 0.35 3.28 ± 2.12 3.18 ± 1.46 3.37 ± 0.1
Ashes 6.66 ± 3.20 4.87 ± 0.71 4.02 ± 1.59 5.9 ± 0.5
Fibres 23.1 ± 17.51 56.86 ± 14.79 56.69 ± 6.53 41 ± 2.5

Polyphenols 0.03 ± 0.02 0.09 ± 0.02 0.04 ± 0.01 Nd
Protein 5.07 ± 1.20 9.97 ± 2.71 16.03 ± 6.57 17.28 ± 1

Available carbohydrates 64.36 ± 20.07 24.93 ± 15.61 17.05 ± 10.72 32.61 ± 1
Total prepupae biomass (g) 21.2 ± 2 39.8 ± 3 57.1 ± 5 52.0 ± 4

The different ingredients employed in the three groups are also related to a different
proximate composition of the diets, as reported in Table 1. The All-Year diets are rich in
available carbohydrates and poor in protein and lipids, while the Summer and Autumn
groups contain larger amounts of fibres and protein, the latter especially represented in the
Autumn group.

Despite differences in composition, all the diets tested allowed BSF to grow (more
than 90% of the initial 300 BSF larvae reached the prepupal stage in all experiments), even
if with consistent differences in total weight of final prepupae biomass. In Table 1, the
mean amount of prepupae (g) obtained for each different rearing mixture is also reported,
clearly outlining the prominent effect of seasonality on the BSF prepupae total biomass
amount. The specific amount of prepupal biomasses in each rearing experiment is reported
in Table S1 of the Supplementary Materials.
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As a consequence, the BSF prepupae obtained can be roughly divided into three
groups according to their biomass weight at the end of the growing process, which basically
correspond to the three groups of vegetable diets administered, classified according to their
seasonality. Indeed, the lower quantity of prepupal biomass were obtained by using the
All-Year substrates, the intermediate weight with Summer substrates (both of them lower
than when using the control diet), while the higher quantities were obtained by employing
the Autumn group substrates, which seems to be the most suitable feeding substrate group
to maximize the BSF biomass.

3.2. Effect of the Rearing Substrate Composition on BSF Prepupae Total Protein Content

Given that the composition of the diets influences the growth of the prepupae, the
target of this work, as previously stated, was to verify how the different substrates, and
in turn the different growth performance of prepupae (low, medium and high biomass-
weights), influence the final BSF protein quality and its total amount. BSF samples were
clustered on the basis of the prepupal biomass, corresponding to the three groups of BSF
diets (All-Year, Summer and Autumn).

The total protein content of each BSF prepupa reared on the different substrates is
reported in Figure 1 (see Table S1 of the supplementary material for the details about
substrate typologies, composition and sample codes). Protein amount, calculated as
g/100 g of BSF on dry matter (% DM), varied in the range of 35% to 49.5%. These values
agree with the studies in the literature, reporting a range of 32–58% [13].

Figure 1. Total protein content (Nx4.67, g/100 g DM) for each BSF sample grown on the 49 diets considered and compared
with the control samples (dotted line). Each datum is the mean of two replicates. Global mean of each group was compared
with one-way ANOVA (p-level 0.05). Different letters (a,b) on the bars indicate significantly different values.

In general, most of the samples from the All-Year and Summer groups contain
lower amounts of protein compared to the control group, although with a few exceptions
(Sample N—All-Year, sample A, M, G—Summer). On the contrary, many of the Autumn
group samples contain higher amounts of protein with respect to the control, indicating
that a better growth performance, as expected, also corresponds to a higher protein content

Taken as a whole (mean), the Autumn group did not show a significant difference with
respect to the control, outlining that the agrifood leftovers used in this group could fully
replace the control diet, while in the All-Year and the Summer groups, a significantly lower
amount of protein was recorded (one-way ANOVA, Tukey post hoc test, p-level = 0.05).
This indicates that, while growing on these substrates is certainly possible, it would be
less efficient and result in a smaller overall amount of protein. Thus, growing on these
substrates should be performed by carefully balancing the advantage of re-using leftovers
with the disadvantage of having a slightly lower amount of protein.

To better understand which relationship exists between the various diets administered
and the production of protein in the prepupae biomass, we correlated the latter and the
single nutrients of the diets through linear correlation analysis.

A positive, although moderate, correlation was observed between the lipid content
of the diet and the protein content of prepupae (R = 0.54; p < 0.001), while non-structural
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carbohydrates (digestible carbohydrates) showed a moderate negative one (R = −0.56,
p < 0.001). On the contrary, polyphenols (R = 0.39, p < 0.001) and ashes (R = 0.17, p = 0.37)
in the diet did not affect the protein content of BSF prepupae.

A significant positive correlation was detected between the BSF prepupae protein
content and the fibres content of the diet (R = 0.87, p < 0.001, Figure 2a). Fibres are
typically difficult degrade for most insects, but this positive correlation could be the result
of the increased availability of nutrients due to the action of microorganisms able to
hydrolyse cellulose, both endogenous and exogenous (i.e., already present in the rearing
substrates) [21,39–41]. Indeed, previous studies have identified cellulase genes in the gut
microflora of BSF larvae [40,42]. Thus, a likely hypothesis for the correlation found might
be that the ability of using more and better fibre biomass leads to better larval growth,
which in turn also means a higher amount of protein produced.

A positive correlation was also identified between the BSF prepupae protein content
and the diet’s protein content in absolute terms (R = 0.84, p < 0.001, Figure 2b), confirming
previous findings [21,23].

Figure 2. Correlation between total protein content (absolute amount) in the BSF prepupae biomass
recorded in each experiment (starting from 300 BSF larvae) and (a) total fibre and (b) total protein
contained in the rearing substrate (absolute amount).

Observing qualitatively the data in Figure 2a,b, a lack of a linear correlation (a plateau
is reached) seems evident, especially when a high amount of fibre or protein was present in
the diet, suggesting that there is a specific level of these nutrients in the substrates allowing
them to reach the maximum amount of protein in insects.

More specifically, our data show that by increasing the amount of vegetable protein
in the diet, BSF larvae convert progressively a smaller part of it into their own animal
protein. In fact, whilst for low-protein diets they were able to convert more than 90%, for
the most protein-rich diets, this percentage dropped to 10% (Figure 3). This suggests that
for BSF larvae growth and protein content, the amount of protein in the rearing substrate is
very important until a minimum threshold is reached, and then it becomes less relevant.
These experimental data are in agreement with a recent work about digestive enzyme
expression and production in BSF [43]. In this paper, the authors clearly demonstrate that
the midgut of H. illucens larvae is able to adapt to diets with different nutrient content; an
increase in proteolytic activity together with a decrease in α-amylase and lipase activity was
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observed as a consequence of nutritionally poor diet. Moreover, Barragán Fonseca (2018)
demonstrated that larvae feeding on substrates rich in protein have a higher lipid content,
and thereby a reduced protein content (in % dry mass) [44]. Consequently, in order to
obtain prepupae with a high protein content, according to Figure 3, a good compromise to
maintain an advantageous conversion rate would be to rear them on a substrate containing
7% by weight of protein. This value is also in accordance with a previous study [31].

Figure 3. Conversion rate (%) of vegetable protein present in the substrate into BSF protein (absolute amounts, starting
from 300 BSF larvae).

3.3. BSF Amino Acid Content

To better verify the influence of the rearing substrate composition on the BSF protein
nutritional value, further insights into the complete amino acid profile were provided. As
a matter of fact, information on the nutritional quality of proteins, and therefore on their
amino acid composition, is of utmost importance to understand the possible uses of the BSF
protein fraction. Results on the complete total amino acid profile of the BSF prepupae are
reported in Table S2. An explorative Principal Component Analysis (PCA) was performed
to assess if and how different rearing substrates would affect amino acid composition.
Principal Components are new variables obtained by linear combinations of the original
variables (amino acids and total protein), allowing us to describe the system variability
using only a few components, thus reducing the complexity, enabling the visualization
of the samples in a two-dimensional graph. The analysis showed that about 39% of the
total variation is explained by the first component (PC1), 57% by the first two components
and 69% by the first three components. The most important variables for each principal
component are reported in Table S3 of the Supplementary Materials. Figure 4a shows the
scatter plot of the scores of PC1 versus PC2. The loadings for the first two components are
schematized in the component plot (Figure 4b). Glutamic acid/glutamine, lysine, pheny-
lalanine, aspartic acid/asparagine, tyrosine, glycine, valine, serine and histidine turned
out to be the most influencing variables for PC1, PC2 was predominantly characterized by
cysteine, tryptophan, arginine and threonine, while leucine, isoleucine and methionine had
the greatest effect for PC3. Figure 4a shows a partial separation of the BSF prepupae sam-
ples, based on the seasonality of the substrates. In particular, BSF prepupae that had been
reared on substrates belonging to the Autumn group are found in correspondence with
PC1 positive values, well separated from the others. In this group, the most represented
essential amino acids are phenylalanine/tyrosine, valine and leucine.

On the other hand, the All-Year and Summer groups showed a less clear separation
between each other and both were found at negative values of PC1. They differed from the
Autumn group mainly in their higher amounts of lysine, aspartate and glutamate content.
Finally, the control group was found in an intermediate position, closer to the All-Year and
Summer groups and with greater differences compared to the Autumn one.
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Figure 4. (a) Score plot of BSF samples on the first two principal components; (b) loadings values of the variables associated
with the first two principal components.

In order to verify to what extent the nutritional properties of BSF prepupae proteins
were affected by the composition of the rearing substrates, a one-way ANOVA was carried
out on the essential amino acids (EAAs), dividing the samples according to the four groups
of substrates (Table 2).

As a general consideration, ANOVA results confirm what is evidenced by PCA; in
fact, the Autumn group is the one presenting the larger number of significant differences
with respect to the other experimental diets (All-Year and Summer), and also with respect
to the control diet. The BSF prepupae of the Autumn group contain the highest amounts of
essential amino acids, except for lysine, which was detected in significant lower amounts
compared to the BSF reared on the other substrates.

Isoleucine, methionine, cysteine and tryptophan did not differ significantly in any of
the four diets.

On the other hand, specific differences in essential amino acid content of prepupae
reared on the three diets were observed. Leucine turned out to be the EAA most affected
from the diet, highlighting a sharp decline when samples of the All-Year group were
considered. A similar trend was also observed for valine and histidine. Phenylalanine
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and tyrosine were lower in the All-Year and Summer groups when compared with the
Autumn group, while threonine in the Summer group was present in a lower amount with
respect to the Autumn group. Actually, several peculiar differences were also observed in
the single samples (Table S2).

Table 2. Mean values (expressed as mg/g protein) for essential and semi-essential amino acids of
BSF prepupae that had been reared on the different groups of substrates.

All-Year (n = 21) Summer (n = 13) Autumn (n = 15) CTR (n = 3)

His 33.50 a 37.86 ab 39.00 b 37.00 ab

Ile 42.89 a 43.11 a 44.10 a 45.39 a

Leu 71.24 a 77.66 bc 79.88 c 74.00 ab

Val 60.49 a 60.25 a 66.09 b 62.43 a

Lys 62.22 a 62.93 a 51.73 b 62.44 a

Cys 18.17 a 20.42 a 20.14 a 20.70 a

Met 18.37 a 17.54 a 19.16 a 18.40 a

Phe 41.69 a 40.03 a 46.47 b 42.53 ab

Tyr 61.45 a 63.16 ab 69.67 b 64.13 ab

Thr 39.50 ab 37.36 a 40.58 b 39.30 ab

Trp 14.80 a 15.76 a 15.84 a 17.60 a
Values followed by different letters within one row are significantly different (one-way ANOVA, Tukey post hoc
test, p < 0.05).

Our results suggested a partial influence of the BSF diet on the total protein produc-
tion and on their amino acid composition, and similar findings were also obtained by
Spranghers et al. [8] and Soetemans et al. [45] on the tenebrionid Alphitobius diaperinus.
However, it is not yet clear how BSF larvae convert the amino acids from the diet into
amino acids useful for their metabolism and how they store and use differently the different
essential amino acids. According to Liland et al. [31], BSF larvae were able to produce
certain amino acids, such as tyrosine, which were almost absent in the seaweed-containing
media.

Due to the complexity of the system and the possible interaction of diet components
on specific essential amino acid content, a multivariate statistical analysis was used as
further approach to better understand the influence of the diet composition (Table 1) on the
essential amino acid profile. This approach was possible because the experimental diets
were formulated according to a Design of Experiments (DoE) [32], allowing us to construct
statistically reliable models describing the correlation among food leftovers’ composition
and amino acid content, and utilizing ANOVA to verify if the effects of the main factors and
their interaction terms are statistically reliable. Results of ANOVA (Table S4) indicate the
influence of many significant factors for each response, thus confirming the complex nature
of these correlations. These relationships are in general better explained by the interaction
between the factors rather than by an independent single factor, confirming the need for
the multivariate approach. Furthermore, the fitting parameters show a fairly good fitting
(R2 > 0.50) only for some responses, in particular for leucine, valine and lysine (Table S4).
The graphical representation of the results with acceptable fitting quality is reported in
Figures 5 and 6. According to these results, for the leucine content in the BSF prepupae
(Figure 5), a strong interaction emerges with the content of lipids and proteins in the rearing
substrate. In particular, when the rearing diets were lacking carbohydrates, the highest
content of leucine was detected when the content of proteins and lipids in the substrate was
equal to or above 50 wt% (Figure 5a). In the presence of a higher content of carbohydrates
(50 wt%), the highest content of leucine in BSF prepupae is obtained with slightly lower
contents of both proteins and lipids in the rearing diet (Figure 5b). Overall, the increase in
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carbohydrate content leads to a reduction in the red area, thus indicating that a smaller
combination of rearing substrates is suitable for an increase in the leucine content of the BSF
prepupae. In conclusion, the highest leucine content in the BSF prepupae can be achieved
by increasing the amounts of protein and lipids while reducing the carbohydrates content in
the rearing diet. Similarly (data not shown), the valine content in BSF prepupae is enhanced
by maximising the content of lipids and proteins and reducing that of carbohydrates in
the rearing substrate. The correlation between the content of leucine and valine in the BSF
prepupae with the protein content of the rearing substrates could indicate that these amino
acids are essential for BSF development.

Finally, the contour plots related to the content of lysine in BSF prepupae (Figure 6)
show that carbohydrate variation plays a crucial role in enhancing this amino acid content.
In fact, the highest content of lysine in the insects can only be obtained when the rearing
substrate has at least 90% DM of carbohydrates (Figure 6b) and a slightly higher amount
of lipids compared to protein and fibre. A rearing substrate based on 75% DM of carbo-
hydrates (Figure 6a) will result in prepupae with lower amounts of lysine. In any case, to
obtain average values of lysine in the BSF prepupae, in both situations a well-balanced
amount of protein and fibre in the rearing substrate is needed.

Figure 5. Graphical model variation of the amount of leucine in the proteins of BSF prepupae in relation to the composition
of the rearing substrate in terms of lipids, proteins and fibres, considering two scenarios: (a) carbohydrates = 0 wt%;
(b) carbohydrates = 50 wt%. The region representing the highest value of the response is shown in red colour whereas
the lowest values are in blue. For each response, the most significant factor has been considered for the graphical model,
expecting a higher variation in the response behaviour.

As a general consideration, it is important to highlight that none of the BSF prepupae
reared on experimental diets contained significantly lower amounts of essential amino acids
with respect to the control group, except in the above-mentioned case of lysine. Despite
the specific differences, the majority of the proteins obtained from the BSF prepupae
reared on the experimental substrates contain on average a sufficient quantity of each EAA
required for human consumption, as shown in Table 3. Recent studies have shown that
BSF prepupae contain optimal amounts of all the essential amino acids (EAA) to satisfy the
human adult requirements, as established in the reference of FAO/WHO [7,17,46].
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Figure 6. Graphical model variation of the amount of lysine in the proteins of BSF prepupae in relation to the composition
of the rearing substrate in terms of lipids, protein and fibre, considering two scenarios: (a) carbohydrates = 75 wt%;
(b) carbohydrates = 90 wt%. The region representing the highest value of the response is shown in red colour, whereas
the lowest values are in blue. For each response, the most significant factor has been considered for the graphical model,
expecting higher variation in the response behaviour.

Table 3. Highest, lowest and average essential amino acid content of BSF prepupae, compared with the FAO protein
reference for human adults (2011).

Reference Protein FAO
2011 (mg/g Protein)

Average Values Found
in BSF Prepupae

Protein (mg/g Protein)

Lowest Values Found in
BSF Prepupae Protein

(mg/g Protein)

Highest Values Found
in BSF Prepupae

Protein (mg/g Protein)

His 16 36 23 46
Ile 30 44 39 50

Leu 61 76 67 89
Lys 48 58 47 72

Cys + Met 23 38 32 45
Phe + Tyr 41 107 91 127

Thr 25 39 33 44
Trp 6.6 15 7 19
Val 40 62 56 72

According to these figures, all the analysed BSF prepupae can meet the FAO require-
ments, and, as in the case of histidine and tryptophan, the EAA content is even double
the required amount. Moreover, the lowest values found in the samples turned out to be
higher than the recommended amounts, except for lysine, which resulted in being at the
lower limit in few cases (two of the BSF samples reared on the Autumn substrates). This
finding is particularly relevant, considering that the analysed prepupae samples did not
undergo any thermal treatment, which, on the other hand, is very likely to occur when
BSF proteins are to be used in food and feed formulations, thus further lowering the lysine
amount through the Maillard reaction. Moreover, one factor that could affect the lysine
content is the killing method for BSF prepupae [47]. Killing by freezing, which was the
method used in this experimental plan, leads to some alteration of the total amino acid
fraction, with the notable decrease of lysine and cysteine, likely involved in the process of
melanisation, reacting with quinones with their side chain.
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4. Conclusions

Due to its physiological characteristics and excellent nutritional properties, the BSF
is considered one of the most promising candidates in insect farming for feed and food
purposes. Aiming at evaluating the effect of the nutrients of the rearing substrate on the
protein content and composition of BSF prepupae, we examined 49 different substrates
that consisted of variable proportions of different vegetable by-products and were divided
into three groups according to their seasonal availability. The results showed that the
total protein content of BSF prepupae ranged between 35% and 49% DM, with the highest
values in the Autumn group substrates. It has also been observed that a higher protein
content in the diet has resulted in a higher prepupae protein content up to a certain value;
this vegetable-to-animal protein conversion lowered gradually as dietary proteins were
increased, indicating the existence of a minimal critical amount of protein that has to
be present in the diet, and that once reached makes any further protein addition to the
rearing substrate much less relevant. Dietary fibres also seem to play a positive role in the
achievement of BSF prepupae protein biomass. An important outcome of this work focuses
on the essential amino acids. Higher amounts of essential amino acids in the BSF prepupae
that had been reared with the substrates of the Autumn group were observed. Lysine,
leucine and valine were found to be the most correlated with the presence of nutrients of
the feeding diet. Leucine and valine were strongly dependent on the content of protein and
lipid in the diet, while lysine is correlated to the amount of carbohydrates. Despite these
important differences, the essential amino acid composition almost always fully satisfied
the FAO nutritional requirements for humans. The only exception was lysine, and only in
a very limited number of cases.

In conclusion, this study shows that by providing BSF larvae with substrates based
on a very wide range of combinations of vegetable by-products, it is possible to obtain
in the BSF prepupae a protein quality very similar to the one obtained with the control
diet. However, when the employed leftovers have a very low-quality nutritional content,
the development of BSF biomass is less efficient, and as a consequence a lower amount of
protein is obtained. Thus, growing on these substrates should be performed by carefully
balancing the advantage of re-using leftovers with the disadvantage of having a slightly
lower amount of protein. These findings are very important in view of promoting BSF as
a flexible tool able to bio-convert a wide range of vegetable by-products, which can vary
according to seasonality or areas of production.
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Table S4: Summary of ANOVA results.
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Abstract: Insects are part of the diet of over 2 billion people worldwide; however, insects have
not been popular in Europe, neither as food nor as a feed ingredient. This has been changing in
recent years, due to increased knowledge regarding the nutritional benefits, the need for novel
protein production and the low environmental impact of insects compared to conventional protein
production. The purpose of this study is to give an overview of the most popular insects farmed in
Europe, yellow mealworm, Tenebrio molitor, and black soldier fly (BSF), Hermetia illucens, together
with the main obstacles and risks. A comprehensive literature study was carried out and 27 insect
farming companies found listed in Europe were contacted directly. The results show that the insect
farming industry is increasing in Europe, and the success of the frontrunners is based on large
investments in technology, automation and economy of scale. The interest of venture capital firms is
noticeable, covering 90% of the investment costs in some cases. It is concluded that insect farming
in Europe is likely to expand rapidly in the coming years, offering new proteins and other valuable
products, not only as a feed ingredient, but also for human consumption. European regulations have
additionally been rapidly changing, with more freedom towards insects as food and feed. There is an
increased knowledge regarding safety concerns of edible insects, and the results indicate that edible
insects pose a smaller risk for zoonotic diseases than livestock. However, knowledge regarding risk
posed by edible insects is still lacking, but food and feed safety is essential to put products on the
European market.

Keywords: mealworm; black soldier fly larvae; insect farming; novel protein; Europe; food; feed; Iceland

1. Introduction

The act of eating insects is called entomophagy and comes from the Greek terms
“entomos”, meaning “insects”, and “phagein”, meaning “to eat” [1]. Humans have eaten
insects as a part of their diet for millennia all around the world [2] and today insects are
part of the diet of over 2 billion people worldwide. About 2000 species of insects are eaten
in the world today. Most of them are eaten in Central and South America (679 species),
and 549 species of insects are consumed in Mexico alone. Entomophagy is also widely
practiced in Africa (524 species), Asia (349 species) and Australia (152 species). However
only 41 species of insects are eaten in Europe [3]. In 2019 it was estimated that 9 million
Europeans consumed insects [4], which is about 1.2% of the European population in
2019 [5]. In comparison, a survey performed in Kinshasa in the republic of Congo in 2003
reported that 70% of the city’s inhabitants consumed insects [6]. Additionally, about 25% of
the world population consumes insects today [3,7]. However, the consumption of insects
is declining in Asia but has also been reinvented in new forms and contexts, according
to Andrew Müller [8]; this might be caused by several reasons as a form of modernity
and globalization.

Foods 2021, 10, 2744. https://doi.org/10.3390/foods10112744 https://www.mdpi.com/journal/foods
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In spite of the high consumption of insects in the world, Europeans have abandoned
entomophagy a long time ago and consider it to be a primitive behaviour [9]; however, this
is slowly changing [4]. There are some speculations on why Europeans have abandoned
this practice but one of the most likely reasons is the difference in the weather. Europe
is in the temperate zone where insect species are smaller than in the tropics and insects
are unavailable in the wintertime [10]. However, the ancient Greeks and Romans ate
insects [11] and cockchafer (type of a beetle) soup was consumed in Central Europe even
until the 20th Century [12]. There is an increased interest for edible insects in Europe
today [10], both as a source of food and feed, which can be traced back to a 1975 publication
by Meyer-Rochow [13], who urged Food and Agriculture Organization of the United
Nations (FAO) and World Health Organisation WHO to take up the idea and support the
use of edible insects as a food item for humans and animals. This interest increased rapidly
when insects became regarded as a novel food in the European Union (EU) in 2015. The
number of research papers on mealworms in Europe were 65 between 2012 and 2015 and
133 between 2016 and 2019 [3].

The global population is projected to increase to approximately 10 billion by 2050.
Although the food produced could feed 10 billion people [14], 10% of the world still suffers
from hunger every day [15]. Only two third of all food produced is consumed and the
rest represents a huge waste of natural resources [14]. To counter this problem and to stop
world hunger before 2030, new ways of producing and using food is required [15,16] along
with alternative food and feed sources [17]. One way to reduce waste and world hunger
is to grow insects on organic waste for the production of animal feed or food [6]. Studies
have shown that both mealworms [18] and black soldier fly (BSF) larvae can be grown on
waste [19], along with several other insect species [20].

Another thing to consider is the environmental effects of food production; the current
food system is responsible for 80% of deforestation, 29% of all greenhouse gas emission,
and agriculture uses 34% of all land on the planet, and withdraws 70% of freshwater and is
responsible for 68% of animal extinction [14]. Growing insects requires less greenhouse gas
production, water use and use of land per kg food produced than livestock, and thus can
be produced in an environmentally sustainable manner [18].

Insects as feed are also considered to have less of an environmental impact compared
with most-used protein sources today, soybean and fishmeal [21]. For example, oceans
are overfished and 20% of all wild caught fish is used for aquaculture feed, fishmeal [14].
Most feed protein sources such as soybean and fishmeal are imported into the EU [17],
with South America being the biggest producer of fishmeal [6] and South America and
the United States being the biggest producers of soybean [22]. However, some fishmeal is
produced in Iceland, Ireland, Denmark, Faroe Islands, Norway, United Kingdom, Estonia
and Spain [23] and some soybean is produced in Ukraine, Russia, Italy, Serbia, France,
Romania, Hungary and Austria [22]. The recent high demand has led to the high prices of
these feed today [6], and the prices are expected to increase even more [17].

In 1975, edible insects were suggested to be able to counteract food shortage by
increasing the use of them as food and feed [13]. Edible insects have been used as an
alternative protein source for both humans and animals and research has shown that
insects have a good nutrient value for humans, poultry, pork [18] and for aquaculture [24].

In this article, the production of mealworm and BSF larvae as food and feed in Europe
is studied. Companies that have already started farming these species were contacted and
asked key questions about their operations, investments and current status. The article
also discusses the obstacles of using insects as feed or food in Europe and the food security
related to insect farming. European regulations and how they are developing are presented
as is how insect farming supports the Sustainable Development Goals (SDG) and European
strategies. Moreover, the consumer acceptance of insects for feed and/or food is estimated.
Finally, the article looks deeper into the situation in Iceland.
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2. The Benefits of Breeding Insects

Edible insects have been shown to have nutritional, ecological and economic advan-
tages, and increased insect farming is considered to promote increased food security across
the world. Insect products are also considered to be beneficial for the health and welfare of
livestock and they could lead to reduced antibiotic use in livestock production [25].

2.1. Health Benefits
2.1.1. Nutritional Value as Food

Edible insects are considered to be a valuable source of nutrients, with a high amount
of energy, protein and fats. They are high in amino acids and monosatured fatty acids,
which meets the requirements of humans. Besides being high in nutrients, edible insects are
also rich in certain vitamins and minerals [25] and have a high content of fiber compared
to livestock, as seen in Table 1 [26,27]. It has also been reported that insect protein has
as many nutritional benefits as milk proteins [28] and that edible insects might decrease
cholesterol levels in humans by 60% [29].

Insect species are highly variate in crude protein content, but on average, the crude
protein content of edible insects ranges between 35–60% dry matter, which is higher than
plant protein sources, including cereal, soybeans and lentils and the insects with a higher
amount provide more protein than even meat and chicken eggs [30]. Live mealworm
include about 20% protein, while dried mealworm includes about 53% protein [31]; the
average protein content of BSF larvae is between 38–48% [27]. According to Liu et al. [32],
the crude protein content of BSF varies between diverse lifecycle stages. In 1 day larvae,
14 days larvae, prepupae, pupae and adults it is 56.2%, 39.2%, 40.3%, 45% and 43.9%
respectively. However, crude protein content is overestimated when using a nitrogen to
protein conversion factor of 6.25, mainly due to the presence of chitin [33], which is not
digestable, but insect protein digestibility is estimated to be between 77–98% [31].

Insect fat content varies between species, sex, reproduction stage, season, diet and
habitat [31]. The average fat content of edible insects is between 2–50% dry matter [34].
The average fat content of mealworms is between 19.12–34.54% [18] and the average fat
content of BSF larvae is between 15–35% [27]. Mealworms are reported to have a high level
of polyunsaturated fatty acids [17]; however, studies have shown that edible insects are in
general low in omega-3 fatty acids and have a high omega-6/omega-3 ratio. This can be
changed by adding omega-3 fatty acids to insect diets [35]. Insects are reported to have a
higher content of energy, sodium and saturated fat than conventional livestock. A high
content of sodium and saturated fat in food can lead to over-nutrition=linked diseases
such as heart diseases. However, insects tend to have a very high micronutrient content,
especially in the micronutrients that are known to be deficient in many areas where food
insecurity is high. This shows that meat products may be nutritionally preferable to certain
insects in the context of overnutrition, and that severeal insects are potentially superior to
meat in the context of undernutrition. However, nutritional composition of a product does
not say everything about its effect on human health [36].

It has been reported that nutritional quality of edible insects varies greatly depending
on the insect diet [18,27,31]. BSF larvae have been reported to be able to accumulate both
lipid- and water-soluble nutrients from their diet, and BSF reared on brewery waste or a
mixture of fruit and vegetables have been shown to have a higher protein content than
BSF reared on fruit or winery by-products [27]. Futhermore, mealworms reared on plant
waste have a higher protein content and a lower fat content than mealworms reared on
a cereal-based diet [18] and, as mentioned earlier, adding omega-3 fatty acids into insect
diets can decrease the omega-6/omega-3 ratio [35]. Additionally, it has been reported that
processing methods can affect the nutritional quality of edible insects [27,37]. In a study by
Nyangena et al. [27], it was reported that heat processing increases the protein content and
decreases the fat content of BSF larvae.
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2.1.2. Nutritional Value as Feed

Insects are a natural part of the diet of some animals including pig, poultry and fish [49]
and edible insects and can be used as a protein source in feed for these species along with
other protein sources such as soybean meal and fishmeal [18,21,40,49,50]. Mealworms
contain essential amino acid compositions sufficient to meet the dietary requirements
of trout, where mealworms can replace fishmeal in the diet. However, mealworms lack
sufficient methionine to meet the essential amino acid requirement of salmon, poultry
and humans [21]. Studies have shown that edible insects can improve the growth rate
and digestibility of poultry and pigs compared to other protein sources. Increasing the
mealworm content to 15% in poultry diets increased the body weight and the daily feed
intake of chicken in one study. In the same study, increasing mealworm content to 6% in
pig diets increased the body weight, average daily gain, average daily feed intake and gain
to feed ratio of weaning pigs [18]. Additionally, a study by Rawski et al. [40] showed that
the replacement of fishmeal with BSF larvae can have positive effects on Siberian sturgeon
growth performance.

2.1.3. Chitin

Besides protein and fat, insects contain fiber, mainly in the form of chitin. Chitin is a
natural polysaccharide, which is probably one of the most abundant biopolymers in nature
and is the second most abundant biomass in the world after cellulose. It plays a structural
role in many organisms, including fungi, crustaceans, mollusks, coelomates, protozoa and
green algae [51]. The composition and amount of chitin in insects can vary between species
and developmental stages. Most of the chitin can be found in the exuviate (shed). Although
chitin can play a role in the pathogenesis of asthma and allergies, it is considered to have
potential positive effects on the immune system.

Chitosan, one of chitin’s derivatives, is produced by deacetylation and can be a valu-
able by-product for biomedical use. Primex Iceland, an Icelandic company, has been
producing chitosan from shrimp shells (Pandalus borealis) from the North Atlantic Ocean.
They have been producing healing spray and gel for external use both for humans and
animals, but also as a dietary supplement for weight management [52]. The composition
and the amount of chitin varies with the species and developmental stages. The chitin
contents of mealworms are considered to be between 4.92–13.0 g/100 g, with an aver-
age of 6.41 g/100 g [18]. The proportion of chitin in BSF larvae is similar, or is around
5.69–7.95 g/100 g [53].

2.1.4. Prebiotics and Probiotics

Prebiotics are defined as a fiber that stimulates the growth of preexisting good bacteria
in the gut, but probiotics as a live microbial is a feed supplement that beneficially affects the
host. Research has been carried out on whether chitin plays a role as a prebiotic of animal
origin. It seems that chitin’s derivatives, such as chitosan, chitin-glucan (GC), and chitin
oligosaccharide (NACOS), show better results in the modulation of gut microbiota (GM)
by enhancing the growth of beneficial bacteria and by inhibiting the growth of pathogenic
bacteria along with anti-inflammatory effects. However, bacteria can have different roles
in different species. The ratio between the types of bacteria seems to play an important
role in human health. The derivatives showed more prebiotic activity when carried by
low protein-containing food. Research has shown that fewer antibiotics are needed when
insects are used as feed [51,54].

Probiotic bacteria in mealworm diets could be beneficial, because larvae are processed
whole, so the residual microbiota is carried to the end consumer. It is estimated that the
microbiota is up to 10% of the total insect biomass. The bacteria can also produce B vitamins
and can decrease the need for antibiotics by stimulating the host immune system [17].
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2.2. Environmental Benefits
2.2.1. Greenhouse Gas Emission

Edible insects have less of a negative effect on the environment than other livestock
forms. Insect farming produces less greenhouse gas than livestock [25,55] and uses less
land and water [25], as seen in Table 2. Moreover, insects are often considered to be
environmentally friendly because their farming may have a low feed conversion ratio
(FCR); however, this varies between insect species and the feed. For example, the FCR for
mealworm ranges between 2.2 to 5.3, while the FCR for nymphal stage of Acheta domesticus
ranges between 1.08 to 4.5 [56]. The FCR for edible insects can vary depending on the feed
used [57]. When reared on an optimal diet, mealworms convert feed as efficient as poultry
and the nitrogen use efficiency is higher than traditional livestock [17].

In a study by Oonincx et al. [55], greenhouse gasses (CO2, CH4 and N2O) and ammo-
nium (NH3) emissions by five species of insects (including mealworms) were measured
and compared to greenhouse gas and NH3 emissions of cattle and pigs. The results showed
that four of five insect species produced much less greenhouse gas than pigs and only 1%
of greenhouse gas compared to ruminants. All of the insect species produced less NH3 than
cattle and pigs. Furthermore, mealworms do not produce methane (CH4), contrary to pigs
and cows. However, the true environmental effect of mass rearing of insects has not been
determined [57] and a complete lifecycle analysis for edible insect species is lacking [55].

Breeding insects for feed is considered to be more environmentally friendly than
the protein sources used for food and feed today, soybean and fishmeal [21]. A study by
Smetana et al. [58] showed that the production of 1 kg of BSF larvae resulted in less land
use, less CO2 production and less water use than the production of both soybean meal and
fishmeal. Fishmeal is produced through the overexploitation of fish in the oceans [14,25], as
20% of all wild caught fish are used for fishmeal [14]. Additionally, studies have shown that
feeding chickens [59] and aquaculture [60] with mealworms can reduce these species’ FCR.

Table 2. Environmental effect of mealworms and BSF compared to livestock.

Species
Total Greenhouse Gas Emission

(g/kg Body Mass) 1 [55]
FCR Dry Matter 2 Land Use m2/kg [61]

Water Footprint
m3/Edible Ton [62]

Mealworm 0.45 1.6–2.1 [63] 3.56 [64] 4341
BSF N/A 1.8 [65] 2 [66] N/A
Pork 2.09–28.22 4.04–6.4 [67,68] 17.36 5988

Beef cattle 6.23–>7.53 3 18.9–25 [67,68] 326.21 15,415
Poultry 3.0–5.1 [69] 2.67–3.3 [67,68] 12.22 4325

1 CO2, CH4, N2O, NH3; 2 FCR: Feed Conversion Ratio; 3 No data for N2O.

2.2.2. Waste Management and Plastics

Almost 100 years ago, the idea of processing organic waste by using fly larvae was
proposed. Studies have shown that several fly species are suited for the biodegradation of
organic waste, e.g., BSF and house flies (Musca domestica) [70]. Furthermore, insects like
mealworms can be used to biodegrade organic waste and plastic to proteins [18]. BSF larvae
seems to be able to degrade a large variety of organic waste, ranging from food waste, agri-
industry co-products, animal waste to meat-based products [71], aquaculture sludge [48],
substrate containing up to 50% seaweed [41], and BSF larvae, and are also commonly
found in rotten fruits and plant residues [70]. However, the composition of the substrate is
important as it has a major effect on BSF development, survival, nutritional composition
and the substrate bioconversion rate [71]. The composition of the substrate also affects
food and feed safety, as it might contain metals and pathogens that can accumulate in the
larvae [48].

A study by Tsochatzis et al. [72] showed that mealworms can be used to degrade
plastics when reared on plastics, barley and water. The results indicated that plastic
compounds do not bioaccumulate in mealworms and that a very low content is released
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into the frass. However, the consumption of plastics caused the mealworms more metabolic
stress in comparison to their typical diet.

2.2.3. Environmental Risks

There are some concerns regarding the effect of a possible escape of edible insects
into the environment and becoming locally invasive species to natural and production
systems in non-native countries [57]. In Iceland, an environmental risk assessment for
BSF was performed before receiving license from the Icelandic authorities for import and
trials. The results showed that BSF poses no threat to the local insect environment, and it is
highly unlikely that a wild population can form if an escape will happen. This is due to
BSF being a tropical species that is not likely to survive in the cold climate of Iceland [73].
However, there is evidence that BSF could be established in Europe, especially with climate
change making the establishment of many more non-native species more likely [57]. The
northernmost region where wild BSF has been recorded is in the Czech Republic [74].

3. Food Security

For novel food to be placed on the European market, it must be safe, meaning it must
not have any harmful effects on health or be unfit for human consumption according to
the EU general food law [75]. This is also important regarding the novel products used for
animal feed, as this is the most important factor to guarantee the sustainable production
of safe and affordable animal proteins [76]. To prevent possible harmful effects, the risk
regarding novel food and feed products must be known, and there must be techniques in
place to prevent those risks [75]. The risk associated with edible insects can be allergies,
toxins and pathogens [73].

3.1. Allergies

Food allergy is an adverse immunological response to a foreign substance. Further
research is needed, but some studies report the potential allergy risk posed by mealworms
or other insects. One study showed that mealworm proteins cross-reacted in vitro with
IgE produced by patients who were allergic to house dust mites or crustaceans (crabs,
lobsters, crayfish etc.) in response to tropomyosin (a structural protein found, e.g., in the
cytoskeleton). Heat processing of the product reduces the allergic response, but it still exists.
A double-blinded placebo study in humans showed that mealworm allergy is most likely
in people allergic to shrimp, with a potentially severe outcome. A safety assessment of
freeze-dried mealworm powder in rats showed no adverse effects, allergy or toxicity [17].

Another potential risk is that insects may carry mold that can cause allergic reactions.
This can affect the workers in production as well as the consumers. Additionally, allergens
from the feed (e.g., gluten) may end up in the insect that is consumed [77].

3.2. Toxicity

Use of insects as food and feed have raised questions about toxicity. Mealworms
may contain defence substances, such as toxins produced by the exocrine and defensive
glands. Focus has been placed on benzoquinones, which are secreted into the abdominal
cavity in adult beetles and have toxic effects, but these findings refer to T. molitor beetles
and not to larvae. Other hazards are contained in aflatoxin, mycotoxin, heavy metals,
organic pollutants, plasticisers, flame retardants and others. It seems that different species
show a different accumulation behaviour, e.g., BSF accumulates cadmium, but mealworms
accumulate arsenic in the larval body and therefore it is important to keep a regular
monitoring of contaminants in their feed. It is important also to keep track of every step
of the production [78,79]. According to the EFSA Panel, the toxicity studies of mealworm
from the literature did not raise any safety concerns, but noted that the larvae should be
reared separately from the adult beetles [33,80]. Eleven applications for other species are
pending for safety evaluation by EFSA [29].
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3.3. Antinutrients

Anti-nutrients or antinutritional factors (ANFs) are, contrary to nutrients, compounds
that reduce the absorption of nutrients. They are found in common foods such as whole
grains, soybeans, spinach, broccoli, tea and coffee, even in chocolate. Glucosinolates, one
anti-nutrient found in mustard and cabbage, can prevent the absorption of iodine and thus
disturb thyroid function and cause goiter. They are therefore also known as goitrogens, and
this is of special concern if there are pre-existing hypothyroidism. Lectins (hemagglutinins),
found in the vast majority of organisms, can reduce the absorption of calcium, copper,
iron, phosphorus and zinc. They are carbohydrate-binding proteins and can cause the
agglutination of red blood cells. Raw legumes and whole grains contain higher levels of
lectins, so it is important to take into account how the food is processed. Phytates (phytic
acid) in whole grains, seeds, legumes and even nuts can decrease the absorption of iron,
zinc, magnesium and calcium. Oxalates, found, for instance, in tea and chocolate, can
prevent the uptake of calcium by forming calcium oxalate and tannin in tea, and coffee and
legumes can decrease iron uptake. The effect of anti-nutrients differs between people’s
health and metabolism and which food they otherwise consume and when. Interestingly,
anti-nutrients are also thought to have benefits for health, such as phytates, which have
been found to lower cholesterol and to increase balance in blood sugar as well as having
antioxidant effects. There are limitations however, because it is difficult to study the role
of anti-nutrients in various diets and their levels differ in how the food is processed [81].
Edible insects are mostly herbivorous, as they feed on plants and plant parts. Plants
synthesize different types of secondary metabolites for their self-preservation, and these
secondary metabolites are known as allelochemicals and accumulate in the bodies of plant
matter-ingesting insects. Insects contain a wide variety of antinutrients, which is likely
caused by the different chemical compositions of plants on which the insects feed [82].
According to Turck et al. [33], the levels in whole dried mealworm larvae are comparable to
the occurrence levels in other food substances. The development of rearing techniques of
edible insects under controlled conditions can minimize, or even avoid the contamination
of insects with antinutrients. Furthermore, it has been reported that processing methods
can help to remove antinutrients and other unhealthy components [82].

3.4. Zoonosis

Microbiological hazards associated with insects as food and feed are either part of
the insect’s lifestyle and gut flora, or are introduced via human contact, through farming
and processing. The insect’s gut flora is essential for the metabolism and survival of the
insects. The gut flora varies depending on the species and it includes bacteria, viruses, and
fungi. Most of mealworms’ and BSF larvae’s gut flora is not pathogenic to humans and
other animals; however, microbiota introduced during farming and processing possess a
greater risk to humans and other animals [73].

3.4.1. Bacteria

There have been few studies into the microbial content of mealworms and BSF larvae,
and its effect on food safety. These studies indicate that there is a high level of bacteria on
the surface and in the gut of these insects [83–90].

Bacteria pathogenic to insects are considered harmless to humans and other verte-
brates, since insects are so phylogenetically different. Therefore, bacterial hazards for
humans and vertebrates will mainly originate from the insect microbiota, related to rearing
conditions, handling, processing, and preservation [73]. Mealworm’s microbiota consists
mostly of Proteobacteria, Firmicutes and Actinobacteria with Propionibacterium being
the most abundant taxa [83]. BSF larvae microbiota consists mainly of Proteobacteria and
Firmicutes with Providencia, Klebsiella and Bacillus being the most abundant taxa, while
the microbiota of prepupae consists mainly of Bacteroidetes, Proteobacteria, Firmicutes
and Actinobacteria, with many taxa dominating the microbiota, e.g., Providencia, Myroides,
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Proteus and Morganella, that can all act as opportunistic pathogens and may carry drug
resistance [84].

Currently, no microbiological criteria exist specifically for insects sold as food; however,
hygiene criteria for the processing of minced meat described in EU Regulation EC No.
1441/2007 can be used for insects. According to these criteria, the limit for the total aerobic
count is 5.7 log cfu/g [83,85], the average total aerobic count in fresh and powdered
mealworms and BSF larvae was higher than this limit (>8 log cfu/g on average) in most
studies [83,85–87]. The current food hygiene criteria include Salmonella enterica (S. enterica),
Listeria monocytogenes (L monocytogenes), Escherichia coli (E. coli), Staphylococcus aureus (S.
aureus) and Bacillus cereus (B. cereus) [88]. According to several studies, mealworms and
BSF larvae do not act as a vector for S. enterica [73,86–89]; however, in a study done by
Raimondi et al., 2020, [84] on BSF, S. enterica was detected in some samples of prepupae. It
is believed that BSF larvae possess antimicrobial capacities that make them able to reduce
pathogenic bacteria such as S. enterica and E. coli [87,90]. In most studies, L. monocytogenes
and E. coli are not detected in the mealworms BSF larvae [86–89]; however, these bacteria
can be detected in these species if they are reared on substrates contaminated with L.
monocytogenes [91,92] and E. coli, but E. coli will be reduced in the larvae [92]. Staphylococcus
aureus was detected in mealworms in a study done by Stastnik et al., 2021, [89] and
coagulase-positive staphylococcus was detected in BSF prepupae in a study done by
Raimondi et al., 2020 [84]. However, both studies had coagulase-positive staphylococcus
under the contamination limit. All staphylococci detected in two other studies were
coagulase-negative, meaning that no S. aureus was detected [87,88].

Bacillus cereus seems to be one of the biggest hazards regarding the use of edible insects
as food [87,88]. Some strains of B. cereus produce toxins that cause emesis or diarrhoea [88].
To produce toxins, the density of B. cereus is believed to have to be around 4–5 log cfu/g.
Some studies suggest that an even lower density is needed, but the density of B. cereus in
BSF larvae in one study went up to 3.8 log cfu/g [87]; however, in another study where
B. cereus was investigated on BSF pupae, one dried sample and one powdered sample
exceeded the limit—one over 5 log cfu/g and another over 6 log cfu/g [88]. In a small
study on mealworms in the Netherlands, 93% of all samples had less than 2 log cfu/g of B.
cereus [73]. In another study, the median values of B. cereus in mealworm samples were in
general under 4 log cfu/g, with two outliers between 4–5 log cfu/g [93]. Since neither do
all B. cereus produce toxins nor are all non-cereus bacilli toxin free, toxic gene profiling may
be a better diagnostic tool to estimate the true hazard [88].

B. cereus is also a spore-forming bacteria [87]. A high content of bacterial endospores
has been found on mealworm and BSF larvae [73,86,87]. Endospores and toxins produced
by B. cereus are heat- and processing-resistant [85,87,94]. Endospores can also germinate
and produce toxins when food is not cooked, cooled and stored properly [94]. Bacterial
endospores highly differentiate in number between different rearing batches from the
same company [83,86,87,89]; in one study, the number of endospores in mealworms varied
between 1.7 log cfu/g to 5.0 log cfu/g [86]; in another study focused on mealworms,
the endospores detected were between <1 log cfu/g to 3.5 log cfu/g [84]. In a study on
BSF larvae reared on different substrates, the endospores varied between 3.7 log cfu/g to
7.5 log cfu/g [87]. It is unclear why different samples reared within similar conditions have
such a high variance in endospore content [83], but it is believed that the rearing substrate
and insect species influence this [73,87]. Bacillus cereus is widely spread in soil water and in
plants [87], and insects farmed on soil are believed to be more likely to include bacterial
endospores [83]. According to these studies, BSF larvae seem to be more contaminated
with B. cereus and endospores than mealworms. This could be caused by the different
substrate used for these two species. While mealworms are normally fed with various
flour types, and are often complemented with carrots, BSF larvae are often fed with soil
and food waste that usually contains high levels of B. cereus and endospores. According
to Wynants et al., 2019 [87], one strategy to avoid food poisoning through BSF larvae is to
only use substrates that do not carry B. cereus. However, this would reduce the economic
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positivity and sustainability of BSF rearing. Therefore, more research into B. cereus and
endospores-contaminated insects and how to reduce the risk is needed.

Other pathogenic bacteria that have been detected in mealworms and BSF larvae are
Clostridium spp. [83,84,87,89] and Campylobacter sp. [84,90,95] However, only low levels of
Clostridium perfringens have been detected in these studies, with an average concentration
under <1 log cfu/g [84,89]. High levels of Campylobacter sp. have been isolated from BSF
prepupae [84,90] and the lesser mealworm (closely related to mealworm) has been shown
to be able to infect poultry through ingestion; however, Campylobacter sp. is only active in
the larva for 3 days after exposure [95].

Even though zoonotic pathogens found in the substrates used to grow insects could
lead to insects acting as a vector for these bacteria, no active replication seems to occur in
insects. However, zoonotic pathogens are widely known to be able to replicate in farmed
animals, e.g., Salmonella [73].

3.4.2. Virus

Most viruses on insects are insect-specific and are not pathogenic for vertebrates [73].
Insects’ viral pathogens are considered to be safe for humans and are approved in some
cases as biocontrol agents in agriculture. The biggest problem these viruses cause is a finan-
cial burden to the insect farms, since viruses associated with insects are only pathogenic
to the insects themselves [96] and may cause a loss in production. Vertebrate viruses
taxonomically related to insect viruses are unable to replicate in insects, and are not ac-
tively transmitted by insects as vectors to vertebrates [73]; therefore, these viruses are not
considered to lead to a health risk in humans and other vertebrates [96].

Today, there are no studies on the pathogenicity of insect-specific viruses in humans,
but it is believed that the specificity of insect viruses is mainly limited to the species taxon
and are unable to replicate in vertebrates. Due to the lack of comparable viruses between
insects and vertebrates, the risk of recombination and reassortment of an insect-specific
virus strain leading to a new mammalian specific virus strain, as was the case of Swine flu
and COVID-19, is almost non-existent. Therefore, an increased consumption of insects is
likely to reduce the risk of a new pandemic in the future [97].

However, viruses in insects that are called arthropod-borne viruses, or arboviruses,
can cause human diseases and can replicate in both insect vectors and vertebrates. Known
diseases caused by arboviruses are, e.g., West Nile disease, dengue, rift valley fever,
haemorrhagic fever, and chikungunya [96]. There is no evidence that such viruses occur
in insects used for food and feed [73]. Arboviruses are believed to originate from insect-
specific viruses, which indicates that an evolutionary process might lead to novel insect
origin pathogens in the future following the introduction of insects into the diet [97].

Another issue is that insects can also act as passive vectors of vertebrate viral diseases,
where the virus does not replicate in insect vectors, but is rather carried by the vector to
the host [73]. Adenovirus, norovirus, rotavirus, hepatitis E, and hepatitis A could possibly
be introduced with a substrate in insect farms and could be transferred further through
the production [73,96]. However, there is a lack of information relating to the likelihood
of such transmission from feedstock through residual insect gut contents. Studies have
shown that adenovirus, norovirus, and hepatitis A could survive in untreated manure and
litter for at least 60 days at 20 ◦C and 4 ◦C, and other temperatures were not tested [73].

It has been concluded that the risk of edible insects acting as a passive vector of COVID-
19 is extremely low, which demonstrates that edible insects should not be a reservoir for
viral diseases with epizootic potential [97]. In the case of insects acting as passive vectors
of vertebrate viruses, processing and cooking will reduce the risk of transmission in most
cases [73,96].

3.4.3. Fungi and Yeast

Fungi, such as yeast and mold, are a part of edible insects’ normal microbiota. These
microorganisms produce spores and can easily spread to different environments and can
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contaminate food. Fungi causes the deterioration of food, nutritional losses, discolouration,
and an off flavour and are the major organisms responsible for food spoilage. Some species
of fungi are pathogenic to vertebrates and can produce toxins, e.g., mycotoxin [94]. Studies
have shown that insect-specific pathogenic fungi pose a small risk to humans and other ver-
tebrates. However, these fungi have occasionally caused diseases in immunosuppressive
individuals [73,97]. Insects might also be carriers of fungi and yeast pathogenics to verte-
brates and a considerable amount of fungi and yeast have been found in fresh, freeze-dried
and frozen mealworms [73]. It has been reported that dried mealworms can be carriers of
Penicillium spp., and Mucor spp., while fat from BSF larvae can carry Aspergillus spp., and
Cryptococcus neoformans. Aspergillus spp., Penicillium spp., and Cryptococcus neoformans have
been found in many insects and can cause opportunistic infections in humans; however, no
direct infection after consuming insects has been recorded [89].

Good hygiene in the entire production chain will reduce the risk of fungi infection
introduced during farming processing and storage [73]. However, if hygiene is not ac-
ceptable, studies have shown that a short-blanching of 10–40 s can considerably reduce
fungi [85,94]. Incorrect storage conditions of feed intended for insects can lead to fungi
formation in the feed and this type of fungi may form mycotoxins [89]. According to
studies done on the accumulation of the mycotoxin in mealworms and BSF larvae, very
low-levels of mycotoxins accumulate in these species. Mealworms and BSF larvae fed
with feed spiked with high mycotoxin levels showed an accumulation well below the
limit value [89,98–100] in food and feed, according to Commission Regulation (EC) No
1881/2006, Commission Recommendation 2006/576/EC, and Directive 2002/32/EC. The
mycotoxins studied where aflatoxin B1 [89,99,100], deoxynivalenol [89,98,100], ochratoxin
A [89,100] and zearalenone [100]. These results indicate that mycotoxins should not be a
concern regarding the use of mealworms and BSF larvae as food or feed.

3.4.4. Parasites

Insects have been known to be able to infect humans with parasites through con-
sumption for a long time. In 1871, it was discovered that a common parasitic disease in
Russia was caused by the consumption of a raw beetle larvae that was an intermediate
host for this parasitic disease [101]. Most studies on parasites in insects are related to
non-European areas and insects harvested in the wild but the results from these studies
suggest it to be a problem. However, the risk will be reduced in farmed insects with a
strict control over the environment [73]. In a study done on edible insects as a vector for
parasites, several parasitic species were detected in mealworms that can be pathogenic to
humans and animals. Cryptosporidium was the most prevalent pathogenic parasite detected
in mealworms and it was found in 16% of all analysed mealworm farms and in 12% of
all samples. Cryptosporidium was found in the gastrointestinal tract and other parts of the
mealworm’s body. It is possible that mealworms can infect humans with Cryptosporidium
aerogenically, and infection can occur on farms that are lacking in proper hygiene regarding
contact with insects. Other pathogenic parasites detected in mealworms were Isospora
spp., Balantidium spp. Entamoeba spp. Cestoda, Pharyngodon spp. larva, Physaloptera spp.
larva, Spiroidea spp., and Acanthocephala spp. However, some of these parasites came with
mealworms, which were delivered from outside of Europe and some of the farms were
guilty of unethical practices that would not be accepted if the insects were farmed for food
or livestock feed [102]. Another parasite that has been detected in mealworm larvae is
Toxoplasma gondii [103].

The results from a study done on endoparasites within invertebrates used as a live
feed for wild caged birds indicates a low risk for parasite transmission associated with
mealworm consumption by birds [104].

Not as much research has been done on BSF larvae working as vectors for parasites
like mealworm. However, there is evidence that BSF larvae can act as a vector for Eimeria
and Ascaris suum [105].
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According to EFSA Scientific Committee [73], insects reared in a properly managed
closed farm environment would lack all the hosts necessary for the completion of parasite
life cycles. Beside proper management before consumption, freezing and cooking, would
further eliminate potential parasitical risk.

Canthariasis is the invasion of a living beetle larva on a living or dead organism,
making them act as parasites themselves. Different species of beetle larvae lead to different
pathological changes and clinical signs; the main categorization of canthariasis relies on
the invasion location in the host. Mealworms rarely cause canthariasis, but there are some
reported cases in the world. Mealworm larvae usually lead to gastric canthariasis [106],
which can affect both humans [107] and animals through the ingestion of eggs or larvae.
The clinical signs of gastric canthariasis can be nausea, vomiting, stomach-ache, abdominal
bloating, loss of appetite, weight loss, and diarrhoea, resembling intestinal parasite infec-
tion. In extreme cases, the larvae penetrate the intestinal organs and invade other organs.
Gastric canthariasis can lead to death if untreated [106]. Other organs mealworm larvae
are known to invade are umbilicus and tonsils and there is a one known case of mealworm
larva invading bladder and causing urinary canthariasis in humans [107]. Mealworms
feeding live to animals and humans therefore contain a danger, but if the larvae are killed
before consumption, the danger will be neglectable as long as eggs are filtered away from
the larvae used for consumption.

3.4.5. Prion

Prion disease or transmissible spongiform encephalopathies are naturally occurring
infectious protein-misfolding disorders that characterise the accumulation of misfolded
protein aggregates in the brain. Prion diseases affects several mammals, and they are
always fatal, an example of this diseases is Creutzfeldt-Jakob disease (vCJD) in humans,
scrapie in sheep, bovine spongiform encephalopathy (BSE) in cattle and chronic wasting
disease (CWD) in deer and elk. On rare occasions, prion diseases can be transmitted
between species [108]; therefore, there exist concerns relating to the possibility of prion
diseases being transmitted from insects through food or feed.

There is no evidence that there exists a special prion disease in insects, since no
gene encoding prion or prion-related proteins have been reported in insects [109,110].
Therefore, mammalian prion cannot replicate in insects and insects are not considered
to be possible biological vectors of mammalian prion diseases [73]. However, research
has shown that insects can possibly act as a mechanical vector of prion disease. Mites
from Icelandic sheep farms with a known scrapie infection were able to infect mice via
intracerebral injection [111,112] and larvae of Sarcophaga carnaria (S. carnaria) fed with brain
material from scrapie-infected hamsters were able to infect hamsters through an oral route
at different stages and after death [109]. Additionally, studies have shown that Drosophila
melanogaster (D. melanogaster) can act as a mechanical vector for prion diseases [113]. Since
replication of prions are not considered possible in insects, the number of prions in the
substrate used to feed the insect affects the total prion infectivity of insects and cannot
be higher than in the substrate. The substrate strongly influences the possible risk of
prion disease transmission and must therefore be controlled at insect farms to counter this
problem. The substrate used to feed the insects should not have a ruminant nor a human
origin, but according to EFSA regarding the risks related to prion-derived diseases, the
risk in non-processed insects is expected to be equal or lower than the proteins of another
animal origin, as long as the insects are fed on substrates that do not harbour material of a
ruminant or human origin [73]. However, no research has been done into the transmission
of prion disease through the consumption of mealworms or BSF larvae.

One study shows that insect haemolymphs might have an anti prion effect, haemolymph
from the beetle, Trypoxylus dichotomus septentrionalis (T. d. septentrionalis) showed anti-prion
activity on a special strain of prions after being heated at 70 ◦C for 3 h [114]. Mealworms
are genetically more related to T. d. septentrionalis than to S. carnaria, D. melanogaster or
mites. Figure 1 shows the relationship between the insect species.
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Figure 1. Relationship between mealworms and BSF (colored blue) to species that have been shown to be able to act as
vector for prions (colored yellow) and to species that might possibly have a cure for prion diseases.

3.5. Food and Feed Safety Management

For food to be placed on the European market, it must be safe, meaning that it must
not have harmful effects on health or be unfit for human consumption according to the
EU general food law [75]. For this, there must be good hygiene practice in place (GHP)
through the whole production chain and an ability to trace products. Production sites must
be easy to clean and be constructed to eliminate pests and cross-contamination and must
not contain hazardous chemicals [115]. Insects reared in a properly managed closed farm
are less likely to act as a vector for parasites, since they would lack all host necessity to
complete the lifecycle [73]. There is also a need for sufficient ventilation that can reduce air
contamination and controlled temperature and humidity appropriate for the insect species.
All equipment, vehicles, boxes, and tools used in the production site must be dedicated
solely to insect-rearing activities and be cleaned thoroughly between batches [115].

Employees must be aware of hygiene requirements and be trained in GHP and other
hygiene systems provided by the company. There has to be a separate area for staff to
change to work clothes and staff are also required to use appropriate protective tools, e.g.,
people that have direct contact with products must wear gloves and people that work in
the breeding chambers must use masks [115].

Insect producers in the EU must only use substrates that are accepted as feed for
farmed animals within the EU. The substrate has to be traceable and of appropriate hygiene
standards and must not contain any chemical contaminants. Insect producers should carry
out regular checks of incoming substrate materials and substrates must be stored in dry,
temperature appropriate and hygienic conditions [115]. Substrate control is an important
part of safety management regarding insect breeding, because the substrates ingested can
have a strong influence on insects’ microbiota [90–92,116].

It is recommended to register rearing conditions and to test insects regularly for
pathogens and chemicals [115]. 24 h before harvesting mealworms, it is recommended to
remove them from the substrate for intestine cleaning [85,115,117,118]. This is performed
because of the high microbial content in the insects gut [73,85]; however, there has not been
documented benefits from this procedure [75]. When harvesting, foreign materials must be
removed along with dead insects and frass. Chilling insects under controlled temperatures
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before harvesting has been reported to be beneficial for both mealworms and BSF larvae; it
results in the maintenance of product properties and avoids microbial contamination [115].

Several killing methods have been researched regarding the food security of in-
sects [85,119,120]. Farmed mealworms are often killed with blanching, boiling vapor,
or freezing, while farmed BSF larvae are often killed with mincing and blanching. Blanch-
ing is performed by plunging insects into hot water, which will instantly kill the insects
and destroy the microbial flora [115], and then they are often chilled by putting into clean
water [115,119]. For mealworms, blanching is found to be the most successful heating
method as it considerably reduces the bacterial content and fungi [85,94,117,119]; however,
blanching is not sufficient to kill bacterial endospores [85,87,94,118]. As there is high en-
dospore content in soil [87], which can be used as a substrate, and substrate influences
the insects microbiota [90–92,116], management of the substrate is important, but the use
of classical feed additives or fermentation has been shown to reduce spore forming [87].
Drying and acidifying techniques of insects are also promising to reduce endospores [118].
After blanching, mealworms can be stored in a refrigerator for 6 days without substantial
microbial growth [119]. Not all time and temperature combinations will result in a sufficient
reduction in microbial pathogens, and it is recommended to monitor the temperature used.
An inadequate heat treatment can lead to bacterial proliferation. Another killing method,
freezing, must be performed below 5 ◦C; however, most freezers operate at −20 ◦C and the
appropriate freezing time to kill varies from species to species. Freezing has been shown to
maintain the insects’ nutritional value until they are further processed [115].

After killing, it has been shown that drying insects is important to reduce potential
microbial, chemical, and allergenic hazards [121]. Freeze drying [115] and heat-based
dehydration methods are used [115,119] and effective processing methods have been
shown to further reduce the microbial load [73]. Sometimes, insects are processed through
grinding for powder formation or fractioning, e.g., extracting chitin. These processing
methods must be performed under GHP, and the grinding machine must be cleaned
regularly. Water activity and storage temperature must also be appropriately monitored to
reduce potential microbial contamination under processing and packaging [115].

Insects and insect-derived products must be stored in a close, clean and appropriate
place and regard the product specification. There must be a prevention of accumulation of
organic material and sampling plan for analysis of hazards for incoming raw materials and
the outgoing product. If there is a transportation of food and feed products derived from
insects, the same hygiene standards must be applied through the transportation as in other
parts of the production chain [115].

One of the most important parts of the production chain is the packaging of insects,
as it contributes to the condition that products will be in when they reach the consumers.
Therefore, good hygiene, environment, security, and quality practices must be performed
to ensure the safety of a product. The packaging must be clean and must not contain
any chemical, physical or microbiological hazards. After the product is in the package,
it must be closed immediately, and the operator must ensure that no external source of
contamination is included. To prevent allergenic hazards, the product must be labelled
with potential allergens in the product and a list of ingredients [115].

To simplify the control of potential hazards that can come up, there has been a
developed system for the food industry that is called Hazard Analysis Critical Control
Point (HACCP) [75]. However, no specific HACCP plan exists for the rearing of insects, but
breeders have been working according to HACCP with company-specific approaches [73].
A properly designed HACCP can have control over all parts of food production that might
pose a risk [122] and can prevent, eliminate and reduce to acceptable levels, microbial,
chemical and physical hazards [115]. An HACCP system must be considered in the design,
organization, and management of food production sites, along with the design of premises
and equipment and a product-traceable system. With insects being considered as food or
feed, it is necessary to guarantee their safety, but one of the main limitations of developing
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the insect farming industry involves guaranteeing the safety of the products. Therefore,
manufactures must implement an HACCP plan to limit the risk for consumers’ health [75].

When developing an HACCP, several things must be in place. There must be con-
ducted hazard analysis for the production; Critical Control Points (CCP) must be deter-
mined; and there must be established critical limits and a system to monitor the CCP.
Additionally, there must be established corrective actions when monitoring indicates that a
particular CCP is not under control. There must also be established procedures of verifi-
cation to confirm that the HACCP system is working effectively [115] and that should be
documented [75].

Hazard analyses consist of hazard identification and an evaluation of the likelihood
and severity of those hazards. It also consists of finding preventive measurements for these
hazards. Hazards associated with insects as food and feed can be of a pathogen, chemical,
allergenic and physical origin [115]. Whole insects, processed insect powder, and insects
for food or feed can include different hazards [75].

Critical Control Points are defined as steps where control can be performed to prevent,
eliminate or reduce a food and/or feed hazard to an acceptable level [75]. All CCPs
require control measures, monitoring procedures, responsible staff, records and identified
measurable critical limits to determine safe and unsafe conditions. In the insect industry,
CCPs can be chilling, blanching, metal detectors in process lines [115], cooking after killing
and hot drying [75] where the critical limits could be related to, e.g., temperature, pressure,
time, water activity and pH [115]. When level outside of the critical limits are measured at
one CCP, examples of corrective actions are, e.g., destroy the batch, readjust the temperature
or time or restart the step [75].

4. Insect Farming in Europe

Many insect farming companies have emerged in the last few years. Some countries
have had strict rules and regulations, but in other countries, a considerable experience is in
marketing insects, i.e., for human consumption. This year, a step was taken by the European
Commission by allowing yellow mealworm (T. molitor). Some countries, e.g., Belgium,
Czech Republic, Denmark, Finland, the Netherlands and the UK, allow companies to keep
selling whole insect-based products as long as applications for the species were made
before 1st of January 2019 (transition period) [123].

4.1. Insect Farming in Europe

Insect farming is a growing industry in Europe [4] and it is a new business for Euro-
peans [124]. Today, it is allowed in Europe to use insect-derived proteins, whole insects
and insect-derived fats in pet food, feed for fur animals, and in aquaculture. Additionally,
whole insects and insect-derived fats are allowed in feed for pigs and poultry [125–127].
Currently, in 2021, insect protein for feed is mostly produced as a pet food and for aquacul-
ture [124]; however, this is believed to be about to change in the next few years in light of
the recent authorisation of insect proteins for poultry and pigs on the 17 August 2021 [128].
By the end of the decade, new regulatory developments are expected to play a key role
in increasing the production of insects and insect-derived products. Several tonnes of
processed insect protein were produced in 2020 and the production of insects for feed is
estimated to increase rapidly in the coming years. It is forecasted that the production of
insect proteins for feed will reach 1 million tonnes of insect meal by 2030 [124]. At the
same time, there has been a rapid change in the dietary habits of Europeans [4] and the
willingness of consumers to try insect-based food is increasing [4,129–131]. This can be
linked to an increased knowledge regarding the nutritional benefits and environmental
effects of insects, alongside an increased willingness to consume environmentally friendly
food [4,131–135]. This change in attitudes around food and growing demand for high
protein food for sport nutrition, dietetic food or food supplements creates new opportuni-
ties for the production of insects as food. Currently, the use of insect-derived ingredients
in food is low, but it is estimated to increase rapidly in the next few years [4] following
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mealworms being newly authorized for human consumption [33] and new insect products
are expected to be authorized by the end of 2021 and by early 2022 [136–138]. In 2019,
500 tons of insect-based products for human consumption was produced in Europe, but
the market for edible insect-based food products is estimated to produce 260,000 tonnes
by 2030. Additionally, in 2019, 9 million Europeans consumed insects and insect-derived
products, but by 2030 it is estimated that insects and insect-derived products will reach
390 million European consumers [4]. For insects to be a suitable alternative animal feed
and for human consumption, insect farmers need to be able to produce large quantities
of insects and insect-derived products and to have a steady production with sufficient
quality. To be able to reach this level, insect farmers need to invest in capacity to offer
satisfying quantity within costs that can compete with conventional animal feed used
today, along with meat [139]. Increased availability of insect-derived products will lead to
a decrease in prices [124]. The International Platform of Insects for Food and Feed (IPIFF)
is an EU non-profit organisation that represents the interests of the insect production sector
towards EU policy makers, European stakeholders and citizens. Within IPIFF that are
79 members [140], with 45 of them being insect companies in Europe today [141].

4.2. The Law in Europe

European law on insects in food and feed must strike the right balance between
innovation and safety. The International Platform of Insects for Food and Feed (IPIFF) is an
EU non-profit organization originally created in 2012 with its main mission to promote the
wider use of insects and by advocating for EU legislative frameworks. The term ‘Novel
Food’ is defined as food that has not been consumed to a significant degree by humans in the
European Union before 15th of May 1997, when the first Regulation on novel food appeared.
The main components are protein, fat and fiber (chitin). Since then, many new regulations
have emerged (see Figure 2). Regulation no. 2283 from 2015 took over the regulations
from 1997 and 2001 to update and develop guidance for applications for authorization of
novel foods to the Commission, who may request a risk assessment from the European
Food Safety Authority (EFSA) [142]. The marketing of dried mealworm, recently or on
the 3rd of May 2021, got authorization to be placed on the market as a novel food. The
European Food Safety Authority (EFSA) though, concluded that the consumption of the
yellow mealworm may potentially lead to an allergic reaction, especially in individuals
with pre-existing allergies to dust mites and crustaceans. Therefore, it is important to
identify it on the food label. Toxicological and nutritional factors were also evaluated. The
toxicity studies from the literature did not raise safety concerns and the consumption is not
nutritionally disadvantageous [33].

Another EU Regulation, no. 2017/893, from 1st of July 2017, allowed a list of seven
insect species to be included in the formulation of feeds for aquaculture. The species
are BSF, Musca domestica (housefly), mealworm, Alphitobius diaperinus (lesser mealworm),
Acheta domesticus (house cricket), Gryllodes sigillatus (tropical house cricket) and Gryllus
assimilis (Jamaican field cricket sometimes referred to as a silent cricket) and even silkworm
(Bomby mori) [142]. Previously, the addition of insects in feed for animals was not allowed
due to potential prion-derived diseases. All other insect-based products were considered
“Novel Food”, and fell under EU regulation no. 2015/2283, where specific application to
the European Commission is needed followed by EFSA scientific evaluation, before putting
the product on the market as previously mentioned [143].

An interesting fact is that insects were already being sold as food in the EU, but there
had been doubts among the Member States on whether whole insects were covered by
previous Novel Food Regulation. The uncertainty was clarified by the European Court of
Justice in October 2020, which concluded that the whole insects were not in the scope of
previous regulation [78]. After contacting the companies in Europe, it was also clear that
the legislation within each country in Europe can differ (see Figure 3) and that companies
are obliged to follow their country’s legislation [144–149] and some have not given their
approval for mealworms for human consumption, e.g., in France [144]. However, insect
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protein was approved in September 2021 for poultry and pig feed [142] in Europe according
to regulation no. 1372/2021 [142].

Figure 2. Insects as a Novel Food in Europe, timeline showing the main regulatory changes since 1997. Source: The
European Commission [34,150–152].
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Figure 3. Insect Food Status in Europe. Adapted from Source: www.bugburger.se (accessed on 17 August 2021) [153].

Different rules apply in European countries, especially regarding the transition period. The
main change from 2019 is that in 2021 Tenebrio molitor was allowed for human consumption.

4.3. Sustainable Development Goals (SDG) and European Strategies

SDG are goals that were first set in 2015 by the international community to pledge
countries of the world to eradicate poverty, find sustainable and inclusive developmental
solutions and ensure everyone’s human right. There are 17 SDGs to be reached by 2030.
These SDGs are: no poverty (SDG 1), zero hunger (SDG 2), good health and well-being
(SDG 3), quality education (SDG 4), gender equality (SDG 5), clean water and sanitation
(SDG 6), affordable and clean energy (SDG 7), decent work and economic growth (SDG
8), innovation, and infrastructure (SDG 9), reduced inequality (SDG 10), sustainable cities
and communities (SDG 11), responsible consumption (SDG 12), climate action (SDG 13),
life below water (SDG 14), life on land (SDG 15), peace, justice, and strong intuitions (SDG
16) and partnerships for the goals (SDG 17). The EU is committed to implement the SDGs
in all of its policies and to encourage EU countries to do the same [154]. Insect rearing
shows great potential to work towards the SDGs as it increases food security (SDG 2),
improves waste management (SDG 12), and can have positive effects on human health
and well-being (SDG 3). Furthermore, insect rearing with standardized techniques on an
industrial scale is a novel economic sector able to improve the sustainability of the global
food chain (SDG 9) [154].

The EU’s strategies are developed and translated into policies and initiatives by the
European Commission. The European Commission has set 6 priorities for 2019–2024; one
of these priorities is A European Green Deal (EGD) [155]. The EGD aims to “transform
the EU into a fair and prosperous society, with modern, resource-efficient and competitive
economy where there are no net emissions of greenhouse gases in 2050 and where economic
growth is decoupled from resource use”. One of the strategies to reach the EGD goal is the
Farm to Fork strategy, which was established to design a fair, healthy and environmentally
friendly food system that has a global standard in sustainability and will contribute to
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achieving a circular economy [156]. The approval of mealworms as a novel food contributes
to the objectives of the Green Deal and the Farm to Fork strategy [77].

4.4. Companies in Europe That Farm and Sell Insects

There exist several professional insect farming companies in Europe in various coun-
tries that farm mealworms and/or black soldier flies for either human or animal con-
sumption, and some companies sell larva residues as fertilizer. In addition to mealworms
and BSF, there are also some companies in Europe that farm other insect species, such as
crickets [157]. Currently, the most used platform for the marketing of edible insect products
are through companies’ own websites, followed by fairs/events/conferences [4]. In March
2017, it was estimated that more than 200 start-up insect farming companies existed in
Europe [158]. These start-up companies often consist of unique characteristics like the way
they are organized, the growth plan or the financing structure. In spite of this, over 60% of
start-up companies go bankrupt within 5 years [139]. Bug Burger lists 68 insect start-ups in
Europe that have disappeared for various reasons, one of them being bankruptcy [157].

For this article, 27 insect-farming companies in Europe that farm mealworms and/or
BSF larvae were contacted and 9 have answered [144–149,159–161]. However, 3 out of
9 answered companies did not provide proper answers, one was closed due to COVID-
19 [159], one does not drive with insect rearing anymore [160] and one had no time to
answer [161]. In Table 3, these 27 companies are compared; the companies that gave
answers are yellow while the companies that did not provide answers are white. The data
from the companies that did not answer or did not give proper answers was provided
through the companies own websites along with newspaper articles about these companies
and LinkedIn. When researching these companies, it can be estimated that there are equally
as many companies in Europe that breed mealworms as there are that breed BSF larvae.
It can also be estimated that most insect farming companies in Europe were founded
between 2014 and 2018, as seen in Figure 4. Most insect farming companies investigated
for this article were farming insects as feed mostly for either pets or aquaculture; this
is in accordance with the IPIFF website. According to a survey performed in 2020 by
IPIFF on the EU market in March 2020, most companies in Europe that sell insects for
food are micro companies or 81%, which means that they have below 10 employees and
only 3% are considered medium-sized companies with 50–250 employees [4]. However,
according to the IPIFF survey on the market of insect as feed in 2021, over 40% of all insect
farming companies that sell insects as feed were micro companies in 2020 and over 20%
were medium-sized companies [124]. According to the companies that were investigated
for this article, 42% were micro [146,149,162–167], 60% were small [145,148,168–174] and
11% were medium-sized companies [144,175]. Figure 5 shows the size of the companies
researched for this article based on the type of industry. Ÿnsect in France is the biggest insect
breeding company in Europe. It was founded in 2011 and has around 230 employees today.
Currently, in 2021, Ÿnsect is building what will be the world’s largest insect breeding facility
and recently it also acquired an international branch in The Netherlands (Protifarm) [144].

The total investment into the majority of insect farming companies in Europe is below
500 K euros (€), around 30% of companies get between, 1 to 5 million €, with 6% getting
over 10 million € [4]. As seen in Figure 6, insect farming companies in Europe investigated
for this article were mostly been funded by Venture Capital. Most of these European insect
farming companies are not economically sustainable today and are dependent on funding.
However, both Ÿnsect in France [144] and Nasekomo in Bulgaria are estimated to become
fully sustainable in 2022 [148].

Of the companies which answered, 50% were producing insects with automatic
methods [144,145,148] and the other half with manual methods [146,147,149]. Automatic
methods are considered beneficial on the grounds of increasing productivity, efficiency and
consistency and of decreasing human labour [176].
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4.5. Consumer Acceptance

Consumer acceptance of entomophagy is important to start a large scale production of
insects used for human food and it still remains the biggest challenge for the insect industry
today [133]. In recent years, there has been a lot of research regarding the consumer’s
acceptance of entomophagy in Europe, and over 200 scientific papers about this topic have
been written. This article focuses on 10 research articles [130–135,193–196] on consumers
acceptance of entomophagy in Europe and the results from one review article [130] that
focuses on other 38 research articles of the same topic. Most research regarding the
consumer acceptance of entomophagy in Europe has focused on consumers from Italy, the
Netherlands and Belgium. Few articles have focused on consumer acceptance in Germany,
Switzerland, Finland, Denmark, Czech Republic, Poland, France, Hungary, Sweden, and
Ireland [129]. These studies show an increased interest in commercializing insect-based
foods [132], e.g., the Netherlands published the first article about consumers acceptance of
insects in 2012 from a survey performed in 2010. The results showed a low acceptability
towards entomophagy in Dutch consumers [130]. In 2020, another study on consumer
acceptance among Dutch and German students was performed. The results showed a
higher acceptability towards insects, as food by the Dutch students rather than in the study
performed in 2012 [131]. However, the participants in the 2020 study were on average
younger than the participants in the 2012 study [130,131], but studies suggest that younger
people are generally more willing to consume insects than the older generation [129,133].
Despite this increased interest in entomophagy, the number of studies indicate that high
proportions of Europeans still consider insects as a food to be taboo [132] and many do not
know that insects are consumed in Europe [133]. Consumers in Northern Europe seem to
be more accepting towards entomophagy than consumers in Central, Mediterranean and
Western Europe [129,194]. According to several studies, men seem to be more accepting
towards edible insects than women [133], while other studies reported no difference [132].
As these research articles seem to show increased consumer acceptance with time, it is
highly likely that the consumer acceptance towards entomophagy will continue to increase
in the near future, especially as younger participants seem to show more acceptance
towards edible insects than older ones. In Bangkok, it seems that the young people are
among the main drivers where significant revival of insect-eating is happening, along with
increasing interest from tourists. The prices there are getting higher, but even so, people
are buying them and the market for edible insects is growing [8]. Therefore, consumer
acceptance will likely remain the biggest challenge for insect farming development into
more financially viable businesses for the next five years, as many Europeans still regard
insects as a taboo food.

Several explanations are considered regarding the negative attitude of Europeans
towards entomophagy. One of these explanations is food neophobia, which is defined as
the unwillingness to try new foods [132,133] and is related to human innate paradoxical
behaviour towards unknown or unfamiliar food and consider it to be a potential threat
to their organism [132]. Consumer’s food neophobia tendencies have been shown to
reduce the consumers’ willingness to eat insects both as a whole and as an ingredient
in food [131,133,193,194]. However, food neophobia seems to be an extremely complex
attitude and can vary during the course of one’s life [193]. It has also been stated that food
neophobia is not as significant a barrier to insect consumption as it once it was, since edible
insects are becoming more familiar to consumers [131].

Another explanation is disgust, but Europeans generally consider insects to be dirty [133],
and view insects to be a pathogenic risk; therefore, food containing insects are considered
disgusting [193] and repulsive [134]. Studies have shown that the feeling of disgust affects
the willingness to consume insects negatively [133,134,193] and the feeling of disgust
strongly influences perception, even before insect products are tasted [133]. The feeling of
disgust is a complex phenomenon that could be associated with health risks posed by the
consumption of a specific substance [134]. Disgust toward a specific food generally comes
from culturally induced rejection [133,134]. It is conceptualized as an adaptive reaction
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and is closely connected to the information people have at the time. People can change
their food preference through information, exchange, and experience [134]. According to
several studies, food neophobia, along with disgust, have the most negative influence on
acceptance of insect products [133].

A third explanation is insect phobia, but a study done by Moruzzo et al. [193] has
shown that insect phobia has a more negative influence on the willingness towards tasting
insects than food neophobia. In the future, when insects will be a more known food in
Europe, insect phobia will have more of an effect than food neophobia on the intention
to eat food containing insects and an increasing familiarity with insect food will not be
enough for consumers to adopt insect-based food.

According to Meyer-Rochow et al. [195], Europeans attitudes towards edible insects
might be influenced by idioms containing unfavourable references to insects. Idioms occur
in all languages and can have an important influence on society and become integrated
into feelings like irritation, contemptuous attitude, anger, and disgust. Idioms that exist
in European languages convey predominantly negative attitudes, while the opposite is
true in East Asia. Mirror neurons are believed to be activated when listening to idioms and
could lead the listener of idioms towards a negative attitude towards insects and project it
towards edible species. New idioms appear all the time and perhaps making more positive
idioms towards insects might help change attitudes.

To increase consumer acceptance, persuasion tactics to reduce Europeans’ anxiety
towards entomophagy is important. These persuasion tactics can help to disguise insects
in food, combining them with familiar ingredients or turning them into powder [132],
but many studies have reported a higher consumer acceptance towards processed insect
products rather than to whole insects [130,133–135,196]. Other tactics are to increase the
familiarity with insects as a food by having them in grocery stores and talking to friends
that have a positive experience with edible insects [132]. Increasing the knowledge about
the positive environmental effects regarding edible insects and their health benefits has also
been proven to improve consumer attitude towards entomophagy [131–135]. Even though
insects are considered a taboo food today, this attitude might change. Sushi was once
considered to be a taboo food, but it has increased in popularity in the recent years [132].

5. Iceland

Iceland has abundant resources, e.g., land, water and renewable energy (geothermal
and hydro power). As an island in the North Atlantic Ocean, it is important to be sus-
tainable in terms of food and feed. Today, the country imports fuel, fertilizer, feed raw
materials, feed and food. Insects could be a valuable factor in supporting food security in
Iceland and could serve an important role in food circulation.

5.1. Insect Trials in Recent Years

Limited research has been conducted regarding insect breeding and the use of insects
as food and feed in Iceland. In 2014, black soldier flies were experimentally bred as
a potential feed ingredient for fish farming in northwest Iceland, but the activity was
discontinued. There were several reasons for this activity being discontinued. One of
these reasons was that the EU laws regarding insect farming were under construction, and
it seemed unlikely that the EU would allow the ideas on which the company based its
business [197]. Moreover, according to the owners of the company, there was not enough
underutilized food in Iceland to make it a stable feed for black soldier flies [198].

Another experiment in Iceland started in 2015 with the production of protein bars
from crickets (Jungle Bar). The production went well, as well as the marketing, and the
idea seemed to be well received by Icelanders [199]. However, only a few days after the
product was launched in the stores the Icelandic government implemented European law
prohibiting the sale of insect-based products for human consumption and the project had
to be discontinued [200].
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In 2018, a new start-up on breeding mealworms received funding. The plan was to
produce mealworms for aquaculture and breeding the insects, at stable conditions with the
use of geothermal heat [201]. However, the project was discontinued beyond 2019.

Additionally, BSF were experimentally bred in the governmentally owned, food and
biotech R&D company in Iceland, Matís, from 2012 to 2014. One of the aims of the study
was to examine the effect of different organic waste on the nutritional content of the larvae.
Matís presented its findings in the international conference, Insect to feed the World, in 2014.
The results showed that it is possible to have a great influence on the nutritional content of
the larvae with different feeds [202]. In 2019, a new study relating to insect proteins was
started in Matís. This project is estimated to take 4 years and it is about breeding crickets
for the larvae to be used in bread [203]. Currently, crickets are not authorized for human
consumption; however, in august 2021, The European Food and Safety Agency (EFSA)
submitted an option on the safety of frozen and dried formulations from whole house
crickets (Acheta domesticus) as a novel food pursuant to the European Commission, and the
authorisation can be expected in early 2022 [136].

Iceland is also a part of the pan-European project NextGenProteins, which is optimiz-
ing the production of three alternative protein sources, with one of them deriving from
black soldier flies and crickets [203].

Currently, mealworms and BSF are experimentally bred in the Agricultural University
of Iceland. The mealworms are being fed with waste from Icelandic brewery production
and carrots and the BSF larvae are being fed with kitchen waste [204].

As of today, no study of consumer acceptance of edible insects has been performed on
Icelandic consumers. It is not unlikely that consumer acceptance in Iceland resembles the
consumers acceptance in Europe mentioned in Section 4.3.

5.2. The Laws and Regulations

According to EU regulation no. 2015/2283, whole insects are in scope as well as parts
of whole insects, powder and extracts. Insects cannot yet be fed with feed ingredients
that are not authorized for farmed animals [205]. When the EU regulation 2015/2283
was implemented, the startup company Crowbar Protein in Iceland was working on
the development of the previously mentioned Jungle Bar. The product, launched in
January 2016, was requested to be pulled off the shelves, although the current regulation
no. 2015/2283 was entered into force in Iceland 1st of January 2018 [206]. After only one
week, the Jungle Bar was pulled off the shelves, requested by the Icelandic authorities
referring to EU regulations. One of the owners of the startup company reported that
they had submitted all documentation to the Directorate of Health and the Icelandic Food
and Veterinary Authority to confirm that the products were safe for human consumption.
The owners of Crowbar Protein subsequently signed a contract with a distributor in the
USA [207]. Another company said at that time that their hands were tied by uncertain
regulations [208].

Since then, new regulations have emerged in Europe but, as explained in Section 4.1,
different countries have quite different rules. According to the Icelandic Food and Veteri-
nary Authority, Iceland follows the regulations from the EU and evaluations from the EFSA.
Therefore, it is now allowed to start marketing yellow mealworms in Iceland (Commission
Implementing Regulation (EU) 2021/882 from 1st of June 2021) [206].

5.3. Importing Feed

Iceland imports feed, e.g., soybean meal and grain, especially for aquaculture, poul-
try and pigs, but based on work on food security, several opportunities for increased
production in Iceland have been identified [209]. It is possible to make use of natural
resources, become more sustainable, improve food security, e.g., if the import is uncertain
as in pandemic times, use less currency, and create more jobs and use knowledge in Iceland.
One goal could be establishing insect farming, but there is also exciting research going on
with different grain cultivation in Iceland.
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With insect farming, waste from agriculture as well as the essential food waste within
the country and even preferentially from the next neighborhood could be used. By doing
this, a sustainable cycle and food security is better maintained.

5.4. Food Waste in Iceland

According to the Food and Agriculture Organization of the United Nations (FAO),
more than one third of food is wasted and at all stages of production. This waste contributes
significantly to greenhouse gasses and climate change. At the same time, hunger exists in
the world and the population has been growing 7-fold over the last 200 years and is still
growing. According to the FAO (2018), a 60% increase will be needed to meet growing
demands of the world population. Food waste is very complex and interdisciplinary
research teams are starting to use model-driven integrative applied research approaches.
The Recovery Food Hierarchy (EPA, 2019, appendix A) constitutes these main headlines:
(1) Source Reduction; (2) Food for people; (3) Feed for animals; (4) Industrial Usage;
(5) Composting; and at last (6), Landfill incineration [210].

Another primary idea is increased awareness, e.g., children who can participate in
making the food they eat are less likely to throw it away. According to Icelandic research
from 2016, it is estimated that the food waste is 23 kg of food that could have been used
and 35 kg of food defined as non-useable (e.g., eggshell, coffee basket, bones and peel of
vegetables and fruits) per individual in Iceland. The Icelandic information site matarsoun.is
is a project led by The Environment Agency of Iceland (Umhverfisstofnun). There it is
stated that the worth of the food wasted was 4.5 billion ISK in 2015 [211].

6. Conclusions

In recent years, the interest in insect farming has been increasing in Europe due to
the need for new food sources with less of an environmental impact than conventional
production. The United Nations identifies insects as a food product that could increase
food security and human health and could reduce pollution, and the European Union
supports innovation and research in these fields.

Studies have shown that the nutritional profile of both mealworms and BSF larvae
is good for human consumption, as feed for animals, being high in protein, fat, fiber and
several vitamins and minerals. Furthermore, studies have shown that eating insects might
reduce cholesterol levels in the body. Insects are not only nutritious, but they also contain
substances that could promote the immune system. Using insects as animal feed could lead
to a reduction in antibiotic use in livestock. Insect farming is more environmentally friendly
than the farming of traditional livestock and the production of soybean and fishmeal as
insect production uses less arable land and water and results in lesser greenhouse gas
emissions. Furthermore, studies have shown that insects, e.g., mealworms and BSF larvae,
can be used to degrade several types of organic waste and that mealworms can be used to
degrade plastics. However, the true environmental impact of large-scale insect farming is
unknown, and more studies could focus on that.

For novel products such as food and feed to be placed on the European market, the
product must be safe. Several studies have focused on the safety of edible insects and
the safety risks that have been identified are allergies, toxins, and zoonotic pathogens.
Studies have shown that insect protein has a cross reactivity with crustacea and mite
allergies, concluding that people who suffer from these allergies should not consume or
work around edible insects. Toxicity studies of mealworms from the literature do not raise
safety concerns according to the EFSA and yellow mealworm has now been authorized
for the market as a novel food product. More applications for other species are pending.
It is interesting that different countries in Europe have different rules, but it is important
to evaluate risk profiles. When hygiene and other safety needs are met, it seems that the
risk profiles are like other products. To finish the feed and food circulation, it would be
important to use other food waste. Research is also ongoing into how insects manage with
plastics. As insects are so phylogenetically different from humans and other mammals,
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studies indicate that edible insects pose a smaller risk to humans than traditional livestock.
However, some pathogenic bacteria, viruses and parasites have been identified in edible
insect farms in Europe. Microbiota can be introduced during farming and processing
and therefore good hygiene strategies should be on place on the farm. Additionally, the
substrate used to feed the insects majorly affects the insect’s microbiota and composition;
therefore, it is important to choose the substrate well and to store it under proper conditions.

Interest in insect farming in Europe is growing and the biggest European company in
this sector has approximately 230 employees. Regulations are developing, and investors
and competition funds are supporting the development. Most importantly, European
consumers are becoming more positive both toward insects as animal feed and as food for
human consumption.
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94. Garofalo, C.; Milanović, V.; Cardinali, F.; Aquilanti, L.; Clementi, F.; Osimani, A. Current knowledge on the microbiota of edible
insects intended for human consumption: A state-of-the-art review. Food Res. Int. 2019, 125, 108527. [CrossRef] [PubMed]

95. Strother, K.O.; Steelman, C.D.; Gbur, E.E. Reservoir competence of lesser mealworm (Coleoptera: Tenebrionidae) for Campylobac-
ter jejuni (Campylobacterales: Campylobacteraceae). J. Med. Entomol. 2005, 42, 42–47. [CrossRef] [PubMed]

96. Van der Fels-Klerx, H.J.; Camenzuli, L.; Belluco, S.; Meijer, N.; Ricci, A. Food Safety Issues Related to Uses of Insects for Feeds
and Foods. Compr. Rev. Food Sci. Food Saf. 2018, 17, 1172–1183. [CrossRef]
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Abstract: An experiment was conducted to examine the effects of yellow mealworm larvae (Tenebrio
molitor) meal inclusion in diets of indigenous chickens. A total of 160 mixed-sex indigenous Boschveld
chickens were randomly divided into four categories: control soybean meal (SBM) and yellow
mealworm with percentage levels of 5, 10 and 15 (TM5, TM10 and TM15, respectively). Five replicate
pens per treatment were used, with eight birds per pen/replicate. On day 60, two birds from each
replicate were slaughtered and eviscerated. Meat quality parameters were measured out on raw
carcass and cooked breast meat. The carcass weight, breast weight and gizzard weight of the control
group was higher (p < 0.05) than the treatment group (TM15). The cooking loss was lower (p < 0.05)
in the SBM control group but higher in the TM15 group. Colour characteristics of breast meat
before cooking was lighter in the TM10 and TM15 group, ranged from 61.7 to 69.3 for L* and was
significant (p < 0.05). The TM10 and TM15 groups showed a lighter colour than the SBM and TM5
groups. The breast meat pH taken after slaughter was different (p < 0.05) in TM5 and TM15, with
the highest reading (pH 6.0) in the TM5 group. In conclusion, our experiment indicated that dietary
Tenebrio molitor in growing Boschveld indigenous chickens’ diets could be considered a promising
protein source for Boschveld indigenous chickens.

Keywords: tenebrio molitor; local chicken; carcass characteristics; breast pH; edible insects

1. Introduction

Smallholder farmers in Southern Africa and many parts of the developing world
generally rely on chicken meat to meet their dietary protein requirements [1,2]. The majority
of these farmers breeds and keep indigenous chickens, which are mostly tolerant of local
diseases and parasites; moreover, they provide huge economic benefits and income for rural
communities [3,4]. The sudden increase in the demand for natural or organic meat could
have influenced smallholder farmers to consider farming with indigenous chickens because
these chickens need minimal use of additives and chemicals [1]. The indigenous chickens
are known to be economically, socially and culturally important to the people of Africa and
other developing countries, especially those from poor communities [5]. Although they
are associated with poor productivity, most consumers prefer their flavoursome meat [5].
However, conventional protein sources, such as soybean and fishmeal, which are normally
used in the poultry diets, are expensive, and thus, they lead to the search for alternative
sources of protein [6].

Attempts to study alternative sources of protein have included insect meals. Insects
are promising animal feed ingredients because they contain high levels of quality protein
and are easy to produce [6]. Experimental results have shown that yellow mealworm used
as a source of protein in the diets of fast-growing commercial broilers does not compromise
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growth performance [7,8]. However, there is evidence that indigenous chickens and
commercial broiler have genetic differences that could affect growth rates [9]. The strain
of the chicken affects the growth rate, feed conversion ratio, feed intake, and digestibility
at different ages [9]. In Southern Africa, indigenous breeds, such as Boschveld chicken,
which is a dual-purpose crossbreed of three indigenous breed, namely, Ovambo, Matabele
and Venda, is normally produced for egg and meat [10]. It is not known how Boschveld
indigenous chicken and their physico-chemical parameters could respond to the inclusion
of yellow mealworms as a partial replacement of soybean in diets. Biasato et al. [11] studied
the effect of yellow mealworm on female fast-growing broilers (Ross 708) and found
that carcass weight increased quadratically with increasing levels of yellow mealworms.
Furthermore, the abdominal fat weight showed linear responses to increasing levels of
yellow mealworms; however, no significant effects were observed from other carcass traits.
Cullere et al. [12] studied the effects of insect meal (Black soldier fly) larvae in fast-growing
broilers’ (Ross 708) finisher diet on the quality of meat and reported that breast meat
displayed similar weight, thawing loss and pH.

To determine the acceptance of chicken meat, consumers consider several characteris-
tics, such as its colour, chemical properties and sensory characteristics [1]. Chicken meat is
one of the most consumed in the world due to a number of reasons, which are related to
socio-economic conditions, digestion, nutritional value and ease of cooking [13]. Quantifi-
able properties of meat, such as cooking loss, pH, water holding capacity, protein solubility,
fat binding capacity and drip loss, are the most important factors that influence final quality
judgement by consumers [14]. Factors such as appearance, colour, tenderness, juiciness
and flavour can lead the consumer to approve or not approve the meat product [14]. There-
fore, the replacement of soybean meal with yellow mealworms (Tenebrio molitor) has the
potential to have some effect on the cooking loss, shear force, meat colour and pH of
fast-growing broiler chickens [7]. However, there is little information on the use of yellow
mealworm meal in the diets of indigenous chickens which are genetically different from
fast-growing broilers and their influence on the meat characteristics. Moreover, since the
inclusion of yellow mealworms may interfere with the meat quality, studies that go beyond
the examination of animal performance are needed. In most cases, the carcass traits of
fast-growing broilers are not affected by the inclusion of yellow mealworm in poultry
diet [15,16]. However, no studies are available in the literature on the effect of yellow
mealworm on carcass traits and meat parameters of slow-growing Boschveld indigenous
chickens fed yellow mealworms. Therefore, the aim of this research was to study the
effect of yellow mealworm inclusion on the carcass traits and meat quality of Boschveld
indigenous chickens.

2. Materials and Methods

The present study was conducted at the Proefplaas experimental farm of the Univer-
sity of Pretoria, South Africa. The chickens were reared in a climate-controlled poultry
house. The general care and management of the chickens followed accepted guidelines
as described by the South African Poultry Association. Furthermore, the experimental
protocol was approved by the Human Research Ethics Committee of the College of Agri-
culture and Environmental Sciences at the University of South Africa with ethical clearance
number: 2019/CAES_HREC and the University of Pretoria, Faculty of Veterinary Sci-
ence, Animal Ethics committee, reference no.: NAS433/2019. The statistical report of the
manuscript is added as Supplementary Material.

2.1. Birds and Management

A total of 160-day-old mixed-sex chicks (Boschveld Indigenous chickens) were divided
into four equal groups of five replicates (eight birds per replicate). The birds had free access
to water and feed and the brooding house was provided with fresh wood shavings as a
bedding material. The total number of cages were 20; each cage was 2.5 m × 1 m. The
chicks were brooded at 34 ◦C for a period of one week; thereafter, the temperature was
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gradually decreased to reach 23 ◦C. The infrared heat lamps (China Original manufacturer)
were used to provide the supplementary heat and maintain stable housing temperature.
The housing temperature and relative humidity was monitored continuously, and relative
humidity was adjusted to 55. Chicks were vaccinated against Newcastle and Gumboro
disease [17]. The chickens were kept in cages for a period of 60 days before slaughter.

2.2. Yellow Mealworm Larval Meal and Experimental Diets, Dietary Treatment

A preliminary proximate analysis of oven-dried yellow mealworm was conducted.
The oven-dried yellow mealworm nutrient composition is presented in Table 1. Diets were
formulated to meet growing indigenous chickens’ requirements. A diet based on corn meal,
wheat offal, full-fat soya, sunflower cake and fishmeal was formulated in a feed mill unit in
crumble form and served as control. The dietary treatments were as follows: a control group
containing 0% yellow mealworm (SBM), TM5, which had 5% inclusion of tenebrio molitor
larvae, TM10, which had 10% inclusion, and TM15, which had 15% inclusion. The yellow
mealworm larvae (20 kg) were collected from the breeding facility of the University of
Pretoria, Department of Zoology and Entomology. The other 10 kg was purchased from
the local supplier (Insectivore). The yellow mealworm was produced using wheat bran
and carrots. Detailed information about the chemical composition of the mealworm is
provided in the study by Selaledi and Mabelebele [18]. The yellow mealworms were kept
in a −20 ◦C freezer and were subsequently oven-dried. Two EcoTherm ovens were used to
dry the mealworms. A total of 1000 g of mealworm was oven-dried for an hour under a
temperature of 120 ◦C. The experimental diets were isonitrogenous and isoenergetic and
were formulated. The diets met or exceeded requirements and were adjusted according to
NRC [19].

Table 1. Ingredients and the calculated analysis of yellow mealworm larvae meal and experimental diets [18].

Ingredient SBM TM5 TM10 TM15 Yellow Mealworm Larvae (g/100 g)

Maize 50.00 50.00 50.00 50.00
Wheat offal 8.00 8.00 8.00 8.00

Yellow Mealworm 0.00 5.00 10.00 15.00
Full fat soya 23.73 20.00 13.00 6.00

Sunflower cake 10.00 8.73 10.73 12.73
Fish meal (72%) 3.00 3.00 3.00 3.00

Limestone 1.20 1.20 1.20 1.20
Monocalcium

phosphate 1.50 1.50 1.50 1.50

Salt 0.25 0.25 0.25 0.25
Sodium

Bicarbonate 1.50 1.50 1.50 1.50

DL methionine 0.25 0.25 0.25 0.25
L-Threonine 0.12 0.12 0.12 0.12
Lysine HCL 0.25 0.25 0.25 0.25
Tryptophan 0.05 0.05 0.05 0.05

Vit TM Premix 0.05 0.05 0.05 0.05
Min premix 0.05 0.05 0.05 0.05
Coccidiostat 0.05 0.05 0.05 0.05

100.00 100.00 100.00 100.00
Calculated analysis

%CP 20.00 20.10 20.17 20.18 51.51
MEKcal/kg 3197.11 3144.25 3110.68 3177.11 24.63

%EE 16.31 16.24 16.72 16.20 25.73
% CF 18.69 18.06 18.29 18.52 6.11
%Ca 1.70 1.67 1.63 1.60 0.294

Avail P% 0.77 0.75 0.72 0.69 7.48
%Lysine 1.92 1.65 1.31 0.97 3.95

Met + Cys% 1.14 1.02 0.87 0.71 n/a

SMB: soybean meal; TM5, TM10 and TM15: Tenebrio molitor at 5, 10 and 15% of soybean protein substitution, respectively. CP = crude
protein; EE = ether extract; CF = crude fibre; Ca = calcium; P = phosphorus.
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2.3. Slaughter and Carcass Traits (Internal Parts)

On day 60, two birds were randomly selected from each pen (male and female) and
transported to the University of Pretoria poultry abattoir, where they were humanely
slaughtered. The total number of birds slaughtered was 40; birds were transported in live
chicken crates with a lid. The dimensions of each crate were 74 × 53 × 31 cm, with five
chickens per crate. Each treatment had two crates, with 5 males and 5 females per treatment.
The distance from the poultry house to the abattoir was less than a one kilometre. Birds
were transported in a safe reliable vehicle. The birds were stunned using a small electric
stunner to induce immediate unconsciousness, which was then followed by severing the
neck. After stunning, decapitation and bleeding, the carcasses were plucked, eviscerated
and their feet were removed [20]. Carcass weight, eviscerated weight and breast, thigh
and drumstick weight were recorded. Indexes of Slaughter rate were calculated as carcass
weight/live weight × 100, Eviscerated weight/live weight × 100, Thigh muscle/live
weight × 100, Breast muscle/live weight × 100 and wing muscle/live weight × 100 [21].

Immediately after slaughter, the carcasses were labelled and packed in transparent
plastic bags and were then kept at 4 ◦C for 48 h. The carcass was immediately weighed
USING THE Mettler PC 4400 SCALE 9Mettler-Toledo, Switzerland) to determine the
carcass weight. The carcass was chilled for 48 h and the internal organs were collected
and weighed separately. Breast and small intestine (Jejunum) pH was taken immediately
after slaughter, followed by another reading after 24 and 48 h, respectively. The pH of the
breast and small intestine was measured using a calibrated (standard buffers pH 4.0 and
7.0 at 25 ◦C) Portable HANNA HI 8424 to measure the pH. The pH meter was calibrated
before the first measurement and every time we measured a new set of samples (for every
treatment group). The electrode was placed in an incision that was made in the centre of
the breast muscle, and for the small intestine, the electrode was placed in the jejunum.

2.4. Cooking Procedure

Frozen whole chickens (−20 ◦C) were thawed overnight at refrigeration temperatures
(5 ◦C) before analysis. After thawing, chickens were placed in individual oven bags Glad®

(Clorox Africa) that were tied at one end with a perforated strip. Holes were poked on the
oven bag with chicken prior to placing it in the oven, to prevent the bag from bursting in
the oven. Bagged chickens were placed in oven pans and cooked in a pre-heated oven at
180 ◦C for 24 min using Ambassade C505 CT Electric convection oven (Lacanche, France).
After cooking and before cooling, the internal temperature of chicken was measured using
the Testo 104-IR digital thermometer (Testo SE & Co. KGaA, Lenzkirch, Germany) by
inserting the needle probe into the cranial side of both chicken breasts. After cooling,
chickens were removed from their bags and weighed. Colour measurements were recorded
before the chickens were wrapped in foil and stored in a refrigerator (5 ◦C) for at least 12 h
before texture analysis.

To determine the cooking loss per sample, chickens were weighed before and after
cooking. The following formula was used cook loss (%) = ([raw chicken weight–cooked
chicken weight]/raw chicken weight) × 100. Cooking loss was calculated for eight chickens,
as formula (1) [22]:

Cooking Loss % = (raw chicken weight − cooked chicken weight)/(raw chicken weight) × 100 (1)

2.5. Texture Properties of Chicken

Chickens were taken out of the refrigerator and left to equilibrate at room temperature
(23.0 ◦C ± 2 ◦C) for one hour. For each whole chicken, two chicken breasts from the
pectoralis major section were manually trimmed using a sharp knife. From each of the
cooked chicken breast, one strip (section B), as presented by Lyon and Lyon [22], was cut
parallel to the direction of the muscle fibres and used as a test sample. The length, width
and thickness of the samples were measured by a Vernier calliper. A shear force test of
chicken breasts was performed at room temperature using the texture analyser (Model
EZ-L, Shimadzu Tokyo, Japan), with a 5000 N load cell and at a test speed of 50 mm/min.
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A vertical force was applied on each sample using a Warner-Bratzler shear blade, at an
angle perpendicular to the direction of the muscle fibre.

2.6. Instrumental Colour Analysis

The colour of raw and cooked chickens was measured using a CR 210 Minolta chro-
mameter model CR-400 (Osaka, Japan), and an 8 mm aperture size, illuminant D65 and
10◦ standard observer angle was used. The chromameter was calibrated using a standard
white plate (Y = 87.2, X = 0.3173; Y = 0.3348). The colour was measured on breast muscle
with three measurements on each sample and an average of three readings per sample
was taken. Readings were recorded as L*, a* and b* for four chickens for each treatment.
L* represents lightness, a* represents redness (+) and greenness (−) and b* represents
blueness (+) and yellowness (−), respectively. Colour measurements were determined for
four chickens per treatment [23].

2.7. Statistical Analysis

Data were subjected to one-way analysis of variance procedures appropriate for a
completely randomised design of IBM SPSS [24]. Means were compared using Tukey’s test.
The statement of statistical significance was based on p < 0.05. The following model was
used for the analysis: Yij = μ + αj + εij, where Yij = Carcass and internal organ variables,
μ = the population means, αj = Treatments and εij = the residual effect. Furthermore, the
G-Power analysis was used to calculate the statistical power.

3. Results

The nutrient composition of the yellow mealworm used in this study and the ingredi-
ents used in the experimental diets is presented in Table 1. The carcass characteristics of the
60-day old mixed-sex Boschveld indigenous chickens are shown in Table 2. No significant
difference between male and female birds was observed in statistical test. No significant
interaction was detected for Eviscerated weight, bled weight, thigh, drumstick, neck and
wing, but a significant effect was observed for the carcass weight (Control and TM15), back
and breast weight.

Table 2. Effects of yellow mealworm meal on carcass characteristics of Boschveld indigenous chickens.

Parameter SBM TM5 TM10 TM15 SEM p-Value

Bled weight
(g) 807.8 721.6 708 676.4 19.421 0.094

Carcass
weight 571.2 a 495.5 ab 530.8 ab 455.8 b 14.637 0.028

Eviscerated
weight (g) 550.4 473.2 484.2 448.4 14.943 0.089

Thigh (g) 99 85.2 87 80 3.028 0.169
Drumstick (g) 89.8 74 76 69.4 15.067 0.185

Back (g) 135.2 a 118 ab 117 ab 107 b 3.546 0.045
Neck (g) 52.2 48.4 47.6 44.2 1.586 0.371
Breast (g) 145.2 a 120 b 122 b 115.8 b 3.670 0.015
Wing (g) 82.2 75.2 80 74 2.394 0.593

a,b Means in the same row not sharing a common superscript are different (p < 0.05). Diets: SBM = soybean meal,
TM5% = a diet in which 5 g/kg of soybean was replaced with Tenebrio molitor meal, TM10% = a diet in which
10 g/kg of soybean was replaced with Tenebrio molitor meal. TM15% = a diet in which 15 g/kg of soybean was
replaced with Tenebrio molitor meal. SEM: standard error of the mean.

The visceral weight, including the head and feet, of 60-day old mixed-sex Boschveld
indigenous chickens is presented in Table 3. The dietary treatment (p < 0.05) affected the
weight of the gizzard in favour of the control group; however, there were no differences
between the treatment groups (TM5, 10 15).
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Table 3. Effects of the percentage of yellow mealworm meal on organ weight characteristics of
Boschveld indigenous chickens.

Parameter SBM TM5 TM10 TM15 SEM p-Value

Head (g) 34.2 a 29.8 ab 31.2 ab 28.0 b 0.837 0.055
Feet (g) 37.6 31.2 35.6 31.6 1.403 0.304

Gizzard (g) 30.6 a 19.0 b 21.2 b 21.4 b 1.032 0.000
Lungs (g) 6.0 6.0 4.6 5.0 0.269 0.155
Liver (g) 18.4 14.8 16.4 16.2 0.626 0.245
Heart (g) 5.6 5.6 4.4 5.2 0.212 0.148

Proventriculus (g) 4.2 3.6 4.8 4.2 0.245 0.408
Small intestine (g) 20.4 18.4 17.8 17.2 0.570 0.220

Full intestine length (cm) 117.5 119.7 116.4 111.5 2.175 0.609
a,b Means in the same row not sharing a common superscript are different (p < 0.05). Diets: SBM = soybean meal,
TM5% = a diet in which 5 g/kg of soybean was replaced with Tenebrio molitor meal, TM10% = a diet in which
10 g/kg of soybean was replaced with Tenebrio molitor meal. TM15% = a diet in which 15 g/kg of soybean was
replaced with Tenebrio molitor meal. SEM: standard error of the mean.

The slaughter rate is one of many factors affecting the value of a slaughter animal.
The indexes of slaughter rate are presented in Figure 1 and were calculated by dividing
the weight of carcass by live weight and multiply by 100. The carcass rate was higher
in the TM15 group followed by control group (SBM). There were slight variations in the
percentages of other meat potions.

 
Figure 1. Indexes of slaughter rate of Boschveld chickens fed yellow mealworm.

Indexes of Slaughter rate were calculated as carcass weight/live weight × 100; Evis-
cerated weight/live weight × 100; Thigh muscle/live weight × 100; Breast muscle/live
weight × 100 and wing muscle/live weight × 100.

Raw and cooked mixed-sex Boschveld indigenous chickens’ meat quality parameters
are presented in Table 4. The soybean fed group (SBM) were heavier (p < 0.05) than the
experimental group (TM15). The cooking loss was lower in the SBM control group as
compared to TM15 (p < 0.05). However, no differences existed between control, TM5
and TM10 group. The internal temperature was measured immediately after removing
the breast meat from the oven. The breast (both left and right) internal temperature was
higher in the TM15% group and lower in the SBM group. Colour characteristics was also
measured before and after cooking. The values for lightness (before cooking) ranged from
61.7 to 69.3 and this was significant (p < 0.05). The TM10 and TM15 group showed lighter
colours than the SBM and TM5 groups. No significant (p > 0.05) differences were observed
for the a*, b* values; similarly, the colour of the breast meat after cooking did not differ in
lightness, redness and yellowness. The breast meat from the TM5 group had a lower shear
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force value (33.7) than the other groups. The TM10 group had the highest shear force (55.6)
and stress (0.0927).

Table 4. Physical properties of carcass without internal viscera of Boschveld indigenous chickens fed soybean meal (SBM)
or Tenebrio molitor larvae meal (TML) at 60 day of age.

Parameters (Before Cooking) SBM TM5% TM10% TM15% SEM p-Value

Breast meat before cooking
Lightness L* (before cooking) 61.8 b 61.7 b 69.3 a 68.8 a 1.201 0.008
Redness a* (before cooking) 1.9 1.7 3.0 2.7 0.354 0.549

Yellowness b* (before cooking) 2.9 6.3 5.0 5.0 0.651 0.352
Parameters (After cooking)

Cooking loss % 8.82 b 12.23 ab 11.97 ab 13.70 a 0.650 0.049
Breast Internal temperature (left) 65.3 b 76.7 a 71.3 ab 80.7 a 1.702 0.004

Breast Internal temperature (right) 66.0 b 76.5 a 72.4 ab 80.8 a 1.570 0.003
Drained water (g) 29.0 33.1 34.3 36.4 1.516 0.388

Lightness L* (after cooking) 71.4 66.4 69.4 68.8 0.950 0.343
Redness a* (after cooking) 3.8 4.3 2.8 2.8 0.259 0.076

Yellowness b* (after cooking) 17.0 21.1 17.2 17.6 0.661 0.077
Texture (shear force) 40.9 b 33.7 b 55.6 a 39.8 b 2.166 0.001

Texture (stress) 0.0527 b 0.0574 b 0.0927 a 0.0682 ab 0.004 0.003
a,b Means in the same row not sharing a common superscript are different (p < 0.05). Diets: SBM = soybean meal, TM5% = a diet in which
5 g/kg of soybean was replaced with Tenebrio molitor meal, TM10% = a diet in which 10 g/kg of soybean was replaced with Tenebrio molitor
meal. TM15% = a diet in which 15 g/kg of soybean was replaced with Tenebrio molitor meal. SEM: standard error of the mean.

Table 5 presents pH values taken 15 min after slaughter followed by another reading
after 24 h and 48 h respectively. The breast meat pH taken after slaughter was different
(p < 0.05) between the TM5 and TM15 groups, with the highest reading (pH 6.0) in the TM5
group. The small intestine pH taken from the jejunum after 24 h was the highest in the
SBM group (p < 0.05).

Table 5. The pH values of breast and small intestine taken from 60-day-old mixed-sex Boschveld indigenous chickens.

Parameter SBM TM5% TM10% TM15% SEM p-Value

Breast pH (After slaughter) 5.83 ab 6.01 a 5.80 ab 5.74 b 0.037 0.055
Breast pH (After 24 h) 5.88 a 5.87 ab 5.80 ab 5.75 b 0.017 0.034
Breast pH (After 48 h) 5.86 6.02 5.86 5.98 0.028 0.093

Small intestine pH (After slaughter) 6.37 6.18 6.19 6.20 0.031 0.093
Small intestine pH (after 24 h) 6.45 a 6.23 b 6.29 b 6.30 ab 0.023 0.003
Small intestine pH (after 48 h) 6.28 6.17 6.20 6.27 0.020 0.174
a,b Means in the same row not sharing a common superscript are different (p < 0.05). Diets: SBM = soybean meal, TM5% = a diet in which
5 g/kg of soybean was replaced with Tenebrio molitor meal, TM10% = a diet in which 10 g/kg of soybean was replaced with Tenebrio molitor
meal. TM15% = a diet in which 15 g/kg of soybean was replaced with Tenebrio molitor meal. SEM: standard error of the mean.

4. Discussion

Understanding factors that affect chicken meat quality and carcass characteristics
are important in the poultry sector [21]. Unfortunately, knowledge on such factors is
insufficient, particularly in the indigenous chicken production system. The success of the
poultry production enterprise depends on the feed quality given to the chickens [25]. In
this study, the inclusion of yellow mealworm meal did not significantly affect the carcass
characteristics of the chicken, except on the back and breast meat including the head and
gizzard. Similarly, Sedgh-Gooya et al. [15] reported that the carcass traits of broiler chickens
fed yellow mealworm larvae powder as a dietary protein source did not significantly affect
the carcass characteristics. The study reported that the carcass characteristics such as
weight and length of different parts were not influenced by diets that had mealworm
powder. Similar results were reported by Bovera et al. [16], which showed that the carcass
traits of broilers fed yellow mealworm meal had no significant effect on the carcass traits.
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However, Zadeh et al. [26] reported a higher carcass yield on the control group of Japanese
quails at 35 days of age that were fed yellow mealworm larvae as an alternative protein
source. The control group carcass yield for the study by Zadeh et al. [26] was 71.78 higher
than TM7.5 (67.42), TM15 (64.47) and TM22.5 (62.24).

With respect to cooking loss, there were no differences among the breast meat between
the control, TM5 and TM10 groups. However, the cooking loss in the control group
was significantly lower as compared to the TM15 group. These results were consistent
with those of Bovera et al. [16], who studied the use of yellow mealworm on broilers.
Regarding Bovera’s [16] findings, the cooking loss in the SBM group (21.4) was lower as
compared to the TML group (23.6) at 62 d of age. Similarly, Mbhele et al. [27] reported
a higher cooking loss in the treatment group (Black soldier fly), although the differences
were not significant. Furthermore, Leiber et al. [28] also had a higher cooking loss in the
insect fed group (Hermetia meal) as compared to the control. Cooking Loss is a significant
indicator of meat quality, as it determines the technological yield of the cooking process [29].
Cooking loss is normally calculated as the per cent weight difference between fresh and
cooked samples with respect to the weight of fresh meat samples [30]. Therefore, the
difference in the cooking loss of the control group that was fed soybean basal diet and
TM15 (Tenebrio molitor) could suggest that the inclusion of Yellow Mealworm on Boschveld
indigenous chickens could have an effect on meat quality parameter (Cooking loss). This
result suggests that TM5 and TM10 could be a better inclusion rate of yellow mealworm in
Boschveld indigenous chickens’ diet, as there were no significant differences between these
treatment groups and the control.

Breast meat from Boschveld chickens that were fed 5% yellow mealworm had a slightly
higher average ultimate pH (p < 0.05) than the TM15 group; however, the pH from the
SBM group was lower than the TM5 group, but the differences were not significant. This
reveals that feeding Boschveld indigenous chickens 5% or less of yellow mealworm could
cause the breast meat to be less acidic, consumers could prefer meat with pH 5.96 [31]. The
breast meat pH values obtained in this study are comparable to those reported by Nhlane
et al. [32], who fed Boschveld chickens dietary treatment supplemented with seaweed.
These results agree with earlier studies on broilers fed yellow mealworm [16], wherein the
TML group (6.12) had the highest pH as compared to the SBM group (5.95). Shaviklo et al.
reported that dietary inclusion of mealworm meal up to 3% may be appropriate; however,
the meat quality of broilers may adversely be influenced in higher levels [33].

Meat colour can be influenced by environmental and genetic factors [34]. In this
study, no difference existed (p > 0.05) after cooking among breast meat samples that were
harvested from the control and treatment groups. A study conducted by Zadeh et al. [26]
on 35-day-old Japanese quails also did not find any significant difference in the breast
meat colour (L*), even though their values were lower (43.09–43.41) as compared to this
study. The absence of differences in the meat colour after cooking is very important because
colour can influence the consumer acceptance of meat (Bovera et al. [16]. The L*a*b* values
for all treatments are comparable with the characteristics of normal indigenous chickens’
breast meat; normal broiler meat is described as meat with L* values between 50 and 56,
where dark meat will have an L* value <50 and pale meat will have an L* value >56 [35,36].
However, the meat samples from chickens that were fed 10–15% of yellow mealworm larvae
were slightly lighter or paler before cooking (68 to 69) than the control group. Lighter
breast meat colour is more preferred by consumers than dark meat [34]. Compounds
such as myoglobin contribute to the colour of poultry meat [34]. Our L* a*b* findings
are not similar to what Bovera et al. [16] reported; the lightness on the breast meat was
(44–44.2), redness was (1.07–1.18), yellowness was (0.69–0.78) and chroma was (1.91–1.92).
Furthermore, Schiavone et al. [37] did not find differences in the pH and lightness the
breast meat between the control and the treatment groups that were fed Black soldier fly as
a partial or total replacement of soybean oil.

Additionally, the findings of Bovera et al. [16] of the cooked breast meat shear force
was 69.3 for the Soybean group and 73.2 Tenebrio molitor group. The shear force from our
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study was also higher (55.6) among the Tenebrio molitor group (TM 10%) but lower than the
values reported by Bovera et al. [16]. Meat tenderness is considered a critical attribute in
meat consumption. Therefore, it is important to meet the meat tenderness requirements
that consumers demand, as this will result in customer satisfaction [9]. Moreover, Mbhele
et al. [27] also reported higher shear force values (7.55) in the treatment group of Jumbo
Quails that were fed Black soldier fly meal (BSFL50) as compared to the values recorded in
the control group (6.20).

5. Conclusions

In conclusion, the present experiment indicated that increasing levels of dietary Tene-
brio molitor in growing Boschveld indigenous chickens diets up to 10–15% could lighten
the breast meat colour. It also could improve the pH of the breast meat (TM5) and meat
texture (TM5). The yellow mealworms show potential to replace soymeal in slow growing
Boschveld indigenous chickens; however, 15% or more could affect performance. Com-
pared with the soybean control group (TM0), some cooking loss occurred in the TM15 group
that was fed 15% yellow mealworm. Therefore, this could suggest that feeding Boschveld
indigenous chickens 15% or more of yellow mealworm could be disadvantageous. The
effect of insect meal on the cooking loss warrants further investigation, because this study
and others have reported a higher cooking loss in the insect-fed group (TM15) as compared
to the control group. The study confirms that insects can make a valuable contribution as
chicken feed to global food security, as suggested already in 1975 by Meyer-Rochow [38].
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Abstract: Mealworm (Tenebrio molitor L.) is a classic edible insect with high nutritional value for
substituting meats from vertebrates. While interest in mealworms has increased, the determination
of carbohydrate constituents of mealworms has been overlooked. Thus, the aim of the present
study was to investigate the carbohydrate content and composition of mealworms. In addition,
the characteristics of mealworm chitin were determined as these were the major components of
mealworm carbohydrate. The crude carbohydrate content of mealworms was 11.5%, but the total
soluble sugar content was only 30% of the total carbohydrate content, and fructose was identified
as the most abundant free sugar in mealworms. Chitin derivatives were the key components of
mealworm carbohydrate with a yield of 4.7%. In the scanning electron microscopy images, a lamellar
structure with α-chitin configuration was observed, and mealworm chitosan showed multiple pores
on its surface. The overall physical characteristics of mealworm chitin and chitosan were similar to
those of the commercial products derived from crustaceans. However, mealworm chitin showed a
significantly softer texture than crustacean chitin with superior anti-inflammatory effects. Hence,
mealworm chitin and chitosan could be employed as novel resources with unique advantages
in industries.

Keywords: edible insect; mealworm; sugar content; chitin; microscopy; degree of acetylation

1. Introduction

The global population is still increasing and, consequently, likely food shortcomings
need to be addressed. Furthermore, the increasing consumption of meat in developing
countries affects the sustainability issue because livestock-rearing requires excessive energy
inputs [1]. Meat products are excellent protein sources for humans, and therefore, the
search for substitutes has reached an impasse. Edible insects are attractive alternatives
because of their high protein contents, and these show superior conversion efficiencies that
are almost ten times higher than those of the ruminants [2]. Moreover, insects require less
feedstuff and space, and omit fewer greenhouse gases than livestock [3]. Accordingly, the
Food and Agriculture Organization (FAO), following a suggestion already made in 1975 by
Meyer-Rochow [4], also identified edible insects as appropriate alternative protein sources
to meats from vertebrates [5].

Among various types of edible insects, the mealworm (Tenebrio molitor L.) is one
of the most popular species as a food and feed resource, and its extensive utilization
has resulted in the advancement and establishment of commercial large-scale rearing
systems [6]. Significant interest in mealworms has led to numerous studies on their
growth and development [7], mass production systems [8], and nutrition value for use as
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feed [9,10]. In addition, the composition and nutritional value of mealworms have been
verified for use in food products [11,12], and consumer perception [13] as well as industrial
processing technologies have also been investigated [14,15]. However, most studies have
focused on the composition of proteins or fats in mealworms, but the carbohydrate content
has not been extensively studied. Although it is well known that mealworms have low
carbohydrate contents, the constituents and properties of carbohydrates should be verified
to further understand their characteristics. Moreover, chitin derivatives, the predicted
major carbohydrates in mealworms, are important chemical compounds for functional
nutrients or industrial materials.

The aim of the present study is to investigate the characteristics and composition of
carbohydrate content in mealworms as it has not been extensively investigated in previous
studies. To determine the carbohydrate content and its constituents, the contents of crude
carbohydrate and total soluble sugar were examined, and the free sugar composition was
identified. As chitin and its derivatives are the major constituents of the mealworm carbo-
hydrate content, mealworm chitin and chitosan were extracted and prepared. Accordingly,
their physical and structural properties were determined using diverse analytical methods.
Thus, the analysis of carbohydrate compounds in mealworms was conducted, and the
characteristics of chitin derivatives were determined to identify the possible applications
of mealworm chitin.

2. Materials and Methods

All chemical compounds and solvents without provider information in the present
study were purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA).

2.1. Preparation of Mealworm Powder

Mealworm larvae were reared on a farm located at Gyeonggi-do, Republic of Ko-
rea, and mealworm powder was prepared according to the procedure described by
Son et al. [16]. Briefly, mealworms were blanched using boiling water for 3 min (1:5,
w/w), and the outer water was removed. The mealworms were dried in a hot-air dryer
(LH.FC-PO-150; Lab house, Pocheon, Korea) at 60 ◦C for 12 h. The dried mealworms were
milled using a HR-2860 blender (Philips, Amsterdam, The Netherlands). The pulverization
process was repeated until all powders passed through a 535-μm diameter sieve.

2.2. Total Soluble Sugar and Reducing Sugar Contents

Mealworm powder (10 g) was mixed with distilled water (1:10, w/v) and extracted
at 70 ◦C with shaking at 150 rpm for 2 h (BS-21; Jeiotech, Daejeon, Korea). The solution
was centrifuged at 2000× g for 20 min (Combi-514R; Hanil Science Industrial, Incheon,
Korea), and the supernatant was filtered using Whatman No. 1 filter paper (Whatman,
Buckinghamshire, UK). The volume of the collected liquid was adjusted to 100 mL by
adding distilled water.

The total soluble sugar content in the mealworms was analyzed using the phenol-
sulfuric acid colorimetric method [17]. One milliliter of extract was mixed with 1 mL
of 5% phenol solution and 5 mL of sulfuric acid, and it was placed at 20 ◦C for 30 min.
The absorbance was detected at 470 nm using a spectrophotometer (Optizen 2120UV;
Mecasys, Daejeon, Korea). The concentration of total soluble sugar was calculated using
a standard curve constructed using D-(+)-glucose data (Sigma-Aldrich Corporation, St.
Louis, MO, USA).

The content of reducing sugar in the mealworms was determined using the dinitros-
alicylic acid reagent following the method described by Miller [18]. One milliliter of the
extract and 1 mL of dinitrosalicylic acid agent were mixed and kept at 90 ◦C for 15 min.
The solution was immediately cooled on ice, and its absorbance was detected at 570 nm
(Optizen 2120UV; Mecasys, Korea). The concentration of reducing sugar was calculated by
comparing the result with a standard curve of D-(+)-glucose.
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2.3. Free Sugar Composition

The free sugar composition of the mealworms was determined using the modified
method described by Kim et al. [19]. Mealworm powder (1 g) was mixed with 20 mL
of 80% ethanol solution and extracted at 40 ◦C for 1 h, followed by centrifugation at
2000× g for 20 min (Combi-514R; Hanil Science Industrial, Korea). The supernatant was
filtered with a 0.2 μm syringe filter (Advantec MRF; Advantec, Tokyo, Japan). A column
(3.9 × 300 mm, 10 μm; WAT084038; Waters, Milford, MA, USA) for carbohydrate analysis
was used with a PU-2089 plus high-performance liquid chromatography (HPLC) system
(Jasco, Tokyo, Japan). The mobile phase constituted a mixture of acetonitrile and water
(87:13, v/v) with a flow rate of 1.2 mL/min, and the isocratic system was used for mobile
phase. The injection volume was 20 μL, and a refractive index (RI) detector was used for
detection. The concentration of each sugar was calculated using the standard curves of
common monosaccharides (glucose, fructose, and galactose; Sigma-Aldrich, St. Louis, MO,
USA) and disaccharides (sucrose, maltose, and lactose; Sigma-Aldrich, St. Louis, MO,
USA). The R2 of standard curves of mono- and di-saccharides were over 0.9999.

2.4. Total Glucosamine Content

The total glucosamine content of the mealworm powder was determined according
to the methods described in previous studies [20,21]. Here, 30 mL of 2 M HCl was added
to 5 g of mealworm powder and boiled at 95 ◦C in a reflux tube for 24 h. The solution
was neutralized using 1 M NaOH solution, and its volume was adjusted to 100 mL by
adding distilled water. One milliliter of the solution was mixed with acetylacetone solution
(acetylacetone in 0.5 N sodium carbonate, 1:50, w/w) and reacted at 95 ◦C for 10 min. Then,
1 mL of dimethylaminobenzaldehyde solution (0.8 g of p-dimethylaminobenzaldehyde in
30 mL of ethanol and 30 mL of HCl solution) was added and the solution was maintained
at 75 ◦C for 30 min. After cooling on ice, the volume of the solution was adjusted to
10 mL using ethanol. The absorbance of the final solution was measured at 530 nm using a
spectrophotometer (Optizen 2120UV; Mecasys, Korea). The complete reaction procedure
was similarly performed using a D-glucosamine standard (Sigma-Aldrich, St. Louis, MO,
USA), and its standard curve was used to calculate the total glucosamine content in
the mealworms.

2.5. Extraction of Chitin and Preparation of Chitosan from Mealworms

To remove oils from the mealworm powder, n-hexane was mixed with the powders
(1:5, w/v) and the oils were extracted in a shaker at 170 rpm for 6 h (SI600R; Lab Companion,
Daejeon, Korea). The liquid was separated by filtration using a filter paper (Whatman
No. 1; Whatman, UK), and the same procedures were performed twice for the remaining
powders. The defatted powders were dried in a hood at 20 ◦C for 24 h, and further dried
using a speed vacuum evaporator (Maxivac alpha; Labogene ApS, Lynge, Denmark).

Chitin was extracted from defatted mealworm powders [22,23]. For protein degra-
dation, 20 g of defatted powder was mixed with 400 mL of 1.25 M NaOH solution and
maintained at 80 ◦C for 24 h. The solution was filtered using the ashless Whatman No.
5 filter paper (Whatman, UK) and rinsed with distilled water until neutralized, and the
remaining powders were freeze-dried. The dried powders were mixed with 1.5 M HCl
solution (1:10, w/v) and shaken at 20 ◦C in a shaker (120 rpm, 6 h) (SI600R; Lab Companion,
Korea). The solution was filtered using a Whatman No. 5 filter paper (Whatman, UK)
and rinsed with distilled water for neutralization. The lyophilized powder was used as
the chitin sample extracted from the mealworms. The yields of mealworm chitin were
determined by repeating the extraction procedure thrice.

The chitosan sample was prepared from chitin powder via deacetylation. Fifty
milliliters of 50% NaOH solution and 5 g of mealworm chitin were mixed and reacted
at 80 ◦C for 4 h. The liquids were removed by filtration using a Whatman No. 5 filter
(Whatman, UK) and remained powders were rinsed with distilled water to neutralize them.
The freeze-dried powder was used as the mealworm chitosan sample.
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2.6. Moisture and Crude Protein Contents

The moisture and crude protein contents were analyzed using methods of the Associ-
ation of Official Analytical Chemists (AOAC) [24]. The moisture content was determined
using the oven drying method. One gram of chitin powder was placed in a drying oven
at 105 ◦C for 12 h, and its weight was measured. The moisture content was determined
by subtracting the powder weight before and after drying. The crude protein content was
determined by the Kjeldahl method using an automatic Kjeldahl analyzer (KDN; NANBEI
Instrument, Zhengzhou, China).

2.7. Color and Whiteness Index (WI)

The color values (Hunter L*, a*, and b*) of the chitin powders were measured
using a colorimeter (CM-3500d; Minolta, Tokyo, Japan). The whiteness index (WI) of
mealworm chitin was calculated using an equation described in a previous study [25]:
WI = 100 − [(100 − L*)2 + (a*)2 + (b*)2]1/2.

2.8. Field-Emission Scanning Electron Microscopy (FESEM) Imaging and Energy Dispersive
X-Ray Spectroscopy (EDS) Analysis

The surface images of chitin and chitosan extracted from the mealworms were ob-
tained using FESEM (SUPRA 55VP; Carl-Zeiss-Strasse, Oberkochen, Germany), and EDS
was simultaneously performed using the same instrument. α-Chitin from shrimp (Sigma-
Aldrich, USA) was also analyzed as the reference sample. The chitin and chitosan sam-
ples were fixed on a stub and coated with platinum (Sputter coater BAL-TEC/SCD 005;
BAL-TEC AG, Pfäffikon, Switzerland). The images of the samples were obtained at two
magnifications (×300 and ×10,000). The carbon and nitrogen contents of the samples were
analyzed by EDS, and the ratio of carbon and nitrogen in the samples was used to calculate
the degree of acetylation (DA) of chitin and the degree of deacetylation (DDA) of chitosan
using the following equations [26,27]:

DA(%) = ((C/N) − 5.14)/1.72 × 100 (1)

DDA(%) = (6.857 − (C/N))/1.7143 × 100 (2)

where C and N are the carbon and nitrogen contents.

2.9. Nuclear Magnetic Resonance (NMR)

Proton (1H) NMR analysis was conducted using a 600 MHz AVANCE 600 NMR
spectrometer (Bruker, Billerica, MA, USA). The chitin and chitosan samples were dissolved
in 2% deuterated acetic acid in D2O at a concentration of 2 M, and 1H NMR spectra were
obtained at 70 ◦C [23]. Additionally, 13C NMR spectra were obtained using a 500 MHz
solid-state NMR spectrometer (AVANCE II; Bruker, Billerica, MA, USA) according to the
method described by Van de Velde and Kiekens [28]. The obtained NMR peaks were used
for calculating the DA of chitin and DDA of chitosan using the following formulas [29,30]:

DA(%) = (100 × I[CH3])/((I[C1] + I[C2] + I[C3] + I[C4] + I[C5] + I[C6])/6) × 100 (3)

where I is the intensity of each peak and C represents the carbon atoms in the chitin monomer.

DDA(%) = H1D/(H1D + HAc/3) × 100 (4)

where H1D is the integral of the peak of proton H1 of the deacetylated monomer and HAc
corresponds to the peak of the three protons of the acetyl group.

2.10. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectroscopy was performed using a Nicolet 6700 spectrometer (Thermo Scien-
tific, Waltham, MA, USA) to determine the chemical structural characteristics of chitin and
chitosan obtained from the mealworms. The samples were mixed with potassium bromide
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and placed in a ZnSe/diamond disc. The analyzed frequency range was 4000–650 cm−1

and the resolution was 8 cm−1 [23]. The DDA of the chitosan sample was calculated using
the following equation [31]: DDA (%) = 100 − (A1655/A3450) × 115.

2.11. X-Ray Powder Diffraction (XRD)

XRD analysis was performed using a D8 ADVANCE instrument with DAVINCI
(Bruker, Madison, WI, USA) according to the method described by Yen et al. [32]. The Cu
radiation (40 kV, 40 mA) was used as the X-ray source with an LYNXEYE XE detector. The
collected scanned data range of 2θ was 5–50◦. The crystallinity index of the chitin samples
was calculated using the following formula [33]:

Crystallinity index (%) = [Ic/(Ic + Ia)] × 100 (5)

where Ia is the intensity at 2θ = 16◦ and Ic is the intensity at 2θ = 20◦.

2.12. Anti-Inflammatory Effect in Murine Macrophage Cell Line

The anti-inflammatory effect of mealworm chitosan was tested with the lipopolysac-
charide (LPS)-induced murine macrophage cells (RAW 264.7). RAW 264.7 cells were
obtained from American Type Culture Collection (ATCC, Rockville, MD, USA) and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum and
1% penicillin/streptomycin solution. The cells were incubated in an incubator with 5% CO2
at 37 ◦C. The cells were seeded at a concentration of 5 × 104 cells per well in 96-well plates
and maintained for 24 h. After removing the culture media and rinsing with phosphate
buffer saline (PBS), 50 μL of mealworm chitosan-containing media was added to each
well. Fifty microliters of LPS-containing media (2 μg mL−1) was added after an hour, and
incubated for 24 h in an incubator. Then, the supernatant of each well was mixed with the
same volume of Griess reagent. After reaction for 20 min, the absorbance of the solution
was measured at 550 nm using a microplate reader (SpectraMax 190; Molecular Devices,
Sunnyvale, CA, USA).

2.13. Statistical Analysis

The data are presented as mean ± standard deviation (SD) based on triplicate mea-
surements. After normality and homogeneity tests for data, the Student’s t-test or one-way
analysis of variance (ANOVA) was conducted using the IBM SPSS statistics v.25 software
(IBM Inc., Armonk, NY, USA). Duncan’s multiple-range test was also performed for the
post-hoc analysis of ANOVA (p < 0.05).

3. Results and Discussion

3.1. Carbohydrate Content and Its Composition in Mealworms

While carbohydrates are the major components of most foods, animal foods have
abundant proteins and lipids but low carbohydrate contents. Accordingly, the crude
carbohydrate content in dried mealworms was 11.45 ± 0.38%, implying that the un-
dried mealworms contained approximately 3.4% carbohydrate (Table 1). Among the
total carbohydrates in the mealworms, the total soluble sugar content was 3.22 ± 0.10%.
To further analyze the soluble sugar composition in the mealworms, the representative
mono- or di-saccharide contents (glucose, fructose, galactose, maltose, sucrose, and lactose)
were determined by HPLC analysis. Galactose, maltose, and lactose were not detected,
and the contents of glucose, fructose, and sucrose were 31.02 ± 1.95, 77.36 ± 0.35, and
12.46 ± 0.94 mg/100 g dry basis, respectively. The glucose content of raw mealworms
was approximately 12 mg/100 g, which was approximately a quarter of that determined
in chicken breast [34,35] and 3–6% of that in pork [35,36]; in contrast, the glucose content
of mealworms was similar to that found in fish (18–72 mg/100 g) [37]. Although free
sugars are soporific chemical compounds in various ingredients and their content is asso-
ciated with taste, particularly sweetness, the total free sugar content of the mealworms
(120.84 ± 1.07 mg/100 g dry basis) was too low to affect the taste because the threshold of
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sugar is known to be approximately 0.125% [38]. Therefore, the savory taste of mealworms
can be affected by the abundant free amino acids or peptides rather than the sugars [16].

Table 1. Carbohydrate content and its composition in dried mealworm.

Dried Mealworm

Crude carbohydrate (g/100 g) 11.45 ± 0.38
Total soluble sugar (g/100 g) 3.22 ± 0.10

Reducing sugar (g/100 g) 0.19 ± 0.01
Total glucosamine (g/100 g) 4.84 ± 0.43

Free sugar (mg/100 g)
Glucose 31.02 ± 1.95
Fructose 77.36 ± 0.35
Sucrose 12.46 ± 0.94

Total 120.84 ± 1.07
Data are expressed as mean ± SD.

Additionally, a considerable gap was observed between the contents of crude carbo-
hydrates and total soluble sugars in the mealworms; therefore, mealworm bodies were
predicted to consist of abundant insoluble carbohydrates. Chitin and its derivatives are
typical insoluble carbohydrates that are found in the insect integument, and 4.84 ± 0.43%
of glucosamine (the monomer of chitin) is present in dried mealworm powder. This allows
the consumers to intake abundant chitins upon eating mealworms. Moreover, mealworm
chitins can be applied for mass production in industries because these are easy to rear
on a large scale. Therefore, chitins were extracted from the mealworms and their overall
characteristics were examined to verify their availability.

3.2. Yield, Moisture and Crude Protein Contents, and Color Traits of Chitin Extracted from Mealworms

Common chitin products in industries constitute those originating from crustaceans
such as shrimp and crab. Because of their tough textures and difficult digestion, their shells
are dumped as waste; therefore, this waste is typically used for preparing chitins. Chitin
and chitosan can be employed as therapeutic agents, pharmaceutical carriers, and pack-
aging materials as natural biopolymers [39]. When chitin was extracted from mealworm
powder on a laboratory scale, its yield was 4.72 ± 0.21 g/100 g dried mealworm (Table 2).
The extraction may have performed properly because this amount was similar to the total
glucosamine content of the mealworms (4.84 ± 0.43%); moreover, its yield was analogous
to that reported by Song et al. [40] (4.91%), but considerably lower than that reported by
Siregar and Suptijah [41] (10–13%). In a subsequent study, the authors reported a high yield
for chitin preparation; however, we found that the color of their chitin samples was darker,
and the DA (70–80%) was significantly lower than that observed in the present study.
Moreover, the authors reported a high nitrogen content, which indicated an incomplete
deproteinization process; therefore, it was expected that their yield could also be decreased
provided sufficient purification was performed. The yield of chitin from the mealworms
was significantly lower than that obtained from crustacean sources such as shrimp (approx-
imately 20%) and crab (30–40%) [22,42], and slightly lower than that obtained from imago
edible insects such as grasshoppers (4.71–11.84%) or crickets (approximately 8.7%) [43,44].
The differences between these edible insects are attributed to their growth stages because
grasshoppers and crickets are adult insects that have well-developed cuticles. However, the
chitin yield of mealworms was higher than that of the silkworm pupa (one of the less devel-
oped edible insects with a chitin yield of 2.5–4.2%) [45,46]. The color values of mealworm
chitin were 82.21 ± 0.72, 1.81 ± 0.08, and 8.68 ± 0.37 for lightness, redness, and yellowness,
respectively, whereas the color values of chitin from the crabs were 55.4–62.4, 0.3–1.1, and
14.7–16.8 for lightness, redness, and yellowness, respectively [32]. As mealworm chitin had
a significantly higher lightness value but lower yellowness, it could exhibit white color
compared to the chitin originating from crabs. Similarly, the WI value of mealworm chitin
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(80.13 ± 0.81) was significantly higher than that of the chitin from crabs (43.9–59.6) [32],
and its bright color can be potentially applicable in industries.

Table 2. Yield, moisture and protein contents and color characteristics of the extracted mealworm chitin.

Chitin from Mealworm

Yield (g chitin/100 g dried mealworm powder) 4.72 ± 0.21
Moisture (g/100 g chitin) 2.38 ± 0.05

Crude protein (g/100 g chitin) 9.96 ± 0.36

Color
L* (lightness) 82.21 ± 0.72
a* (redness) 1.81 ± 0.08

b* (yellowness) 8.68 ± 0.37
Whiteness index (WI) 80.13 ± 0.81

Data are expressed as mean ± SD.

3.3. Surface Microstructures of Chitin and Chitosan Derived from Mealworms

The surface microstructural images of mealworm chitin and chitosan samples were
obtained using FESEM (Figure 1), and commercial α-chitin from shrimp (Sigma-Aldrich,
St. Louis, MO, USA) was used as the reference. One of the prominent structures of the chitin
matrix is the lamellar structure that develops by the arrangement and cross-linking of chitin
polymers [47], and this structure was observed in both the mealworm chitin and shrimp
chitin at ×300 magnification. At a higher magnification (×10,000), the surfaces of the
chitins were slightly bumpy, but chitosan showed a smooth surface with multiple pores on
it. The distinct polyporous structure of chitosan was also reported in a prior study [45]. The
particle size of mealworm chitin was significantly larger than that of shrimp chitin, likely
due to the fine milling of shrimp chitin during commercial processing. The DA of chitin
and DDA of chitosan are important indicators that represent their physical characteristics,
particularly their solubility, and a simple method for measuring these involves determining
the ratio of carbon and nitrogen in various substances. Thus, the carbon and nitrogen ratios
of the samples were determined using the EDS system of the FESEM instrument, and the
results are included in Table 3. The DA of mealworm chitin was 95.02 ± 0.22% and no
significant difference was observed compared to the DA of shrimp chitin (94.81 ± 0.05%),
and its value was similar to that reported in a previous study (90–98%) [23]. The DDA of
the mealworm chitosan sample was 94.69 ± 0.06% as calculated using the ratio of carbon
and nitrogen (5.2237 ± 0.0010).

Table 3. C/N ratio determined based on energy dispersive X-ray spectroscopy (EDS) data and the
predicted degree of acetylation for chitin or degree of deacetylation for chitosan.

Chitin from Mealworm Chitin from Shrimp t-Value

C/N † 6.7743 ± 0.0038 6.7707 ± 0.0010 −1.310 NS§
DA ‡ (%) 95.02 ± 0.22 94.81 ± 0.05

Data are expressed as mean ± SD. † C/N: ratio of carbon and nitrogen elements. ‡ DA: degree of acetylation.
§NS: Not significant.

3.4. Determination of Precise DA and DDA of Mealworm Chitin and Chitosan Using NMR

NMR is a reliable method for verifying the DA and DDA of chitin derivatives, which
can assist in the determination of their structural properties [28]. Therefore, solid-state
13C NMR was used for the analyses of chitin and chitosan samples, and 1H NMR was
used to analyze mealworm chitosan (Figure 2). In a study by Heux et al. [48], the chemi-
cal shifts for the commercial chitins in the 13C solid-state NMR spectra were observed at
103.5–104.7 ppm (C1), 55.2–57.6 ppm (C2), 73.3–75.0 ppm (C3), 82.4–83.0 ppm (C4),
74.7–75.7 ppm (C5), 60.1–61.8 ppm (C6), and 22.8–23.2 ppm (CH3), and these data were
consistent with the results of the present study. Interestingly, although the major chem-
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ical shift patterns were analogous for mealworm chitin and shrimp chitin, a distinc-
tive chemical shift was observed at 30 ppm only in the data for the mealworm chitin.
Zhang et al. [49] reported that this chemical shift was attributed to the catechol moiety,
which is a hydroxyl-containing aromatic compound [50]. In the cuticle layer of the insects,
catechol is a vital constituent that forms cross-linking networks with other structural poly-
mers [51]. Thus, the presence of a peak at 30 ppm indicated that mealworms contained
catechol molecules in their body, but this was not observed in the shrimp chitin. Mean-
while, the DA values calculated using NMR were 98.3% for mealworm chitin and 97.8% for
shrimp chitin, and their values were slightly higher than the values calculated using the
carbon and nitrogen ratio. This difference could be caused by the adulteration of proteins
or other matter, but the prepared mealworm chitin showed a DA value similar to that of the
commercially obtained shrimp chitin. Thus, it was expected that mealworm chitin could
show physical characteristics similar to those of the shrimp chitin. The DDA of mealworm
chitosan was calculated based on the 1H NMR data (89.4%), and the range for this value
was reported in a previous study (83–93%) in which mealworm chitosan was prepared [32].
The DDA of mealworm chitosan was higher than that of the commercial chitosans derived
from crustaceans (70–85%) [52].

 

Figure 1. Field emission scanning electron microscopy (FESEM) data of chitin and chitosan samples.
Images of mealworm chitin (A,B) (×300 and ×10,000), shrimp chitin (C,D) (×300 and ×10,000), and
mealworm chitosan (E,F) (×300 and ×10,000).

266



Foods 2021, 10, 640

 

Figure 2. Nuclear magnetic resonance (NMR) data of chitin and chitosan. 13C NMR data of mealworm chitin (A), shrimp
chitin (B), and mealworm chitosan (C). 1H NMR data of mealworm chitosan (D).

3.5. FT-IR Spectral Analyses of Mealworm Chitin and Chitosan

The FT-IR spectra of the samples are shown in Figure 3, and the relevant absorbance
peaks have been reported in a prior study [28], including the signals for hydroxyl stretching
(3450 cm−1), C–H stretching (2878 cm−1), C–H deformations (1420 cm−1), C=O stretching
in secondary amide (1550, 1625, 1655, and 1661 cm−1), and C–N stretching in secondary
amide (1320 cm−1). Mealworm chitin shows a spectral pattern similar to that of shrimp
α-chitin. The chitin fibers are commonly classified into three types (α-, β-, and γ-chitin)
based on their crystal structures, and each type shows different physical properties. The
chitin polymer is generally arranged in parallel, and α-chitin has an inverse configuration
between the adjoined chitin chains, but β-chitin consists of equally aligned chitin fibers [53].
There are several distinguishing signals of β-chitin in comparison to those of α-chitin. First,
separate peaks for the bands at 1660 cm−1 (corresponding to the hydrogen bond between
C=O and NH groups) and 1625 cm−1 (corresponding to the hydrogen bond between C=O
and HOCH2 groups) are not observed, and β-chitin shows a peak at 1430 cm−1 instead of
1416 cm−1 [54–56]. As mealworm chitin does not show spectral features of β-chitin but
instead the standard FT-IR spectral patterns of α-chitin, the main chitin type in mealworms
is identified as α-chitin. In contrast, mealworm chitin shows a relatively high absorbance
at 2878 cm−1 (C–H stretching) and low absorbance at 3444 cm−1 (hydroxyl stretching)
compared to the shrimp α-chitin. These distinct features are attributed to dibutyrylchitin
(DBC), where chitin contains bonds of butyryl groups at the C3 and C6 positions [28,57].
DBC is typically obtained by the artificial conversion of chitins, and it has high solubility,
suitability for fabricating films, and superior biodegradability [58]. While DBC is rarely
found in natural sources, its distinct FT-IR spectral peaks (2878 and 3444 cm−1) have been
detected in the data for the chitin extracted from silkworm pupa, but it shows a significantly
smaller peak than that observed in the present study [45]. Hence, DBC may be naturally
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contained in the chitin obtained from insects, and the mealworms show a notable signal;
however, further confirmation is still required.

Figure 3. Fourier transform infrared spectroscopy (FT-IR) data of chitin and chitosan.

3.6. Determination of Crystalline Structures of Mealworm Chitin and Chitosan by XRD

To verify the crystalline structural characteristics of the chitin samples, XRD analy-
sis was conducted (Figure 4). The α-chitin peaks were expected to be observed at 9.6◦,
19.6◦, 21.1◦, 23.7◦, and 36◦, which were observed for chitins obtained from mealworm and
shrimp [23]. In addition, other insect species (e.g., grasshopper, wasp, cockroach, and
cicada) showed similar XRD patterns in the reported studies; therefore, α-chitin constitutes
the prime structure of insect chitin [59,60]. It is well-known that the antiparallel arrange-
ment of the chitin fibers of α-chitin forms a lamellar structure, which is observed in the
SEM data obtained in this study. The intensities of the peaks at 26.3◦ and 12.7◦ in the
data for mealworm chitin were lower than those of shrimp chitin, and this trend was also
observed for the chitin obtained from silkworm pupa [49]. The XRD pattern of DBC was
observed, as DBC showed clear peaks at approximately 9.6◦ and 21.1◦ but the peaks at
12.7◦ and 26.3◦ were not present [61]; therefore, the presence of DBC could decrease the
corresponding peaks (12.7◦ and 26.3◦). The crystallinity indices of chitin samples were
57.85 ± 0.17% and 62.04 ± 0.10% for mealworm and shrimp, respectively (Table 4). The
crystallinities of silkworm pupa and beetle larvae were 54% and 58%, respectively [49],
and their values were similar to that of mealworms (57.85%) observed in the present study.
In contrast, the crystallinity indices of crustacean chitins had higher values (60–70%) than
those of the mealworm chitin [62] as mealworms have a less firm shell. The tender structure
is advantageous during the preparation of soft chitin materials because the crystallinity of
chitin is associated with hardness [63]. Therefore, the use of mealworm chitin can have
benefits in such specific applications.
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Figure 4. X-ray diffraction (XRD) data of chitin and chitosan.

Table 4. Degree of crystallinity of extracted chitin from mealworm or shrimp.

Mealworm Chitin Shrimp Chitin t-Value

Degree of crystallinity (%) 57.85 ± 0.17 62.04 ± 0.10 −37.053 ***
Data are expressed as mean ± SD. *** Significant difference at p < 0.001.

3.7. NO Reduction Activity of Mealworm Chitosan

The anti-inflammatory and anti-degenerative arthritis activities of glucosamine and
chitosan are well known, but the efficacy of mealworm chitosan has not been sufficiently
proven [64,65]. To verify this, mealworm chitosan was treated at various concentrations in
the LPS-induced RAW 264.7 cell line assay (Figure 5). Mealworm chitosan showed notable
NO reduction effect on the macrophage cells, and its efficacy was relatively higher than that
reported in other studies that used chitosan obtained from other animal sources [66,67]. In
addition, the anti-inflammatory effect was attributed to not only chitosan, but also peptides,
proteins, and unsaponifiable matter of the oils from mealworms in prior studies [16,66,67].
Hence, mealworm chitosan and mealworm-derived products can potentially be used for
therapeutic applications in inflammatory disorders.
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Figure 5. Nitric oxide reduction effects of mealworm chitosan on lipopolysaccharide (LPS)-stimulated
murine macrophage cell line (RAW 264.7). Different superscripts (a–d) indicate significant differences
at p < 0.05.

4. Conclusions

The aim of this study was to determine the carbohydrate content and composition
of mealworms as well as examine the characteristics of mealworm chitin and chitosan
because chitin derivatives are the major carbohydrate constituents in mealworms. The
mealworms had a low carbohydrate content (11.5%), while the soluble sugar content was
only 3.2%. Instead, chitins constituted almost half of the total carbohydrate content in the
mealworms. The prepared mealworm chitin exhibited a white flake form, and its yield was
4.7 g per gram of dried mealworm. The prominent structural type of mealworm chitin was
α-chitin, similar to that observed for other insects, and it developed lamellar structures
in the matrices. The calculated DA of chitin and DDA of chitosan were 98.3% and 89.4%,
respectively, based on NMR analysis, which were analogous to those of the commercial
products. As the DA and DDA values are closely related to the physical properties of
the chitin derivatives and those of mealworms showed similar values, mealworm chitin
derivatives could replace the commercial chitins without considerable changes in the
product quality. The crystallinity index of mealworm chitin was relatively lower than that
of the crustacean-derived chitins, indicating that mealworm chitin could be applied to the
products with soft textures. Considering the FT-IR and XRD patterns, it was assumed that
DBC was compounded with α-chitin in the mealworms, and this could be highly beneficial
because DBC showed superior properties such as high solubility, suitability for fabricating
films, and superior biodegradability; however, it has been rarely found in natural sources.
In addition, mealworm chitosan showed excellent anti-inflammatory effects in the LPS-
induced murine macrophage cell line. Therefore, the physical characteristics of mealworm
chitin and chitosan are expected to be suitable for use in industries, and afford additional
advantages such as tender texture and potent anti-inflammatory effects.
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Abstract: In this study, cricket chitosan was used as a prebiotic. Lactobacillus fermentum, Lactobacillus
acidophilus, and Bifidobacterium adolescentis were identified as probiotic bacteria. Cricket chitin was
deacetylated to chitosan and added to either De Man Rogosa and Sharpe or Salmonella/Shigella
bacterial growth media at the rates of 1%, 5%, 10%, or 20% to obtain chitosan-supplemented media.
The growth of the probiotic bacteria was monitored on chitosan-supplemented media after 6, 12, 24,
and 48 h upon incubation at 37 ◦C. Growth of Salmonella typhi in the presence of probiotic bacteria
in chitosan-supplemented media was evaluated under similar conditions to those of the growth of
probiotic bacteria by measuring growth inhibition zones (in mm) around the bacterial colonies. All
chitosan concentrations significantly increased the populations of probiotic bacteria and decreased
the populations of pathogenic bacteria. During growth, there was a significant pH change in the
media with all probiotic bacteria. Inhibition zones from probiotic bacteria growth supernatant against
Salmonella typhi were most apparent at 16 mm and statistically significant in connection with a 10%
chitosan concentration. This study suggests cricket-derived chitosan can function as a prebiotic, with
an ability to eliminate pathogenic bacteria in the presence of probiotic bacteria.

Keywords: human gut bacteria; growth inhibition; chitin; chitosan; pathogenic; diet; pre- and probi-
otics

1. Introduction

Crickets are edible insects and farms to rear them commercially have been established
in several countries around the world in recent years [1]. The main objectives for farming
crickets have been their nutritive value and their therapeutic roles, for example lowering
blood pressure and exerting anti-aging effects [2,3]. Since only a small fraction of humans,
according to Paoletti et al. [4] possesses the enzyme chitinase, the chitin cuticle of these
insects has generally been regarded as not very useful. Although chitosan, a polymer with
applications in food [5], cosmetics [6], biomedical and pharmaceutical realms [7,8], can
be obtained from crickets, it is commercially acquired mainly from crustaceans. In this
paper, we focus on cricket chitin in connection with pre-and probiotics and show that this
component of the cricket body when ingested can exert a beneficial influence on the gut
flora of human consumers and need not be regarded as useless [4,9,10].

Prebiotics are fermentable fibres that can benefit the growth of beneficial bacteria in
the host’s colon [10]. Positive alteration of the composition and metabolic activity of the
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host colon is of great interest to human health promoters owing to the important role of the
intestinal micro-flora to synthesize vitamins and stimulate the growth of bifidobacteria and
lactobacilli. Gut beneficial bacteria, widely referred to as probiotics, have been defined as
live microorganisms that positively affect the host’s organism by improving the intestine’s
microbial balance [10]. Probiotic bacteria are known to suppress the growth of pathogenic
bacteria by lowering the pH and by producing growth-suppressing metabolites. In this
way they protect an organism against gastrointestinal illnesses [11].

Recent advances in understanding the important role of prebiotics include demonstra-
tions of prebiotics to stimulate the growth of beneficial bacteria and to alleviate depression
by reversing the pathophysiology of depression [12]. Consuming crickets has been shown
to promote the growth of probiotic bacteria with reduced plasma TNF-α [13]. In a ran-
domised control trial on the use of oligosaccharide as a prebiotic and Bifidobacterium lactis
as a probiotic in infants, higher Bifidobacterium and Lactobacillus with lower clostridia counts
occurred in the group that consumed prebiotics [14].

2. Materials and Methods

2.1. Preparation of Chitosan

Chitosan was obtained by deacetylation of chitin obtained from crickets of the species
Scapsipedus icipe, farmed at Jomo Kenyatta University of Agriculture and Technology Farm
(JIF); latitude 1.10325 S1◦6′11.718”, longitude 37.0208 E 37◦1′14.898”. A colony was initiated
using 625 juveniles and 466 adult crickets (348 females and 118 males). Wild-caught juvenile
and adult crickets were transferred separately into transparent Perspex cages (65 cm height
× 50 cm width × 65 cm length) with vertically arranged cardboard egg trays to provide
hiding sites for the crickets. Each cage had a rectangular opening (20 cm × 35 cm) made
on the lid of the cage to which a net was fixed. Two additional openings (25 cm diameter)
were also made on the front and backsides of the cage, screened with a net to allow for air
circulation.

According to the protocol of Magara et al. [15], the crickets were fed a mixture of
soybean flour, wheat bran, and maize diets daily. Besides, fresh plant leaves were also
provided regularly. Wet cotton balls with approximately 60% moisture [confirmed using a
moisture sensor with two 12-cm-long probes; HydroSenseTM CS620, Campbell Scientific,
Inc., Logan, UT, USA] were introduced into the cages to provide water and to serve as
oviposition sites for adult crickets. The cotton balls were replaced every 3 days. The colonies
were maintained at 27 ± 1 ◦C, relative humidity (RH) of 65 ± 5%, and a photoperiod of
12:12 (L: D) h cycle.

This species of cricket typically undergoes 9–10 moults to maturity depending on the
temperature. In the adult cages, the cotton balls were checked daily, and those containing
eggs were carefully removed and transferred into transparent rectangular plastic containers
(20 × 15 × 15 cm; Kenpoly Manufacturer Ltd., Nairobi, Kenya). Thereafter, the containers
were placed in a climate-controlled chamber at 30 ◦C with an RH of 70% and a photoperiod
of 12:12 (L: D) h light cycle. An opening (15 × 8 cm) was made on the lid of each container
and covered with fine netting organza material capable of retaining emerging nymphs. The
newly hatched nymphs were transferred into Perspex cages as described above and fed
powdered soybean and maize diets ad libitum [15]. The rearing cultures were monitored
daily to record and remove dead crickets. The colony was reared for 8–12 generations
before the start of the experiment. Once every 6 months, wild-caught crickets were reared
separately and the young neonates were transferred to cages, holding the newly hatched
neonates of the stock culture to maintain the genetic vigour of the colonies and prevent
inbreeding depression as well as disease transfer. In addition, cricket populations were
kept at low densities to reduce the stressful crowding effect, which is very common in
insect mass production [16].

Although not as well known as Acheta domesticus and Gryllus bimaculatus, general
biology and life cycle of Scapsipedus icipe Hugel & Tanga have been described in detail by
Otieno et al. [17] and are largely similar to the other commercially used cricket species.

276



Foods 2021, 10, 2310

Before the commencement of the experiment, the rearing room was maintained at
27±1◦C using Xpelair heater: WH30, 3 KW Wall Fan Heater, and UK. The RH in the
experimental room was maintained at 65 ± 5% using a diabatic atomizer humidifier
Condair ABS3 and a photoperiod of 12:12 (L: D) h. The condition of the room was monitored
daily using a digital thermohydrometer (Humidity/Temperature Traceable Dew Point
Meter–4800 CC). From the adult cricket stock colony, eggs (~1 h old) were collected
using Petri dishes (9 cm diameter × 1.2 cm height) filled with 70% moist autoclaved
wood shavings (sawdust) screened with aluminum wire mesh netting (2 mm2) to avoid
cannibalism. The eggs were individually counted with the aid of entomological tweezers
and a moist fine camel’s hair brush under stereomicroscope (Leica MZ 125 Microscope;
Leica Microsystems Switzerland Limited), fitted with Toshiba 3CCD camera using the
Auto-Montage software (Syncroscopy, Synoptic Group, Cambridge, UK) at a magnification
of 25× to avoid damage.

In total, 3000 eggs were subdivided into three groups (1000 each) and transferred into
4-L transparent rectangular plastic containers (21 × 14 × 15 cm; Kenpoly Manufacturer
Ltd., Nairobi, Kenya) containing moist wood shavings (sawdust). The experimental setup
was monitored at 6-h intervals daily until eclosion from the eggs commenced. An opening
(14.5 × 8.3 cm) was made on the lid of each container and covered with fine netting organza
material capable of retaining emerging nymphs. Crickets were sampled three times weekly
from the JIF production site, from week 4 to week 13 of the cricket production period. The
crickets were cleaned and oven-dried at 50 ◦C for 72 h and crushed to obtain cricket flour
for chitosan extraction.

2.2. Extraction of Chitin and Chitosan

The extraction process of chitosan involved three major steps such as demineralisation,
deproteinisation, and deacetylation.

2.2.1. Demineralisation

This step was performed using dilute hydrochloric acid (HCl) solution. The raw
materials were ground to 20 mesh in a Wiley mill. The samples were demineralised with
2 N HCl at room temperature for 6 h and then were treated with 2 N HCl at 10 ◦C. In
this case, the ratio of the raw material to 2 N HCl was 1 g/10 mL. Then, the samples
were washed with distilled water and dried in an oven at 40 ◦C overnight to eliminate the
calcium carbonate and calcium chloride, which constitute the main inorganic compounds
of the crickets’ exoskeleton. During the digestion reaction, the emission of carbon dioxide
(CO2) gas is an important indicator of the content of the mineral materials. The resulting
materials were then filtered, washed to neutrality with distilled water, and dried in an oven
overnight at 50 ◦C.

2.2.2. Deproteinisation

The samples were treated with 4% NaOH at 10◦C for 24 h and then were washed
with distilled water. In this case, the ratio of the sample to 4% NaOH was 1 g/10 mL.
Deproteinisation was performed using alkaline treatment using dilute sodium hydroxide
(NaOH) solution to remove proteins. The mixture was filtrated, washed several times with
deionised water to remove the excess of NaOH, and then dried in an oven overnight. The
product obtained was designated as purified chitin.

2.2.3. Deacetylation

This step was to convert chitin to chitosan by removal of the acetyl group. The
preparation of chitosan was generally achieved by treatment with concentrated NaOH
solution at elevated temperature. After the reaction, the material produced was washed
several times with distilled water until neutrality and then dried in an oven overnight.
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2.3. Structural Characterisation of Chitin

After being dried completely at 50 ◦C under a vacuum, the sample was used for
analysis. FTIR spectra were obtained with a Shimadzu FTIR 8700 spectrophotometer
(Tokyo, Japan) under dry air at room temperature with KBr pellets. The pellets were
prepared via the thorough mixing of KBr (300 mg) and chitin (3 mg). Solid-state CP–MAS
13C NMR spectra were obtained at a 13C frequency of 500 MHz with a Bruker Avance-300
NMR spectrometer. Spectra were acquired with a contact time of 0.224 s. A repetition time
of 10 s was used for all the samples. The spinning speed was 8567 Hz, and the number of
scans was 876.

2.4. Antibacterial Activity and Mechanism of Chitosan
2.4.1. Microorganisms and Cultivation

All microbiological media and chemicals were obtained from Sigma Chemical Com-
pany Ltd. unless otherwise indicated. Commercial media for probiotic bacteria, de Man,
Rogosa, and Sharpe Agar, and broth (MRS agar and broth) were used. For Salmonella
typhi, Salmonella/Shigella (SS) agar was used. For the combined cultivation of probiotics and
pathogenic bacteria, a commercial nutrient broth was used. Chitosan-amended media were
prepared by substituting SS or MRS bacterial media with 1%, 5%, 10%, or 20% chitosan.
The control medium consisted of media without chitosan, as either MRS, nutrient broth,
or Salmonella/Shigella agar, which before use was sterilized at 121 ◦C for 15 min. Probiotic
bacterial cultures: Lactobacillus fermentum ATCC 9338, Lactobacillus acidophilus ATCC 4356,
and Bifidobacterium adolescentis ATCC 15703 were obtained from Chr. Hansen-Denmark
through Promaco Ltd., Nairobi, Kenya. The pathogenic bacterium Salmonella typhi ATCC
6539 was obtained from Kenya Medical Research Institute, Nairobi, Kenya.

2.4.2. Antibacterial Assessment

Antibacterial activities of the series of chitosan and its derivatives against Salmonella
typhi were evaluated. A representative colony was picked off with a wire loop and placed
in a nutrient broth (peptone 10 g, beef extract 3 g, NaCl 3 g in distilled water 1000 mL; pH
7.0), which was then incubated at 37 ◦C overnight. Then, a culture where S. typhi grew in
a logarithmic growth phase was prepared for an antibacterial test. 0.1 g of chitosan was
dissolved in 4.9 g of nutrient medium containing 0.1 mol/L of acetic acid. After chitosan
was completely dissolved, it was gradiently diluted by 5.0 g of nutrient medium to chitosan
concentrations of 1%, 5%, 10%, and 20%. Its pH value was adjusted to 6.0 with dilute
NaOH solution. These test tubes containing nutrient medium and chitosan were sterilised
at 121 ◦C for 15 min. After cooling down, 50 μL of bacterial suspension was added to above
each test tube and cultured at 37 ◦C for 24 h. The controlled test tube contained the nutrient
medium (pH 6.0) with bacterial suspension but without chitosan. Then 0.1 mL of bacterial
suspension was transferred to an agar plate (three plates for one sample) and cultured at
37 ◦C for 24 h.

A loopful of each culture was spread to obtain single colonies on the nutrient agar
(agar 15 g, peptone 10 g, beef extract 3 g, NaCl 3 g in distilled water 1000 mL; pH 7.0)
and incubated at 37 ◦C for 24 h. Colonies were then counted and colony-forming units
calculated. Enumeration of bacteria was done after an incubation at 37 ◦C for 6 h, 12 h, 24
h, and 48 h, where 0.1 mL of 10−6 of each replicate was pour-plated and cultivated on MRS
agar and Salmonella/Shigella (SS) agar for cell colony counts and calculation of cell colony-
forming units. The number of colonies was read and the average value was obtained. The
control was the bacterial suspension with the same pH value but without chitosan. The
bactericidal rate (R) of every sample was calculated according to the following Formula: R
= B − A B × 100. A was the number of colonies of the tested plate (CFU/mL); B was the
number of colonies of the controlled plate (CFU/mL).

To determine the growth of pathogenic and probiotic bacteria on different concentra-
tions of chitosan, 0.1 mL samples of 16-h old bacterial cultures were incubated in nutrient
broth with different concentrations of chitosan 1%, 5%, 10%, or 20%, incubated at 37 ◦C
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for 6 h, 12 h, 24 h, and 48 h. The cultures were serially diluted 10-fold and 0.1 mL of 10−6

dispensed and pour-plated on either SS agar or MRS agar and incubated at 37 ◦C for 48
h; the colonies were counted and colony-forming units (CFUs) calculated. Before each
incubation, the pH was adjusted to neutral by the use of sodium hydroxide or hydrochloric
acid and monitored during the experiment period.

2.4.3. Chitosan Inhibition of S. typhi Growth

The plate well diffusion method [18], was used to visualize the formation of a zone of
inhibition in a solid culture medium, i.e., Salmonella/Shigella (SS) agar plates. The procedure
carried out and used in this analysis follows the agar diffusion method, in which small
circular cavities are punctured in the culture medium and filled with approximately 0.25
mL of chitosan for each concentration. Then 50 μL of bacterial suspension was spread and
the plates were stored for 24 h at 37 ◦C to allow growth. Inhibition zones were measured in
mm based on the average diameter of the clear area, directly on the dishes [19].

2.5. Data Analysis

Data collected were recorded in Microsoft excel® 2016 (16.0.5188.1000). Data normality
was tested using the Kolmogovov—Smirnov test. Statistical analyses of the data were
performed using the statistical methods of Motulsky [20]. Data are presented as means
± standard deviation (SD) and were analysed by one-way ANOVA followed by Tukey’s
multiple comparisons test across experimental groups. The difference between means
was considered significant at p ≤ 0.05. In the result and discussion section, the word
‘significantly’ is used to denote the statistically significant difference. For each species
as well as for the sum of pathogenic and probiotic species, a linear fixed model with
experimental run as a random factor was applied. In all cases, comparisons with the control
were set up and corrected for simultaneous hypothesis testing according to Dunnett.

3. Results

The growths of Salmonella typhi and probiotic bacteria at different chitosan concentra-
tions are shown in Figure 1. The bacterial growth proceeded as per the expected bacterial
curve, except that when chitosan concentration in the media was increased, the growth of
the pathogenic bacteria slowed down while the growth of the probiotic bacteria (especially
that of L. acidophilus) expanded (Figure 1).

Figure 1. Growth of bacterial cells in chitosan-amended media (24 h). n = 3. Abbreviation: S typhi:
Salmonella typhi, L fermentum: Lactobacillus fermentum, B adolescentis: Bifidobacterium adolescentis,
L. acidophilus: Lactobacillus acidophilus. Bacterial growth in 0%, 1%, 5%, 10% and 20% chitosan-
supplemented media was monitored at 24 h. Bacterial growth was measured in colony-forming unit
per millilitre (CFU/mL).
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Combined chitosan and probiotic bacteria effects on the growth of the pathogenic
bacteria were assessed. An increase in growth was seen in the first 6 h before a drop
in Salmonella typhi was noted (Figure 2). Even in media that did not contain chitosan
but contained the probiotic bacteria, Salmonella typhi growth was highly and severely
suppressed at 24 h; suppression time was shortened with increased chitosan concentration
(Figure 2).

Figure 2. Effect of bacterial growth on chitosan-amended media in the presence of probiotic-prebiotic
at a ratio of 1:1 (24HRS). n = 3. Abbreviation: S typhi: Salmonella typhi, L fermentum: Lactobacillus fer-
mentum, B adolescentis: Bifidobacterium adolescentis, L. acidophilus: Lactobacillus acidophilus. Bacterial
growth in 0%, 1%, 5%, 10% and 20% chitosan-supplemented media was monitored at 24 h. Bacterial
growth was measured in colony-forming unit per millilitre (CFU/mL).

As the probiotic and pathogenic bacterial cells grew, the pH fell to around 4, being
initially neutral. However, differences in connection with different chitosan concentrations
were apparent (Figure 3).

Figure 3. Change of pH in chitosan-amended media during bacterial cell growth (24 h). n =
3. Abbreviation: S typhi: Salmonella typhi, L fermentum: Lactobacillus fermentum, B adolescentis:
Bifidobacterium adolescentis, L. acidophilus: Lactobacillus acidophilus.

When probiotic bacteria were cultivated on chitosan-supplemented media and the
supernatant of the growth media was used to inhibit the growth of pathogenic bacteria,
inhibition zones were seen even in the media that did not contain chitosan (although
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this inhibition did not reach statistical significance: p = 0.05; M = 10 mm, SD = 0.3). The
highest and significantly most different inhibition was apparent in connection with the 16
mm zone seen in L. fermentum at a 10% chitosan concentration (Table 1). An increase in
chitosan concentration to 20% also led to an increased diameter of the inhibition zone in B.
adolescentis.

Table 1. Inhibition of pathogenic bacteria growth by probiotic bacteria supernatant derived from the
growth of probiotic in chitosan-supplemented media.

Bacterial Species

Chitosan
Concentration

L. fermentum B. adolescentis L. acidophilus

0% 10 ± 0.3 a 10 ± 0.2 a 10 ± 0.3 a

1% 11 ± 0.3 a 10 ± 0.3 a 11 ± 0.2 a

5% 11 ± 0.3 a 10 ± 0.1 a 12 ± 0.2 b

10% 16 ± 0.3 b 12 ± 0.2 b 12 ± 0.3 b

20% 13 ± 0.3 c 14 ± 0.3 c 10 ± 0.1 a

n = 3. Values displayed as means ± standard deviation Values within the same column under the same chitosan
concentration with different superscripts are significantly different p < 0.05 Abbreviation: L. Fermentum: Lactobacil-
lus fermentum, B. adolescentis: Bifidobacterium adolescentis, L. acidophilus: Lactobacillus acidophilus. Bacterial growth in
0%, 1%, 5%, 10% and 20% chitosan-supplemented media was monitored at 24 h. Bacterial inhibition zones were
measured in millimeters’ (mm).

4. Discussion

4.1. Chitosan and Chitin Characteristics

Chitosan is a natural antimicrobial agent found in the shells of crustaceans: majorly
crabs, shrimp, and crayfish, and some studies have pointed to the possibility of chitosan
production from squid and fungi [21]. In this study, chitosan was extracted from edible
insects. There was a steady increase in bacterial growth between 0 and 12 h, which
remained stable up to 48 h before dropping, following an expected normal bacterial growth
curve. The lowest increase in growth was seen at 20% chitosan concentration especially
in Salmonella typhi, this could be due to the depletion of available nutrients in the growth
media and an inability of Salmonella typhi to ferment chitosan and utilize it for its growth.
At 48 h in 20% chitosan concentration, all bacterial cells were suppressed with bacterial
cells reduced to the initial number at 0 h. There was no significant change in Salmonella
typhi growth in chitosan-supplemented media, and the normal bacterial growth curve was
lacking, which may indicate that Salmonella typhi growth was suppressed by the presence
of chitosan. In the absence of chitosan, Salmonella typhi growth was significant at 12 h.
Salmonella typhi growth was limited by an increased concentration of chitosan, probably
because Salmonella typhi was unable to break down chitosan. That is what could have
affected the availability of favourable growth media and led to a limitation of nutrients
amid increased bacterial concentration.

The exact mechanism of chitosan’s antibacterial activity is yet to be fully understood.
It is known, however, that chitosan’s antimicrobial activity is influenced by several factors
that mainly act in an orderly, yet independent way. Sea creatures have been the main
sources of chitin and its derivative chitosan; insects are a new potential source [22]. Chitin
yield, molecular weight and the degree of deacetylation determine its properties, [6,7,23,24]
and insects have been shown to have a higher deacetylation percentage. The most likely
antibacterial activity of chitosan is by binding to the negatively charged bacterial cell wall,
disrupting the cell and, thus, altering the membrane permeability, followed by attachment
to DNA causing inhibition of DNA replication and subsequently cell death. Another
possible mechanism is that chitosan acts as a chelating agent that selectively binds to trace
metal elements causing toxin production [21]. It could be postulated that chitosan disrupts
the barrier properties of the cell wall structure of Gram-negative bacteria, as advanced by
the measurement of a potassium release [25]. This mechanism could be explained by the
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presence of the free amino groups from the chitosan structure, causing variable mortality
rates in different bacterial strains [26].

The probiotic bacteria were likely able to ferment chitosan in the media and then con-
tinue to use it for their normal growth. Lactobacillus fermentum and Lactobacillus acidophilus
exhibited the highest growth although the growth of Lactobacillus acidophilus initially picked
up slowly. This shows that probiotic bacteria can degrade chitosan only to a limited concen-
tration and beyond this; higher chitosan concentration may not be beneficial in connection
with the growth of probiotic bacteria. Past studies have shown prebiotics such as inulin
and chitin can restrict the growth of pathogenic bacteria [14,27].

The gut microbiome plays an important role in the health of humans and animals.
Beneficial microbes diversity can be modulated by diet [28]. Fermentable sources of fibre,
and in particular insect chitin, often increase the abundance of beneficial microbes. This
study demonstrates that chitosan can increase the growth of probiotic bacteria, but that
its usefulness as a prebiotic to profoundly modify the gut microbial composition depends
on an optimal concentration for beneficial bacteria to be able to ferment this carbohydrate.
When food ingested contains chitin, which can pass through the digestive system and get
to the colon almost unaltered, beneficial bacteria that reside in the colon can ferment and
deacetylate [29] and utilise the products for their growth [30]. Chitin may be introduced
through consumption of whole edible insect products, or in food as an additive to normally
consumed food such as yogurt that may already contain probiotic bacteria.

4.2. Interactions

When Salmonella typhi and probiotic bacteria were cultivated in chitosan-supplemented
media in the ratio of 1:1, the drop in bacterial cell growth paralleled chitosan concentration
increases; only Lactobacillus fermentum seemed to thrive in high chitosan concentrations
and the presence of the pathogen in the media (Figure 3). The numbers of colony-forming
units became reduced in Salmonella typhi after 6 h of growth. Bifidobacterium adolescentis
and Lactobacillus acidophilus growth in different concentrations did not change much over
time. This was a different scenario from the initial growth of probiotic bacteria in chitosan-
supplemented media where there was a significant increase in growth. This could have
been due to the presence of Salmonella typhi, which was probably exerting a negative impact
on probiotic bacterial growth as a survival strategy. Pathogenic bacteria have over time
developed means of survival in the gut environment [31].

Probiotic bacteria grew well in chitosan-supplemented media, although the growth
was slowed by the presence of Salmonella typhi, possibly due to a lack of sufficient media
and unknown effects of Salmonella typhi exerted as a survival strategy, which may likely
include toxins as a survival strategy [32]. On the other hand, in Salmonella typhi, populations
were greatly reduced, which could have been caused by the combined effects of an inability
to ferment chitosan and unknown factors involving products of the probiotics as part of
a survival strategy. Recent studies have shown probiotic bacteria to be able to suppress
pathogenic bacteria [33], and this would be one of the advantages of consuming chitin
or its derivative chitosan together with probiotics to improve gut health. The probiotic
bacteria already existing in the gut would benefit. There is currently more consciousness in
functional food [34] and chitin from insects is likely to be a part of this. The use of insect
chitin in the manufacture of an edible film should be encouraged owing to the importance
of chitin and its role in modifying gut health.

Apart from nutrient depletion, there would be more metabolites produced by the
growing probiotic bacteria, which would see a faster elimination of Salmonella typhi. Quite
likely, this is why at 12 h the suppression of Salmonella typhi was high and with an increase
in probiotic bacteria at 0%, 1%, and 5% chitosan concentrations. The presence of Salmonella
typhi and high chitosan concentration beyond 5% did not favour the growth of Lactobacillus
acidophilus. Despite the initial chitosan concentration, pathogenic bacteria were outgrown
at the end, a likely result of the combined effects of the probiotic bacteria and low pH.
Studies in fish fed with chitin showed increased survival, although there was no evidence
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of increased cellular immunity. The researchers pointed out that increased survival may
have been the result of the suppression of pathogenic bacteria by chitin [35].The growth of
probiotic bacteria may also have aided the suppression of pathogenic bacteria through the
production of bacteriocin, exopolysaccharides, and biogenic amines [36]. These points to
the importance of using chitin and chitosan as a prebiotic, and thus our findings encourage
chitin or chitosan consumption to suppress pathogenic bacteria in the gut.

4.3. Prebiotics and Gut Health

Good prebiotic candidates would selectively support the growth of specific beneficial
bacteria leading to a positive modulation of gut microbiota and according to Slomka
et al. [37] in a study that was investigating the use of prebiotics in oral health, prebiotics
greatly increased the proportion of beneficial but lowered that of pathogenic species.
Pathogenic bacteria in the gut are a major cause of diarrhoea and the use of probiotic
bacteria and chitosan that can suppress pathogenic bacteria by nourishing the probiotic
species, which produce metabolites to kill off pathogenic species, has to be seen as an
advance. Chitosan can also act directly as an antimicrobial in the human gut, suppressing
the growth of pathogenic bacteria [33]. Many children in developing countries suffer
greatly from childhood diarrhoea [38]. The addition of beneficial fibre such as chitin
in the intervention that is aimed at helping children from the poor setup is likely to be
more fruitful due to the additional benefits of chitin to gut health. Several antibacterial
mechanisms of chitosan that have been proposed include: ionic surface interaction resulting
in wall cell leakage; inhibition of the mRNA and protein synthesis via the penetration of
chitosan into the nuclei of the microorganisms; formation of an external barrier, chelating
metals and provoking the suppression of essential nutrients to microbial growth. It is likely
that all events occur simultaneously but at different intensities [39].

The pH in chitosan containing Salmonella typhi growth media barely changed and was
almost neutral at all chitosan concentrations (p > 0.05), but in L. fermentum, B. adolescentis,
and L. acidophilus the pH decreased as the bacteria grew (Figure 3). In L. acidophilus, a
species that seemed to thrive well at low pH, the highest drop in pH was noticed when
the bacteria were growing in chitosan. This species was able to grow at a pH as low as pH
3.6, occurring in 20% chitosan-supplemented media at 24 h. All other probiotic bacteria
growth media pH drops were seen after 12 h of growth, even in unmodified media. At 20%,
chitosan concentration the expected pH drop was delayed up to 24 h (Figure 3). This might
have been due to the slow growth of probiotic bacteria at high chitosan concentrations. A
lower pH during growth is likely to be part of a survival strategy for probiotic bacteria
and the lack to cope with the low pH in Salmonella typhi could be the reason why probiotic
bacteria were able to suppress pathogenic bacteria. Fermented milk products have been
consumed with perceived health benefits due to the presence of live bacteria responsible
for milk fermentation, and recent years have seen an increased interest in fermented milk
products due to their health benefit [40]. Combining fermented milk products with a
prebiotic is likely to increase the benefits of its consumption.

Studies have shown that the antimicrobial activity of chitosan is pH-dependent since
chitosan is soluble in an acidic environment. Yang et al., 2005 observed that the antibacterial
activity of the N-alkylated chitosan derivatives against E. coli increased as the pH increased.
These results verify that positive charge on the amino groups is not the sole factor resulting
in antimicrobial activities because little is known about the antimicrobial activity of chitosan
under alkaline conditions [41,42]

4.4. Altered Growth and Limitations

Nutrient limitations and a low pH have been indicated as the main inhibitors of the
growth of pathogenic bacteria in the gut [2]. At the same time, they may have stimulated
the growth of probiotic bacteria adapted to a low pH as such an adaptation is a well-
documented survival strategy of many bacterial species [43]. Consumption of prebiotics
would increase the colonization by probiotic bacteria, which in turn would suppress
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pathogenic bacteria and enhance their important role [44,45]. The gut microbiota would
be highly regulated and therefore alleviate infections caused by microbial imbalances in
the gut [46]. Intestinal microbiota depends on non-digestible fibre, [27] and cricket chitin
is a possible prebiotic candidate. Fermentation of chitin leads to lower colonic pH due
to the production of acetate, propionate, and butyrate by probiotic bacteria and these
weak acids then influence the microbial composition, by suppressing pathogens, favouring
the growth of probiotic bacteria [33,47,48]. The difference in the restriction distance was
statistically significant at p < 0.05 for L. fermentum at 10% and 20% chitosan concentrations,
for B. adolescentis at 10% and 20% chitosan concentrations, and for L. acidophilus at 5%,
10%, and 20% chitosan concentrations. In the media that did not contain chitosan, the
difference was not significant p > 0.05. The presence of chitosan leads the bacteria to use
the products of fermentation for their growth. During fermentation, weak acids and other
metabolites restrict the growth of Salmonella typhi. There is a need to profile the metabolites
in the media to ascertain the exact cause of pathogenic bacterial growth restriction, and the
possibility of their further exploitation in the pharmaceutical industry.

Chitosan fermentation metabolites are known to inhibit bacterial growth [36,40,48,49],
while chitosan itself exhibits antimicrobial activities that are useful in inhibiting gram-
positive bacteria [50]. In a recent study, chitosan was shown to inhibit all of the bacterial
strains tested [51]. Chitin hydrogels and other products have been developed to help in
wound dressing and antimicrobial properties and to enhance healing [52]. In connection
with the acceptance of insects as food and insect farming, suggested as early as 1975 [53],
there is a need to fully utilise the chitin from these farmed insects in addition to the insects’
high protein content.

Apart from the antimicrobial potential of chitosan, it has other applications in the food
industry that have been widely discussed by a review on the application of chitosan for
improvement of quality and shelf life of food [54]. The antimicrobial activity of chitosan
against a wide range of food-borne filamentous fungi, yeast, and bacteria has made it a
potential food preservative. Chitosan also possesses film-forming and barrier properties,
thus making it a potential raw material for edible films or coatings. Inherent antibacte-
rial/antifungal properties and the film-forming ability of chitosan make it ideal for use as a
biodegradable antimicrobial packaging material that can be used to improve the storability
of perishable food [54]. Numerous researches have demonstrated that chitosan can be used
as an effective preservative or coating material for the improvement of quality and shelf
life of various foods [55–59]. Recently, the research on chitosan has increased drastically
because of its considerable potential owing to its antimicrobial activity, biodegradability,
non-toxicity, biocompatibility, and versatile chemical and physical properties as well as
abundance. Chitosan has a significant role in the health and food application area, given
the growing concern regarding the negative environmental impact of materials, deemed
toxic, currently in use such as vinyl chlorides in plastic [59]. Chitosan-based polymeric
materials can be formed into films, fibres, gels, sponges, nanoparticles, or even beads [60].

The most important food applications of chitosan include the encapsulating material
for probiotic stability in the production of functional food products and the formation of
biodegradable films and enzyme binding [61]. Probiotics’ mainly lactic acid bacteria (LAB)
are widely used in the production of fermented dairy foods. They include yogurt and cheese
and are the richest sources of probiotic foods [60,61]. For the probiotic microencapsulation
technique used in connection with fruit juices, cereal-based products, chocolates, and
cookies, chitosan is an ideal candidate as a coating material, since it does not affect the
sensory properties of the encapsulated food [58–60,62].

5. Conclusions

Cricket chitin has a close similarity to commercial shrimp chitin. This study has
demonstrated the ability of probiotic bacteria to break down chitosan, to lower the pH of
growth media and thereby inhibit bacterial growth. Cricket-derived chitosan may be a
functional prebiotic due to its ability to stimulate the growth of specific beneficial bacteria.
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Cricket-derived chitosan can help solve gut health in children directly by acting as an
antimicrobial substance, or as a prebiotic to nourish probiotic bacteria.
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Abstract: Insects as novel foods are gaining popularity in Europe. Regulation (EU) 2015/2283 laid the
framework for the application process to market food insects in member states, but potential hazards
are still being evaluated. The aim of this study was to investigate samples of edible insect species for
the presence of antimicrobial-resistant and Shiga toxin-producing Escherichia coli (STEC). Twenty-one
E. coli isolates, recovered from samples of five different edible insect species, were subjected to
antimicrobial susceptibility testing, PCR-based phylotyping, and macrorestriction analysis. The
presence of genes associated with antimicrobial resistance or virulence, including stx1, stx2, and eae,
was investigated by PCR. All isolates were subjected to genome sequencing, multilocus sequence
typing, and serotype prediction. The isolates belonged either to phylogenetic group A, comprising
mostly commensal E. coli, or group B1. One O178:H7 isolate, recovered from a Zophobas atratus
sample, was identified as a STEC. A single isolate was resistant to tetracyclines and carried the tet(B)
gene. Overall, this study shows that STEC can be present in edible insects, representing a potential
health hazard. In contrast, the low resistance rate among the isolates indicates a low risk for the
transmission of antimicrobial-resistant E. coli to consumers.

Keywords: Shiga toxin; Escherichia coli; antimicrobial resistance; edible insects

1. Introduction

Edible insects are popular foods in many parts of the world such as Asia and Africa.
In Europe, insects are still rarely consumed but are gaining in popularity. They are of
particular interest to consumers due to their nutritional value as well as aspects of sustain-
ability, including a lower need for feed, water, and space, when compared to traditional
livestock [1,2].

In the European Union (EU), edible insects are included in the novel food regulation,
Regulation (EU) 2015/2283, which lays the legal framework for placing novel foods on
the European market. However, specific EU regulations regarding the production of
insects intended for human consumption and controls thereof are still lacking, and the
legal situation remains complicated. Edible insects can be novel food, as established in
Regulation (EU) 2015/2283, if a corresponding application is answered favorably by the
authorities. To date, several applications for edible insect products have been submitted.
The European Food Safety Authority has already published a scientific opinion regarding
the safety of dried yellow mealworm (Tenebrio molitor), which concluded that they are safe
for human consumption [3], an important first step towards an approval for this species to
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be placed on the European market. More recently, the European commission has released
the Commission Implementing Regulation (EU) 2021/882, authorizing the placing on the
market of dried yellow mealworms as of 1 June 2021. This was the first time an insect
species was officially approved to be marketed as food within the EU.

Beyond general regulations applicable to all foodstuffs, some countries have issued
national guidelines concerning edible insects, while other countries do not currently have
any specific national framework in place [4]. In 2019, the working group on meat and
poultry hygiene and specific issues relating to food of animal origin of the German national
working group on consumer health protection (Arbeitsgruppe Fleischhygiene und fach-
spezifische Fragen von Lebensmitteln tierischer Herkunft der Länderarbeitsgemeinschaft
Verbraucherschutz, AFFL) issued corresponding recommendations [5]. To date, potential
food safety concerns associated with insect-based products are still being evaluated. In
2015, the European Food Safety Authority (EFSA) published a scientific opinion stating
which hazards were expected to be largely comparable to those posed by other foods of
animal origin, while also highlighting remaining uncertainties and the need for further
research [1]. This includes a recommendation to monitor bacteria and gather data regard-
ing antimicrobial resistance [1]. This is particularly important as high microbial loads
have previously been reported in insect-based foods [6,7]. Consequently, the presence of
antimicrobial-resistant isolates could result in significant exposure for consumers. There is
very little information regarding the use of antimicrobials in the rearing of edible insects; it
has been recommended only as a temporary measure in case of emergency [8]. In addition,
negative side-effects of antibiotic treatment, such as a lower number of eggs produced and
poorer development in some insect species, can discourage the use of antimicrobials [9].
Consequently, this may result in a lower selection pressure and a lower frequency of
antimicrobial-resistant bacteria in insects when compared to vertebrate livestock. However,
to date, very few studies have been published regarding the characteristics of bacterial
strains present on edible insect species, including their antimicrobial susceptibility and the
presence of virulence genes [10,11].

Escherichia coli and Shiga toxin-producing E. coli (STEC), in particular, are among
the most important and most frequently reported food-borne pathogens [12]. In humans,
STEC can cause severe diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome,
which may ultimately be fatal [13]. Besides STEC, ESBL-producing and other antimicrobial
resistant E. coli present on food of animal origin are of concern as they can facilitate the
spread of antimicrobial resistance to the consumer [14,15].

However, to date, few studies have examined the presence of STEC in edible in-
sects [11], and virtually no data are available regarding the antimicrobial resistance status
of E. coli isolated from edible insects. Such data are crucial to elucidate their potential role
in the transmission of antimicrobial resistance via the food chain and other health hazards
associated with the consumption of insects. To the best of our knowledge, this is the first
study specifically investigating the phenotypic and genotypic antimicrobial susceptibility,
the presence of certain virulence genes, as well as the genetic relatedness of E. coli isolates
obtained from different species of edible insects.

2. Materials and Methods

2.1. Insect Samples

A total of 36 samples of edible insect species were available to be included in this study.
They were collected and tested for the presence of E. coli between 2014 and 2016 and con-
sisted of two subsets. One subset was derived from the project “ZooGlow” that dealt with
legally and illegally introduced and commercialized foodstuffs inside and outside Germany.
It contained ten samples of frozen silkworms (Lepidoptera: Bombycidae: Bombyx mori)
imported from Vietnam and purchased at an Asian supermarket in Germany. Two ad-
ditional samples were powdered yellow mealworm larvae (Coleoptera: Tenebrionidae:
Tenebrio molitor) bought online from a German retailer.
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The other subset was insects bought at a local pet store, i.e., Mediterranean crickets (Or-
thoptera: Gryllidae: Gryllus bimaculatus; n = 1), migratory locusts (Orthoptera: Acrididae:
Locusta migratoria; n = 4), T. molitor (n = 1), and superworms (Coleoptera: Tenebrionidae:
Zophobas atratus, previously known as “Z. morio”; n = 3). More specimens and other species
were also analyzed but did not yield E. coli, e.g., Jamaican field crickets (Orthoptera: Grylli-
dae: Gryllus assimilis), house crickets (Orthoptera: Gryllidae: Acheta domesticus), and desert
locusts (Orthoptera: Acrididae: Schistocerca gregaria), with five samples (n = 5) each. The
animals obtained from the pet store were explicitly not intended as foodstuff. However,
many entomophagy aficionados in Western countries repurpose them as they point out
the freshness of the product, the better taste, and a higher degree of culinary diversity, i.e.,
more different dishes can be made from hygienically processed pet feed insects than from
freeze–dried (and sometimes spiced) entire or ground food insects (Nils Th. Grabowski,
personal communication, 2017). For this reason, a microbiological evaluation of edible
insects sold as pet feed is important for risk assessment. They usually let the animals fast
for one day, kill them, and cook them thoroughly before processing them further. Samples
for this analysis were raw and killed by freezing.

2.2. Isolate Collection and Species Identification

While doing a classical microbiological analysis of the insect samples, E. coli strains
were detected and isolated according to standard methods described in DIN EN ISO
16649-2. In brief, samples were subjected to an enrichment step in NaCl-peptone water for
24 h at 37 ± 0.5 ◦C, and the broth was subsequently streaked on TBX agar (Oxoid, Wesel,
Germany) for the selective detection of E. coli.

The species of the isolates was confirmed using a MALDI-TOF biotyper (Bruker
Daltonics, Bremen, Germany) and by species-specific PCR targeting the gadA gene [16].
Only one isolate per sample was included in further investigations.

2.3. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was performed and evaluated in accordance with
CLSI standards [17,18] using commercially available Sensititre microtiter plates (EUVSEC
layout; Trek Diagnostic Systems Ltd., East Grinstead, UK) containing the following antimicro-
bials and concentrations: ampicillin (1–64 μg/mL), azithromycin (2–64 μg/mL), cefotaxime
(0.25–4 μg/mL), ceftazidime (0.5–8 μg/mL), chloramphenicol (8–128 μg/mL), ciprofloxacin
(0.06–8 μg/mL), colistin (2–16 μg/mL), gentamicin (0.5–32 μg/mL), meropenem
(0.06–16 μg/mL), nalidixic acid (4–128 μg/mL), sulfamethoxazole (8–1024 μg/mL), tetracy-
cline (2–64 μg/mL), tigecycline (0.25–8 μg/mL), and trimethoprim (0.25–32 μg/mL). E. coli
ATCC 25922 was used for quality control purposes.

2.4. Molecular Analyses

E. coli isolates were assigned to the four major phylogenetic groups based on PCR
assays detecting the genes chuA, yjaA, and the DNA fragment TSPEC4.C2 [16]. Clonal
relatedness of the isolates was investigated by XbaI macorestriction analyses and subse-
quent pulsed-field gel-electrophoresis according to the PulseNet Protocol for Salmonella,
Shigella, E. coli O157, and other Shiga toxin-producing E. coli [19]. The results were analyzed
using BioNumerics V. 7.6 (Applied Maths, Sint-Martens-Latem, Belgium) applying the
Dice coefficient with 0.5% optimization and 1% position tolerance.

All isolates were subjected to full genome sequencing (MicrobesNG, University of
Birmingham, UK) for further typing, including multilocus sequence typing and serotype pre-
diction. Sequencing was performed on an Illumina sequencing platform using 2 × 250 bp
paired-end reads. The following pipelines were used for the bioinformatics analyses in-
cluded in their standard sequencing service: Kraken, BWA mem, SPAdes for de novo
assembly of reads, and Prokka for automated annotation (see Figure S1 for assembly statis-
tics). Genome sequences were deposited in the GenBank database (https://www.ncbi.nlm.
nih.gov/genbank/ (accessed on 14 September 2021)), and accession numbers for all isolates
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are listed in Figure 1. The presence of antimicrobial resistance- and virulence-associated
genes was investigated using ResFinder 4.1 [20] and Virulence Finder 2.0 [21], respec-
tively. Genome sequences were additionally uploaded to the Enterobase Escherichia/Shigella
database (http://enterobase.warwick.ac.uk/ (accessed on 13 September 2021)) for multilo-
cus sequence typing (MLST) and serotype prediction. Assembly of Illumina reads within
the Enterobase database was performed using QAssembly, and subsequently the prokka
pipeline was run for annotation. A minimum spanning tree was created using the GrapeTree
program within Enterobase, using the cgMLST V1 + HierCC V1 scheme and the NinjaJ
algorithm [22].

Figure 1. Origin and molecular typing results of the 21 E. coli isolates. Accession numbers refer to genome sequences
deposited in the GenBank database. * Isolates recovered from samples purchased at pet feed store.

3. Results

A total of 21 E. coli isolates were recovered from the 36 samples. They were detected in
five different insect species (Figure 1). No isolates were found in samples of Jamaican field
crickets (Gryllus assimilis), house crickets (Acheta domesticus), or desert locusts (Schistocerca
gregaria). The majority (n = 16) of the 21 isolates belonged to phylogenetic group A. The
remaining isolates belonged to group B1 (Figure 1). PFGE analysis revealed identical band
patterns of two isolates. These isolates were recovered from samples of superworms (Zoo-
phobas atratus) and mealworms (Tenebrio molitor), respectively, which were both purchased
from a German pet feed store. In addition, a clustering of the four isolates recovered from
migratory locusts (Locusta migratoria) was observed, with the two most similar isolates
showing a similarity of band patterns of over 90% (Figure 1). These clusters were also
apparent in the minimum spanning tree created based on cgMLST (Figure 2). In addition,
isolates 126 and 131, both recovered from B. mori samples from Vietnam, showed a com-
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paratively close relatedness, which was not apparent in their respective macrorestriction
patterns. The remaining isolates showed very heterogenous PFGE band patterns, with
less than 45% similarity between the most dissimilar isolates. One isolate (IP. A) did not
produce bands after XbaI digestion and was thus classified as not typeable by this method.

Figure 2. Minimum spanning tree of the 21 E. coli isolates based on core genome sequences.

The most commonly detected multilocus sequence type was ST10 (n = 4, Figure 1). In
one isolate of phylogenetic group B1, a novel fumC allele was identified, and it was assigned
to a novel sequence type, designated ST10512, in the Enterobase database. Serotype
prediction based on genome sequences revealed a variety of serotypes. Three serotypes
were identified in two isolates each. The two ST10 isolates sharing identical PFGE band
patterns both belonged to O153:H12, and two ST939 isolates, which also shared a high
similarity of PFGE band patterns, shared the same H-type and lack of detectable O-antigen
(-:H12). Two other isolates from silkworms belonged to serotype O21:H21 but showed
dissimilar band patterns (Figure 1). Other serotypes were only identified in single isolates.
One O178:H7 isolate was classified as a STEC, carrying genes for Shiga toxin types 1 and 2
(stx1c, stx2b). Based on genome sequence analyses, the nucleotide sequence of stx1 subunit
A and B, as well as stx2 subunit B, showed 100% identity to reference sequences deposited in
the GenBank database under accession numbers Z36901 (stx1c) and AF043627 (stx2b) [23].
In contrast, there were seven nucleotide differences in the sequence of stx2 subunit A
compared to that of the reference strain (for the gene stx2b; GenBank acc. no. AF043627).
Three of these resulted in amino acid exchanges in the deduced protein, which were
identical to the variant of Stx2b subunit A deposited under Genbank accession number
WP_001367518. The isolate lacked intimin encoding gene eae but carried several other
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virulence genes, including enterohaemolysin gene ehxA, subtilase cytotoxin encoding gene
subA, and adherence-associated gene iha, among others (Table 1). The remaining isolates
carried few virulence genes overall. Besides gad and terC, which were present in all isolates,
the increased serum survival gene iss was present in several isolates, and two isolates
carried astA, encoding a heat-stable enterotoxin (see Table 1 for full virulence profiles).

Table 1. Antimicrobial resistance phenotypes, antimicrobial resistance genes, and virulence-associated genes of 21 E. coli isolates.

Source Isolate Resistance Phenotype Resistance Genotype Virulence Genes

Insects sold
as food

64 - mdf(A) gad, lpfA, terC
65 - mdf(A) gad, terC, traT
66 - mdf(A) gad, kpsE, kpsMII, terC
71 - mdf(A) gad, lpfA, terC
126 - qnrS2, mdf(A) gad, celb, terC
128 - mdf(A) gad, astA, terC
131 - mdf(A), sitABC gad, sitA, terC, traT
135 - mdf(A) gad, terC
157 - mdf(A) gad, iss, terC
160 - mdf(A) gad, astA, celb, fyuA, irp2, terC, traT
168 - mdf(A) gad, lpfA, terC

IP. A Tetracyclines tet(B), mdf(A) gad, hra, terC
IP. B - mdf(A) gad, lpfA, terC

Insects sold
as feed

99 - mdf(A) gad, hra, iss, lpfA, papC, terC
100 - mdf(A) gad, hra, lpfA, terC
101 - mdf(A) gad, iss, terC
103 - mdf(A) gad, hra, lpfA, terC

114 - mdf(A)

gad, cba, celb, cia, cma, cvaC, ehxA,
iha, ireA, iss, kpsE, lpfA, mchF, ompT,

senB, stx1A, stx1B, stx2A, stx2B,
subAB, terC, traT

153 - mdf(A) gad, iss, ompT, terC
154 - mdf(A) gad, ccl, iss, terC
156 - mdf(A) gad, ccl, iss, terC

Antimicrobial susceptibility testing revealed that only a single isolate showed resis-
tance to tetracyclines. This isolate carried the tet(B) gene. The remaining isolates did not
show resistance to any of the antimicrobial agents in our test panel. One isolate carried
qnrS2, however, despite being in the susceptible range for both quinolones tested. The
mdf(A) gene, encoding a multidrug efflux pump, was present in all isolates.

4. Discussion

The E. coli isolates included in this study were recovered from taxonomically diverse
species and included holometabolous insects undergoing complete metamorphosis during
development (Coleoptera, Lepidoptera), as well as hemimetabolous insects (Orthoptera).
Previous research indicated that the microbiome of edible insects is usually dominated by
Gram-positive bacteria, and in contrast to our current observations, E. coli were not typically
detected [11,24]. Overall, E. coli does not appear to be a regular part of the microbiome
of edible insects, and human pathogenic bacteria in general are likely obtained through
feed, substrate, or during handling and processing [1]. While fecal bacteria in pet feed
insects may be expected to some degree, the presence of E. coli in B. mori is more intriguing.
They have been submitted to a heating process, and insect pupae should be sterile in the
first place because larvae usually empty their intestinal tract content completely before
pupation, and during it, the gut is dissolved and de novo synthesized. The larval gut turns
into the so-called “yellow body” and is digested completely [25]. Thus, the presence of
bacteria in silkworm pupa samples should be a result of secondary contamination during
handling and processing. In fact, silkworm pupae from Vietnam were previously reported
as positive for salmonellae via the European Rapid Alert System for Food and Feed [26].
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4.1. Detection of STEC in Insects Sold as Feed

Notably, one isolate in our study was identified as a STEC. Shiga toxin-producing
E. coli are most commonly transmitted via contaminated food, and infections can lead
to diseases ranging from diarrhea to severe illness and death [27]. Insects living in farm
environments have also been described to function as vectors for STEC, and houseflies were
shown to harbor STEC for at least three days after experimental inoculation [28]. However,
these insects (two muscid flies and one scarabeid beetle) feed on manure, something that
does not happen in the case of the species tested here. B. mori exclusively consumes
mulberry tree leaves, while locusts favor vegetables, and crickets and tenebrionid beetles
are basically omnivorous. However, Z. atratus originates from Latin American caves
inhabited by fruit-eating bats living in organic wastes and guano [29]. Yet, many beetle
generations have passed since then. Still, to the best of our knowledge, no other reports
about STEC recovered from edible insects have been published to date. Osimani and
colleagues reported the absence of STEC among a variety of edible insect species marketed
online [11].

The isolate in our study belonged to serotype O178:H7. O178 STEC have been
associated primarily with food of bovine origin in Germany, as well as other coun-
tries [30]. Among them, O178:H19 STEC are most commonly reported, but O178:H7
have also been detected in meat and clinical samples from humans [30]. The proto-
type strain of O178:H7 also carried both stx1 and stx2 but lacked eae [31]. This strain
was also reported to produce enterohaemolysin but, in contrast to our isolate, ehxA was
not detected. More recently, Miko and colleagues described an O178:H7 variant associ-
ated with a stx1c/stx2b/ehxA/subAB2/espI/[terE]/espP/iha genotype isolated from deer
meat and a diseased patient [30]. This is similar to the genotype of our isolate, sharing
stx1c/stx2b/ehxA/subAB/iha. However, espI, espP, nor terE were detected in our study. It
is also unclear if the other resistance determinants detected in our STEC isolate might be
present in the isolates described by Miko et al., as these were not tested for.

In general, stx2b is a variant of stx2 that is less frequently associated with human dis-
ease than the more potent variants stx2a, stx2c, and stx2d [32]. In addition, eae is present in
the majority of isolates causing severe illness; however, it is not essential for pathogenicity,
and eae-negative STEC can still cause severe disease, including hemolytic uremic syn-
drome [27,33]. Between 2012 and 2017, stx1c/stx2b/eae-negative STEC in particular has
been associated with 234 human cases in the EU, including at least two cases of HUS, and
at least 21 patients required hospitalization [27]. Therefore, a pathogenic potential of the
detected STEC isolate cannot be excluded.

Our STEC isolate was obtained from Z. atratus sold in a German pet feed store.
As these superworms were marketed as feed, they do not fall under the definition of
“food” according to Regulation (EU) 178/2002 article 2 a. Besides, samples were raw.
Considering the rising interest in edible insects and insect-based foods in the EU and the
relative scarcity of currently available products on the market, live insects sold in pet feed
stores can seem like an easy, versatile, and appealing alternative for consumers. From a
legal point of view, although these products cannot be placed on the market as such, the
habit of consuming pet feed insects by themselves seems not explicitly forbidden since
Regulation (EU) 178/2002 does not apply to “the domestic preparation, handling or storage
of food for private domestic consumption” (Art.1,3). However, the presence of STEC
on the tested superworms shows that repurposing insects sold as pet feed to consumers
is problematic. Following the recommendations issued for Germany, insects should be
cooked for a minimum of 10 min [5]. Although this recommendation is not explicitly valid
for pet feed insects, the method is effective to reduce the bacterial loads. Our findings also
highlight the fact that appropriate hygiene should be observed by persons purchasing and
handling live insects as feed.
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4.2. Molecular Typing and Antimicrobial Resistance of E. coli from Edible Insect Species

Clustering among the isolates from the pet store according to their PFGE band patterns
and cgMLST indicates a comparatively close genetic relationship between the respective
isolates. This could be a result of closely related strains circulating in the production facility
or within the store selling these animals. The STEC isolate, however, did not cluster with
the other isolates.

Predicted serotypes and MLST results were diverse overall. Four isolates belonged to
ST10, a very common ST that encompasses isolates from humans as well as animals and
clinical as well as commensal strains [34,35]. Sequence types 46 and 101, to which three
of our isolates from the Vietnamese silkworm samples belonged, have previously been
reported to be very common in neighboring China [36].

In our study, only a single isolate from powdered mealworms was resistant to tetracy-
clines and carried the gene tet(B), which is a common mediator of tetracycline resistance in
E. coli [37]. In addition, one isolate carried qnrS2. Plasmid-mediated quinolone resistance
determinants such as qnr genes often do not confer clinical resistance to quinolones [38].
However, they can facilitate the development of chromosomal mutations in the quinolone
resistance determining regions of the DNA gyrase and topoisomerase genes under treat-
ment [38]. Previous studies have shown that insects such as flies in the farm environment
can function as a reservoir and as vectors for the transmission of antimicrobial-resistant bac-
teria [39,40]. Regarding insects intended for consumption, the few published studies mostly
focused on a screening of a certain subset of resistance genes and not on the characterization
of individual isolates, including their resistance phenotypes. In three studies conducted
in Italy, edible insects (Tenebrio molitor, Locusta migratoria migratorioides, and samples of
a variety of species, respectively) were examined using a very similar method detecting
a panel of antimicrobial resistance genes by PCR or nested PCR [41–43]. In contrast to
our results, all three of these studies reported the presence of various resistance genes.
However, the genes examined and detected in these studies are most commonly found
in Gram-positive bacteria and are less frequently associated with Gram-negative species
such as E. coli [37,44]. In a later study by Milanović and colleagues [45], the presence of five
genes among the samples of grasshoppers and mealworms was investigated. The authors
reported the presence of three different carbapenemase-encoding genes among samples
from grasshoppers and mealworms, most notably blaOXA-48 in over 50% of grasshopper
samples. Regarding the clinical importance of carbapenems, these results are concerning.
However, the results of these studies do not indicate the bacterial species of the isolates
carrying the resistance genes. In contrast to their findings, the susceptibility testing of the
E. coli isolates in our study showed that all were susceptible to all tested β-lactams.

Overall, it should be noted that several factors influence the microbiome composition
and thus likely the resistome as well as the virulence of isolates present in edible insects.
This includes the species of insect and the instar, the rearing practices and feed, as well
as post-harvest processing, among others [1,46]. Thus, results obtained for samples from
different manufacturers, and from different batches produced by the same manufacturer,
can vary significantly.

5. Conclusions

The detection of a STEC shows that edible insect species, such as Z. atratus, can harbor
foodborne zoonotic bacteria and highlights the need for hygienic rearing and processing
practices to ensure the availability of safe insect-based foods for the interested consumer.
On the other hand, the low resistance rate in our study indicates a favorable situation in
edible insects in this regard and a low risk of a transmission of antimicrobial-resistant
E. coli. Considering the high variability of the microbiome of insects, large-scale studies
targeting more insect samples as well as different bacterial species are needed to further
elucidate potential microbiological risks associated with these foods.
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11. Osimani, A.; Milanović, V.; Garofalo, C.; Cardinali, F.; Roncolini, A.; Sabbatini, R.; De Filippis, F.; Ercolini, D.; Gabucci, C.;
Petruzzelli, A.; et al. Revealing the microbiota of marketed edible insects through PCR-DGGE, metagenomic sequencing and
real-time PCR. Int. J. Food Microbiol. 2018, 276, 54–62. [CrossRef]

12. European Food Safety Authority (EFSA) and the European Centre for Disease Prevention and Control (ECDC). The European
Union One Health 2018 Zoonoses Report. EFSA J. 2019, 17, e05926.

13. Alonso, M.Z.; Lucchesi, P.M.A.; Rodríguez, E.M.; Parma, A.E.; Padola, N.L. Enteropathogenic (EPEC) and Shigatoxigenic
Escherichia coli (STEC) in broiler chickens and derived products at different retail stores. Food Control 2012, 23, 351–355.

14. European Food Safety Authority (EFSA) and the European Centre for Disease Prevention and Control (ECDC). The European
Union summary report on antimicrobial resistance in zoonotic and indicator bacteria from humans, animals and food in 2016.
EFSA J. 2018, 16, e05182.

297



Foods 2021, 10, 2552

15. Verraes, C.; Van Boxstael, S.; Van Meervenne, E.; Van Coillie, E.; Butaye, P.; Catry, B.; de Schaetzen, M.A.; Van Huffel, X.;
Imberechts, H.; Dierick, K.; et al. Antimicrobial resistance in the food chain: A review. Int. J. Environ. Res. Public Health 2013, 10,
2643–2669. [CrossRef]

16. Doumith, M.; Day, M.J.; Hope, R.; Wain, J.; Woodford, N. Improved multiplex PCR strategy for rapid assignment of the four
major Escherichia coli phylogenetic groups. J. Clin. Microbiol. 2012, 50, 3108–3110. [CrossRef] [PubMed]

17. Clinical and Laboratory Standards Institute (CLSI). Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria that Grow
Aerobically: Approved Standard-Ninth Edition; M07-A9; CLSI: Wayne, PA, USA, 2012.

18. Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial Susceptibility Testing, 30th ed.; M100-
ED30; CLSI: Wayne, PA, USA, 2020; Available online: http://em100.edaptivedocs.net/dashboard.aspx (accessed on 26 June 2020).

19. Ribot, E.M.; Fair, M.A.; Gautom, R.; Cameron, D.N.; Hunter, S.B.; Swaminathan, B.; Barrett, T.J. Standardization of pulsed-field
gel electrophoresis protocols for the subtyping of Escherichia coli O157:H7, Salmonella, and Shigella for PulseNet. Foodbourne Pathog.
Dis. 2006, 3, 59–67. [CrossRef] [PubMed]

20. Bortolaia, V.; Kaas, R.S.; Ruppe, E.; Roberts, M.C.; Schwarz, S.; Cattoir, V.; Philippon, A.; Allesoe, R.L.; Rebelo, A.R.; Florensa, A.F.;
et al. ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob. Chemother. 2020, 75, 3491–3500. [CrossRef]

21. Joensen, K.G.; Scheutz, F.; Lund, O.; Hasman, H.; Kaas, R.S.; Nielsen, E.M.; Aarestrup, F.M. Real-time whole-genome sequencing
for routine typing, surveillance, and outbreak detection of verotoxigenic Escherichia coli. J. Clin. Microbiol. 2014, 52, 1501–1510.
[CrossRef]

22. Zhou, Z.; Alikhan, N.F.; Sergeant, M.J.; Luhmann, N.; Vaz, C.; Francisco, A.P.; Carriço, J.A.; Achtman, M. GrapeTree: Visualization
of core genomic relationships among 100,000 bacterial pathogens. Genome Res. 2018, 28, 1395–1404. [CrossRef] [PubMed]

23. Scheutz, F.; Teel, L.D.; Beutin, L.; Piérard, D.; Buvens, G.; Karch, H.; Mellmann, A.; Caprioli, A.; Tozzoli, R.; Morabito, S.; et al.
Multicenter evaluation of a sequence-based protocol for subtyping Shiga toxins and standardizing Stx nomenclature. J. Clin.
Microbiol. 2012, 50, 2951–2963. [CrossRef]

24. Grabowski, N.T.; Klein, G. Microbiology of processed edible insect products-Results of a preliminary survey. Int. J. Food Microbiol.
2017, 243, 103–107. [CrossRef] [PubMed]

25. Franzetti, E.; Huang, Z.J.; Shi, Y.X.; Xie, K.; Deng, X.J.; Li, J.P.; Li, Q.R.; Yang, W.Y.; Zeng, W.N.; Casartelli, M.; et al. Autophagy
precedes apoptosis during the remodeling of silkworm larval midgut. Apoptosis 2012, 17, 305–324. [CrossRef] [PubMed]

26. European Rapid Alert System for Food and Feed (RASFF). 2013. Available online: https://webgate.ec.europa.eu/rasff-window/
portal/?event=notificationDetail&NOTIF_REFERENCE=2013.1211 (accessed on 25 January 2021).

27. EFSA BIOHAZ Panel: Koutsoumanis, K.; Allende, A.; Alvarez-Ordóñez, A.; Bover-Cid, S.; Chemaly, M.; Davies, R.; De Cesare,
A.; Herman, L.; Hilbert, F.; Lindqvist, R.; et al. Scientific Opinion on the pathogenicity assessment of Shiga toxin-producing
Escherichia coli (STEC ) and the public health risk posed by contamination of food with STEC. EFSA J. 2020, 18, e05967.

28. Persad, A.K.; LeJeune, J.T. Animal reservoirs of Shiga toxin-producing Escherichia coli. Microbiol. Spectr. 2014, 2, EHEC-0027-2014.
[CrossRef]

29. Tschinkel, W.R. Larval dispersal and cannibalism in a natural population of Zophobas atratus (Coleoptera: Tenebrionidae). Anim.
Behav. 1981, 29, 990–996. [CrossRef]

30. Miko, A.; Rivas, M.; Bentancor, A.; Delannoy, S.; Fach, P.; Beutin, L. Emerging types of Shiga toxin-producing E. coli (STEC) O178
present in cattle, deer, and humans from Argentina and Germany. Front. Cell. Infect. Microbiol. 2014, 4, 78. [CrossRef]

31. Scheutz, F.; Cheasty, T.; Woodward, D.; Smith, H.R. Designation of O174 and O175 to temporary O groups OX3 and OX7, and six
new E. coli O groups that include Verocytotoxin-producing E. coli (VTEC): O176, O177, O178, O179, O180 and O181. Apmis 2004,
112, 569–584. [CrossRef] [PubMed]

32. Fuller, C.A.; Pellino, C.A.; Flagler, M.J.; Strasser, J.E.; Weiss, A.A. Shiga toxin subtypes display dramatic differences in potency.
Infect. Immun. 2011, 79, 1329–1337. [CrossRef] [PubMed]

33. Newton, H.J.; Sloan, J.; Bulach, D.M.; Seemann, T.; Allison, C.C.; Tauschek, M.; Robins-Browne, R.M.; Paton, J.C.; Whittam, T.S.;
Paton, A.W.; et al. Shiga toxin-producing Escherichia coli strains negative for locus of enterocyte effacement. Emerg. Infect. Dis.
2009, 15, 372–380. [CrossRef] [PubMed]

34. García-Meniño, I.; García, V.; Mora, A.; Díaz-Jiménez, D.; Flament-Simon, S.C.; Alonso, M.P.; Blanco, J.E.; Blanco, M.; Blanco, J.
Swine enteric colibacillosis in Spain: Pathogenic potential of mcr-1 ST10 and ST131 E. coli isolates. Front. Microbiol. 2018, 9, 2659.
[CrossRef] [PubMed]

35. Yamaji, R.; Rubin, J.; Thys, E.; Friedman, C.R.; Riley, L.W. Persistent Pandemic Lineages of Uropathogenic Escherichia coli in a
College Community from 1999 to 2017. J. Clin. Microbiol. 2018, 56, e01834-17. [PubMed]

36. Qiu, J.; Jiang, Z.; Ju, Z.; Zhao, X.; Yang, J.; Guo, H.; Sun, S. Molecular and Phenotypic characteristics of Escherichia coli isolates
from farmed minks in Zhucheng, China. BioMed Res. Int. 2019, 2019, 3917841. [CrossRef]

37. Poirel, L.; Madec, J.Y.; Lupo, A.; Schink, A.K.; Kieffer, N.; Nordmann, P.; Schwarz, S. Antimicrobial resistance in Escherichia coli.
Microbiol. Spectr. 2018, 6. [CrossRef] [PubMed]

38. Jacoby, G.A.; Strahilevitz, J.; Hooper, D.C. Plasmid-mediated quinolone resistance. Microbiol. Spectr. 2014, 2, 475–503. [CrossRef]
[PubMed]

39. Fukuda, A.; Usui, M.; Okamura, M.; Dong-Liang, H.; Tamura, Y. Role of Flies in the maintenance of antimicrobial resistance in
farm environments. Microb. Drug Resist. 2019, 25, 127–132. [CrossRef]

298



Foods 2021, 10, 2552

40. Zurek, L.; Ghosh, A. Insects represent a link between food animal farms and the urban environment for antibiotic resistance traits.
Appl. Environ. Microbiol. 2014, 80, 3562–3567. [CrossRef] [PubMed]

41. Milanović, V.; Osimani, A.; Pasquini, M.; Aquilanti, L.; Garofalo, C.; Taccari, M.; Cardinali, F.; Riolo, P.; Clementi, F. Getting
insight into the prevalence of antibiotic resistance genes in specimens of marketed edible insects. Int. J. Food Microbiol. 2016, 227,
22–28. [CrossRef]

42. Osimani, A.; Cardinali, F.; Aquilanti, L.; Garofalo, C.; Roncolini, A.; Milanović, V.; Pasquini, M.; Tavoletti, S.; Clementi, F.
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Abstract: We genetically identified three different species of hornets and analyzed the nutrient
compositions of their edible brood. Samples were collected from a commercial production unit in
Shizong province of China and from forests near Andong City in Korea. The species were identified as
Vespa velutina, V. mandarinia, and V. basalis from China and V. velutina from Korea. Farmed V. velutina
and V. mandarinia were found to have similar protein contents, i.e., total amino acids, whereas
V. basalis contained less protein. The V. velutina brood collected from the forest contained the highest
amount of amino acids. Altogether 17 proteinogenic amino acids were detected and quantified
with similar patterns of distribution in all three species: leucine followed by tyrosine and lysine
being predominant among the essential and glutamic acid among the non-essential amino acids. A
different pattern was found for fatty acids: The polyunsaturated fatty acid proportion was highest
in V. mandarinia and V. basalis, but saturated fatty acids dominated in the case of V. velutina from
two different sources. The high amounts of unsaturated fatty acids in the lipids of the hornets
could be expected to exhibit nutritional benefits, including reducing cardiovascular disorders and
inflammations. High minerals contents, especially micro minerals such as iron, zinc, and a high
K/Na ratio in hornets could help mitigate mineral deficiencies among those of the population with
inadequate nutrition.

Keywords: Vespa velutina; Vespa mandarinia; Vespa basalis; entomophagy; amino acids; fatty acids; minerals

1. Introduction

Numerous communities in the world traditionally include the broods of wasps and
hornets (Hymenoptera) in their diets (Figure 1). Since ancient times it has been customary
for Chinese people, especially those from Yunnan, to consume wasps, as is documented in
a book from the Tang dynasty (618–907 C.E.) [1]. In Korea, Vespa hornet nests and larvae
are harvested for medicinal and occasional edible use, especially V. mandarinia [2]. In
Laos insects including wasps and hornets are consumed by 95% of the population, with
the exception of two provinces for which a value of 85–90% has been reported [3]. The
hornets consumed are of a different species, but V. affinis and V. tropica are particularly
popular in Laos [4], whereas V. cincta (synonym to V. tropica, based on a report by [5])
is favored in Northern Thailand [6]. Wasp pupae as well as the adults belonging to the
genus Vespula, locally known as hebo, are popular in the mountainous region of Honshu,
Japan [7,8]. People commonly harvest the wasp nest from the forest, but in some cases the
wasps are semi-domesticated [4,8] (Figure 1B).

Foods 2021, 10, 418. https://doi.org/10.3390/foods10020418 https://www.mdpi.com/journal/foods
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Figure 1. (A) bottled hornet larvae sold in China; (B) hebo (Vespula sp.) contest in which judges evaluate wasp nests
by weight in search for the largest nest of domestically raised wasps. [Photo credit: Soleil Ho; source: https://www.
splendidtable.org/story/the-japanese-tradition-of-raising-and-eating-wasps, accessed on 31 August 2019]; (C) larvae of
Vespa velutina collected from the forest near Andong (Korea); (D) pupae of Vespa velutina collected from the forest near
Andong (Korea); (E) range expansion of the invasive hornet Vespa velutina in Korea [Source: 19]; (F) canned hachinoko (wasp
brood) in Japan; (G) practice of eating wasps in Yunnan province [Source: http://teaurchin.blogspot.com/2011/10/weird-
things-ive-eaten-in-yunnan.html, accessed on 31 August 2019].

The preparation of the wasp and hornet brood for consumption varies. The most
common method of preparation includes deep-frying or frying with chicken eggs as in
Yunnan, but the Dai people of southern Yunnan prefer to steam larvae and pupae together
and mix them with vinegar and other seasonings [1]. Korean people also prefer frying and
roasting [2], whereas Japanese people cook or preserve the wasps using soy sauce and mirin
(sweet cooking rice wine) [8]. Although in Korea hornets are not considered a common
food, they did, however, feature in the armamentarium of Korean traditional medicine.
Polistes and Vespa larvae and adults are used as therapeutics for different ailments [9,10].

Vespa spp. have received attention not only as edible insects, but also as a pest affecting
honeybee populations. In this context V. velutina, an invasive species, is regarded as the
most obnoxious in Korea [11,12] and in Europe as well [13]. Although the Asian honeybee,
Apis cerana, has evolved a “heat balling defense” and warning behavior when hornets
are patrolling near their nests, the European honeybee, A. mellifera, does not possess this
behavior and is therefore more susceptible to an attack by V. velutina [14–17]. A study
of risk prediction in connection with the distribution of V. velutina [18,19] shows that the
yearly dispersal of the species is 9.4 km northward in Korea and that this could have a
serious impact on beekeeping as well as biodiversity and the ecosystem in general.

Nine native and one invasive hornet species occur in South Korea: V. analis, V. bing-
hami, V. mandarinia, V. simillima simillima, V. simillima xantothorax, V. crabro crobroformis,
V. crabro flavofasciata, V. ducalis, V. dybowskii, and V. velutina nigrothorax [20,21]. The lifecycle
of the Vespa species includes different phases. Following overwintering, the emergence
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foundress, i.e., mated queen, searches for a suitable nest site and then constructs the pri-
mary nest for egg laying. About a month later, the eggs will have developed into female,
non-reproductive adult workers and predation begins. During that time the workers build
a secondary nest that is bigger in size than the primary nest. After that, large numbers
of future queens are produced, which mate with drones that stem from unfertilized eggs.
As the winter approaches, drones and workers die, while queens seek out overwintering
places and the cycle continues the following spring [13].

Harvesting these wasps and hornets (Vespa spp.) can be a mode of biocontrol, but it
can also lead to the use of these species as human food or animal feed. The present study
was undertaken to assess the nutrient composition of three different species of Vespa. It
was hoped that an investigation such as this would give us an opportunity to understand
why there are differences in amino acid as well as fatty acid compositions between semi-
domesticated hornets and specimens collected from the wild, e.g., the forest environment.

2. Materials and Methods

2.1. Sample Collection and Preparation

Three bottles of Vespa broods, representing three species, were obtained in frozen and
dried form from a hornet-producing farm in Shizong County in China. The hornets were
semi-domesticated primarily to be sold as food. All of the Vespa samples were packed
into a freezing box and brought to the laboratory (Andong National University, Andong,
South Korea). Samples were stored at −20 ◦C until further processing. A few individuals
(n = 10) from each bottle were taken for our DNA barcoding experiment in order to identify
the species. Specimens used in the chemical analyses were not separated according to
developmental stage; they included late instar larvae and pupae together, almost 50:50 (as
this is the way they are sold and used by the consumer), but excluded adults.

A V. velutina nest was harvested in early morning from the forest behind the university
(Andong City, Korea) in the month of July and brought to the laboratory. The broods
were collected, similar to the Chinese commercial late instar larvae and pupae in a 50:50
proportion, separately from the nest and kept in a refrigerator (−20 ◦C) until further
processing (n = 100), which involved freeze drying and grinding up into a homogenous
powder form.

2.2. Identification of the Species

The collected specimens i.e., broods of Vespa, were labelled VEUN20, VENU21, and
VENU22 and identified based on DNA barcoding. The total DNA of each sample was
extracted from the head and thorax using a DNeasy Blood & Tissue kit (QIAGEN, Inc.,
Dusseldorf, Germany) following the manufacturer’s protocol. Two primers, LCO-1490
(5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′) and HCO-2198 (5′-TAA ACT TCA
GGG TGA CCA AAA AAT CA-3′) targeting mitochondrial the Cytochrome Oxidase I (COI)
gene [22] were used. The polymerase chain reaction (PCR) was conducted using AccuPower
PCR PreMix (Bioneer, Daejeon, Korea) in order to amplify the COI gene corresponding
to “DNA Barcode” region [23]. Sequencing was performed commercially by Macrogen
(Seoul, South Korea). All three sequences were generated in both directions and assembled
using Bioedit v7.0.5.2 [24] to annotate the species level identification using the BLAST
(Basic Local Alignment Search Tool) database of the National Center for Biotechnology
Information (NCBI) (http://www.ncbi.nlm.nih.gov, accessed on 31 August 2019). Based
on the similarity (in %) the specimens were identified.

2.3. Nutritional Composition Analyses
2.3.1. Amino Acid Analysis

The amino acid composition was estimated using a Sykam Amino Acid analyzer S433
(Sykam GmbH, Eresing, Germany) following a standard method of AOAC (Association of
Official Analytical Chemists) [25]. The Vespa samples in powder form were hydrolyzed in
6 N HCl for 24 h at 110 ◦C under a nitrogen atmosphere followed by concentrating in a ro-

303



Foods 2021, 10, 418

tary evaporator. The concentrated samples were reconstituted with sample dilution buffer
provided by the manufacturer (0.12N citrate buffer, pH 2.20). The hydrolyzed samples were
analyzed for amino acid composition. The amino acid score was calculated considering
the total estimated amino acid as protein, based on the WHO/FAO/UNU (World Health
Organization/Food and Agriculture Organization/United Nations University) [26] report
of a joint WHO/FAO/UNU Expert Consultation on protein and amino acid requirements
in human nutrition following the formula [27]:

Amino acid score =
(mg of amino acid in 1g of test protein) × 100

mg of amino acid in reference pattern

2.3.2. Fatty Acid Composition Analysis

Fatty acid compositions of studied Vespa were determined and quantified using gas
chromatography–flame ionization detection (GC-14B, Shimadzu, Tokyo, Japan) equipped
with an SP-2560 column, following the recommended method of the Korean Food Standard
Codex [28]. Briefly, the samples were derivatized into fatty acid methyl esters (FAMEs),
which were then identified and quantified by comparing the retention time and peak areas
of standards from Sigma (Yongin, Korea) and analyzed under the same conditions.

2.3.3. Mineral Analysis

Minerals of nutritional importance were analyzed following standard procedures
of the Korean Food Standard Codex [28]. Dried Vespa powder samples were digested
with nitric and hydrochloric acid (1:3) at 200 ◦C for 30 min in a high pressure microwave
digestive system. The mineral contents, upon filtration with 0.45 micron filter paper,
were analyzed using an inductively coupled plasma-optical emission spectrophotometer
(ICP-OES 720 series; Agilent; Santa Clara, CA, USA). Recommended dietary allowance
(RDA), population reference intake (PRI), and adequate intake (AI) values for the respective
minerals were obtained from organizations such as the Linus Pauling Institute of Oregon
State University and the European Food Safety Authority (EFSA).

2.3.4. Statistical Analysis

Composite sampling methods were followed including 100 samples for each group. In
order to increase reliability the chemical analysis was carried out in at least duplicate and
represented as mean ± standard deviation. To test the differences for individual nutrients
of different Vespa, we carried out one-way ANOVA (analysis of variance) followed by a
post hoc test (Tukey’s Honestly Significant Difference (HSD)) using SPSS 16.0 (SPSS Inc.,
Chicago, IL, USA). If the p-value was found to be ≤0.05 (CI = 95%), the null hypothesis
was rejected.

3. Results

3.1. Identification of the Species

With the help of the DNA barcoding method, based on the similarity between the
sequences obtained in this study and sequences existing in the NCBI database, we identified
the three species, VEUN20 as V. mandarinia, VENU21 as V. basalis, and VENU22 as V. velutina.
The obtained sequences for the COI gene, corresponding to the “DNA Barcode” region, are
available in GenBank under accession number MN477949- MN477951 (Appendix A).

3.2. Nutritional Composition of Vespa
3.2.1. Amino Acids

Amino acid compositions of the Vespa species studied are represented in Table 1. There
were 17 amino acids in all Vespa samples. There was a significant difference in the total
amino acid content of broods of different species of Vespa (df = 3,4, F = 19.135, p = 0.008).
Almost all the amino acids were found to be higher in the V. velutina brood collected from
the wild in Korea. However, the differences were not significant in all cases (Table 1).

304



Foods 2021, 10, 418

Considering the totality of the amino acids as protein, the results show that V. velutina and
V. mandarinia collected from the commercial production unit in Shizong province (China)
had similar protein contents whereas V. basalis contained less protein. However, V. velutina
broods collected from the forest near Andong (Korea) contained the highest amount of
amino acids. Leucine was the predominating essential amino acid followed by lysine and
valine. Tryptophan was not assessed and the amounts of cysteine and methionine were
not measured in their entirety presumably because of the acid hydrolysis process [29].
Among the non-essential amino acids, glutamic acid was the most abundant one. The
amino acid scoring pattern suggested that among all the estimated indispensable amino
acids, methionine was found to be limiting; others satisfied (having a score of >100) the
ideal protein pattern recommended by the WHO/FAO/UNU [26].

3.2.2. Fatty Acids

Table 2 represents the fatty acid compositions of the Vespa broods studied. Significant
differences were found in the total fatty acid content of broods of different Vespa species
(df = 3,4, F = 12.255, p = 0.017). Palmitic acid was the predominating saturated fatty
acid; it was followed by stearic acid. Oleic acid was the most abundant monounsaturated
fatty acid. However, there was apparently no consistency in the polyunsaturated group.
Except for V. velutina from China, linoleic acid was always found in abundance among the
polyunsaturated fatty acids, although the quantities varied widely (0.55 to 9.49 mg/100 g).
Overall, the V. mandarinia and V. basalis broods were found to have the highest proportions
of polyunsaturated fatty acids. However, no such difference was found between the
saturated and monounsaturated fatty acid contents in these two species. By contrast,
the V. velutina brood contained a higher amount of saturated fatty acids followed by
monounsaturated and polyunsaturated fatty acids.

3.2.3. Mineral Content

Table 3 represents the comparative account of mineral contents of the species studied
as well as the RDA values of respective elements. Significant differences in the mineral
content, except manganese, of broods of different Vespa species were found (calcium: df
= 3,4, F = 19.994, p = 0.007; magnesium: df = 3,4, F = 478.504, p = 0.000; sodium: df = 3,4,
F = 161.653, p = 0.000; potassium: df = 3,4, F = 56.353, p = 0.001; phosphorus: df = 3,4,
F = 42.778, p = 0.002; iron: df = 3,4, F= 38.232, p = 0.002; zinc: df = 3,4, F = 19.654, p = 0.007;
manganese: df = 3,4, F = 4.086, p = 0.104; copper: df =3,4, F = 603.414, p = 0.000). The
V. velutina brood collected from the wild in Korea was found to have a higher mineral
content except for zinc and copper, however, the differences were not always significant.
For magnesium, potassium, phosphorus, iron, and manganese, no significant differences
were found between V. velutina broods from China and Korea. Potassium was the most
abundant element. It was followed by phosphorus. Among the microminerals, iron and
zinc were found to be dominating. The farmed V. velutina brood contained much less
sodium than that detected in the wild-collected V. velutina brood. The potassium-to-sodium
ratio (K/Na) in the wild V. velutina brood was as high as 11.7, but even higher ratios were
noted in the farmed broods of V. velutina, V. mandarinia, and V. basalis, namely, 72.3, 13.7,
and 45.5, respectively. It is noteworthy that the wild-collected V. velutina brood contained
higher amounts of most of the minerals than the farmed hornets.
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Table 2. Fatty acid composition (g/100 g dry matter, mean ± SD, duplicate analysis with composite sampling process) of
different Vespa species broods. Superscripts indicate a significant difference (p ≤ 0.05) for selected predominating fatty acids.

China Korea

Vespa velutina Vespa mandarinia Vespa basalis Vespa velutina

Saturated Fatty Acids

Capric acid ND ND ND <0.01
Lauric acid 0.2 ± 0.04 0.2 ± 0.04 0.1 ± 0.02 0.3 ± 0.02

Tridecanoic acid ND ND ND 0.01 ± 0.00
Myristic acid 0.7 ± 0.14 a 0.5 ± 0.17 ab 0.3 ± 0.06 b 0.8 ± 0.11 a

Palmitic acid 3.7 ± 0.49 a 4.3 ± 0.24 a 3.5 ± 0.01 a 3.5 ± 0.28 a

Heptadecanoic acid 0.02 ± 0.00 0.02 ± 0.00 0.04 ± 0.00 0.02 ± 0.00
Stearic acid 0.9 ± 0.06 1.0 ± 0.17 1.2 ± 0.01 0.7 ± 0.00

Arachidic acid 0.1 ± 0.01 0.2 ± 0.03 0.2 ± 0.02 0.1 ± 0.00
Behenic acid ND 0.1 ± 0.02 0.1 ± 0.01 0.1 ± 0.00

Lignoceric acid ND 0.01 ± 0.01 0.03 ± 0.00 0.1 ± 0.01
Subtotal 5.6 ± 0.71 a 6.2 ± 0.21 a 5.4 ± 0.05 a 5.4 ± 0.42 a

Monounsaturated Fatty Acids

Myristoleic acid 0.02 ± 0.01 ND ND 0.03 ± 0.01
Palmitoleic acid 0.4 ± 0.10 0.2 ± 0.05 0.1 ± 0.00 0.4 ± 0.06

cis-10-Heptadecenoic acid 0.01 ± 0.02 ND ND 0.01 ± 0.00
Oleic acid 4.1 ± 0.44 b 5.6 ± 0.55 a 5.3 ± 0.29 a 4.1 ± 0.28 b

cis-11-Eocosenic acid ND 0.1 ± 0.06 0.14 ± 0.027 0.5 ± 0.01
Subtotal 4.6 ± 0.56 a 5.9 ± 0.56 a 5.6 ± 0.31 a 5.1 ± 0.37 a

Polyunsaturated Fatty Acids

Linoleic acid 0.6 ± 0.11 b 6.8 ± 3.09 a 9.5 ± 1.96 a 0.6 ± 0.02 b

Linolenic acid 0.8 ± 0.11 1.2 ± 0.30 1.8 ± 0.01 ND
Arachidonic acid 0.04 ± 0.03 ND ND 0.02 ± 0.00
cis-5,8,11,14,17-

Eicosapentaenoic acid 0.03 ± 0.02 ND ND ND

Subtotal 1.4 ± 0.05 b 8.1 ± 3.39 a 11.2 ± 1.98 a 0.6 ± 0.04 b

Total 11.5 ± 1.31 b 20.1 ± 3.75 a 22.2 ± 2.25 a 11.1 ± 0.82 b

ND = Not detected. Superscripts indicate significant difference (p ≤ 0.05).
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4. Discussion

4.1. Amino Acid Composition

The amino acid distributions seen in our study are in general agreement with a
previously published report, although the contents of some of the amino acids in the
current study were a little less than what was reported earlier [1]. The total amino acid
content as protein content of Vespa broods is comparable with other reports on edible
insects, including wasps (V. velutina nigrithorax: 48.64 [30], V. mandarinia: 59.7 [2], V. basalis:
43.91, V. mandarinia: 52.20, V. velutina auraria: 49.03, V. tropica ducalis: 42.44 [1]). In the earlier
study, as with ours, overall glutamic acid was the most abundant amino acid. Glutamic
acid is the precursor of GABA (gamma aminobutyric acid), which is a neurotransmitter of
inhibitory neurons [31] and thus might be responsible for docile behavior. However, the
saliva of Vespa spp. larvae is not rich in glutamic acid [32], which could be a reason for
the wasps’ aggressiveness in defense and times of hunting prey. This aggressive behavior
lessens in the nest where trophallaxis is performed, an essential behavioral trait for a social
insect. The high proline content, amongst other effects, influences the flight of the insect,
because it is metabolized to produce energy for the wing movements during flight [33]. It
has been reported that hornet, with higher proline content in their saliva, generally build
their nests higher up and also have a wider hunting range than hornets with less proline
content in saliva and those live underground or nest in caves or tree holes and hunt over a
smaller area [32].

Although V. mandarinia and V. velutina inhabit subterranean and open-air nests, respec-
tively [34,35], they did not differ with respect to proline content, at least in the brood stage.
Nonetheless, differences in body composition can be expected to exist between larvae,
pupae, and adults as well as drones, workers, and queens with regard to developmental as
well as physiological states, as has been demonstrated for the honeybee (A. mellifera) and
the bumblebee (Bombus terrestris) [36–39]. Histidine, decarboxylated to histamine, is a major
component of the venom and found in similar amounts in V. velutina and V. mandarinia, but
less in the case of V. basalis. Among the indispensable amino acids, leucine was found to
predominate and to be present in higher amounts in V. velutina and V. mandarinia than in
V. basalis. Leucine and isoleucine are metabolized in the musculature.

From a nutritional standpoint, lysine deserves consideration as it is a limiting amino
acid in cereals such as rice, wheat, and maize. Catabolism of lysine, an entirely ketogenic
amino acid, includes the saccharopine pathway, which results in the formation of gluta-
mate and α-aminoadipate. In addition, lysine is also a precursor for the biosynthesis of
carnitine, which plays an important role in β-oxidation [40]. The aromatic amino acid
tyrosine functions as precursor of catecholamines such as dopamine, norepinephrine, and
epinephrine and is involved in melanogenesis. Tyrosine is a conditionally essential amino
acid with phenylalanine playing a crucial role in tyrosine synthesis. Therefore, because
of the presence of almost all proteinogenic amino acids and estimated indispensable ones
except for methionine, satisfying the recommended protein pattern (Table 1), Vespa broods
would supplement the nutritional requirements in people.

4.2. Fatty Acid Composition

The higher polyunsaturated acid contents of V. mandarinia and V. basalis are likely due
to their diet, which consists of crickets and grasshoppers, which are often rich in polyun-
saturated fatty acids (cf., grasshopper, Chondacris rosea: [41], and crickets, Gryllus sp. and
Teleogryllus sp.: [42]). Compared to earlier analyses, the proportions of monounsaturated
fatty acids were higher in the case of other hymenopteran species such as, to mention but
a few, B. ignitus [37], B. terrestris [38], Carebara vidua [43], Polyrhachis vicina [44,45], and
Oecophylla smaragdina [46]. However, diet manipulations can result in changes in the fatty
acid composition in farmed versus wild insects [47,48].

Oleic acid was the dominant monounsaturated and palmitic acid, with stearic and
myristic acids being the abundant saturated fatty acids. Linoleic acid was the most abun-
dant polyunsaturated fatty acid followed by linolenic acid in V. mandarinia and V. basalis.
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Primarily saturated fatty acids such as myristic, palmitic, and lauric acids increased the
level of low density lipoprotein, the so-called bad cholesterol. However, stearic acid does
not raise serum cholesterol [49]. Oleic acid inhibits the store-operated Ca+2 entry process
(SOCE) that controls the Ca+2 influx pathway and is involved in several cellular and phys-
iological processes, including cell proliferations that are often diagnostic for colorectal
cancer [50]. Oleic acid also shows significant in vitro inhibition of prolyl-endopeptidase
(PEP), an enzyme playing a crucial role in the formation of amyloid in the brain and
implicated in disorders such as dementia and Alzheimer’s disease [50].

Unsaturated fatty acids are being given special attention as they are seen to be ben-
eficial to human health. Earlier studies, e.g., by Grundy [51], demonstrated the capacity
of monounsaturated fatty acids to lower lipoprotein density and thus total cholesterol.
Polyunsaturated fatty acids play a crucial role in the biosynthesis of cellular hormones such
as eicosanoids and other signaling compounds that modulate human health [50]. Polyun-
saturated fatty acids are of two types, i.e., n−6 and n−3, based on the position of the first
unsaturated site in the chain. A higher ratio of n−3 to n−6, i.e., more n−3 and less n−6 in
the diet, is preferable in connection with human health as it helps to reduce weight through
the removal of intra-abdominal fat, a drop in adipocyte cell size, and the normalization
of the heartbeat. Diets with high n−3 polyunsaturated fatty acids enhance the body’s
ability to reduce damaging inflammatory conditions, as they are usually converted into
anti-inflammatory eicosanoids. Besides, epidemiological as well as clinical studies further
suggest that n−3 polyunsaturated fatty acids, including n−3 from marine food resources,
help lower cardiovascular mortality [52,53] through mechanisms that include the modu-
lation of cellular metabolic functions and gene expression and exert beneficial effects on
lipid profiles and blood pressure [54]. Thus, the presence of linolenic acid in V. mandarinia
and V. basalis could have nutritional benefits for sufferers of cardiovascular complexities.

4.3. Mineral Content

Minerals are essential micronutrients that play critical roles in human health. Among
the minerals of nutritional importance, potassium was found in abundance followed by
phosphorus. The values were within the range of reports on Hymenoptera as well as
edible insects belonging to other orders [42,55]. A substantial amount of evidence shows
that potassium intake lowers blood pressure. An increased intake of potassium also plays
a critical role in the management of hypercalciuria and is likely to decrease the risk of
osteoporosis [56]. Low serum potassium is strongly related to glucose intolerance and
increases the risk of lethal ventricular arrhythmias in patients suffering from ischemic heart
disease. On the other hand, a high intake of dietary sodium is associated with a prevalence
of hypertension [57].

From the human nutritional point of view, a high potassium-to-sodium ratio can be
regarded as beneficial as it reduces cardiovascular risk and improves blood pressure [58].
All the hornet broods contained higher potassium and comparatively less sodium, and
thus can be regarded as beneficial for human health. The calcium content of the Vespa
brood was found to be within the range of other insects [55], but less than what had been
reported for A. mellifera larvae and pupae [36]. Over 99% of total body calcium by virtue
of its phosphate salt is present in the teeth and bones of mammals and the remainder is
present in the blood, extracellular fluid, muscle, and other tissues. Calcium plays critical
physiological roles, including mediating vascular contraction and vasodilation, muscle
contraction, nerve transmission, and glandular secretion, to mention a few [59]. Chronic
calcium deficiency often results in a reduction in bone mass and osteoporosis [60], the
development of hypertension, and even colon cancer [61].

Among the minerals of nutritional importance, iron receives the most attention. Iron
deficiency and anemia still exist and are major public health concerns worldwide, especially
in many developing and low-income countries [62,63]. The most vulnerable sections of the
population in developing countries regarding iron deficiency are women of childbearing
age and children under five [64,65]. Although the iron content of the studied species was
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a little less than that was reported for A. mellifera workers [36], it could still supplement
the iron requirement, especially for those in the population who cannot afford iron-rich
food such as red meat, liver, fish, etc. The element zinc plays a role in several cellular
processes, including catalytic, structural, and regulatory roles in many enzymes, gene
transcription, signal transduction pathways, etc. [66]. Although severe zinc deficiency
is considered rare [67], mild to moderate zinc deficiencies persist worldwide [68]. An
inadequate dietary zinc intake is particularly common in Sub-Saharan Africa and South
Asia [69]. Based on the RDA values provided by agencies, consumption of 100 g of Vespa
brood could satisfy a significant proportion of daily dietary requirements for minerals,
especially iron, zinc, and copper (Table 3). Even if it cannot meet the total mineral need,
assuming good bioavailability, the consumption of Vespa brood could at least supplement
the nutritional requirements of minerals and could help mitigate the problems of mineral
deficiencies in those sections of the population most at risk for them.

5. Conclusions

Since it was first suggested in 1975 that insects could help ease the problem of global
food shortages [70], the last two decades in particular have seen a remarkable increase
in attention to edible insects as a nutrient-rich and healthy food resource. Numerous
countries have formulated or are in the process of formulating legislation to regulate
mass production and trade of edible insects. The global market value of edible insects is
expected to exceed USD 522 million by 2023 [71]. Since 2012, the South Korean edible-
insect market focusing on human consumption alone (not including insects as animal
feed) has experienced major advances, with governmental support and successful research
endeavors [42,72]. The country’s tradition of using certain insects such as processed
silkworm pupae, commonly known as beondaegi, as food [73] has further helped. Noting
the competent nutrient composition of all three Vespa species examined by us and the
feasibility of rearing these insects, we propose that these hornet broods can be a sustainable,
high-quality nutritional source. However, the rearing process is yet to be established before
any large-scale controlled production can commence.
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Appendix A

Table A1. DNA sequences for the COI gene corresponding to the “DNA Barcode” region of VEUN20 as Vespa mandarinia,
VENU21 as Vespa basalis, and VENU22 as Vespa velutina.

ID Accession No. Sequence

VEUN20 MN477949

TATATTATATTTTATTTTTGCCTTATGATCAGGAACTATCGGAGCATCCATAAGATTAA
TTATTCGAATAGAGCTTAGATCTCCTGGCAATCTAATTAATAATGACCAAATTTACAA
TTCTATTATTACTGCTCACGCATTTATTATAATTTTTTTTATAGTTATACCCTTTATAATT
GGAGGGTTTGGAAATTGATTAATTCCATTAATACTAGGTATTCCAGATATGGCATTTC
CTCGAATAAATAATATAAGATTTTGACTTCTACCTCCTTCATTATTCCTTCTAATTATAA
GAAACTTTATTGGAGGGGGTGTTGGTACAGGATGAACCCTTTATCCCCCCCTATCATC
CATTATTGGCCATAATTCTCCTTCAGTAGATCTAAGAATTTTCTCTCTCCATATTGCAGG
AATTTCTTCAATTATAGGAGCAATTAATTTTATTGTAACAATTCTAAATATACATGTCAAA
ACCCATTCATTAAATTTTTTACCATTATTCTCTTGGTCTGTCCTAATTACAGCATTCTTATT
ACTTTTATCTTTACCTGTTTTAGCTGGCGCAATCACCATACTTTTAACAGATCGAAATTTT
AATACATCCTTTTTCGATCCAACTGGAGGCGGAGACCCCATCTTATACCAACATTTATTC

VEUN21 MN477950

AATACTTTATTTTATTTTTGCTTTATGATCAGGATCTTTAGGAGCCTCTATAAGTTTAA
TTATTCGTATAGAACTTAGATCCCCAGGAAGATTAATTAACAACGATCAAATCTATAAT

TCTATTATTACCGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTTTTATAATTG
GAGGATTTGGAAATTGATTAATTCCTTTAATATTAGGAATTCCAGATATAGCTTTTCCT
CGAATAAATAATATAAGATTCTGACTATTACCTCCCTCTTTATTTCTATTAATTATAAGAA
ATTTTATTGGAGGAGGAGTAGGAACTGGATGAACTCTTTACCCACCTCTATCATCAATT
ACTGGTCATAATTCTCCAGCTGTTGATCTTAGAATCTTTTCATTACATATTGCAGGAATT
TCATCAATTATAGGAGCCATTAATTTCATTGTTACAATTTTAAACATACACATTAAAACT
CACTCACTAAGATTCTTACCTTTATTTTCATGATCAGTTTTAATTACAGCATTTTTACTAT
TATTATCCTTACCTGTTCTAGCAGGAGCAATTACAATACTTCTTACCGATCGAAACTTTA
ATACATCATTTTTTGATCCCACAGGAGGAGGAGACCCTATTTTATATCAACATTTATTT

VEUN22 MN477951

AATATTATACTTTATTTTTGCATTATGATCTGGAACATTGGGAGCATCAATAAGATTAA
TTATTCGTATAGAATTAAGATCTCCCGGAAATTTAATTAATAATGATCAAATTTATAATT
CAATTATCACTGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTTTTATAATCGG
AGGATTCGGTAACTGAATAATTCCTCTAATACTCGGAATTCCTGATATAGCTTTCCCTC
GAATAAATAATATAAGATTCTGACTACTCCCTCCATCATTATTTATATTAATTATAAGAA
ACTTTATTGGTGGAGGTGTAGGAACAGGATGAACTTTATATCCTCCTTTATCATCAATT
ACTGGTCATAACTCACCATCAGTTGATTTAAGAATTTTCTCTTTACATATTGCAGGAAT
TTCATCAATTATAGGTGCAATTAATTTTATTGTAACAATTCTGAATATACATGTAAAAAC
ACACTCATTAAATTTTTTACCATTATTCTCATGATCAGTCTTAATTACTGCTTTTTTACTT
TTATTATCACTCCCTGTATTAGCAGGAGCTATTACTATACTTTTAACAGATCGAAATTTTA
ATACATCATTCTTCGATCCAACCGGAGGAGGAGACCCAATTCTATATCAACACTTATTT
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Abstract: Edible insects have been considered as either nutritious food itemsper se, or as wholesome
ingredients to various dishes and components of traditional subsistence. Protein, fat, mineral and
vitamin contents in insects generally satisfy the requirements of healthy food, although there is
considerable variation associated with insect species, collection site, processing method, insect life
stage, rearing technology and insect feed. A comparison of available data(based on dry weight)
showed that processing can improve the nutrient content, taste, flavour, appearance and palatability
of insects, but that there are additional factors, which can impact the content and composition of
insect species that have been recommended for consumption by humans. This review focuses on
factors that have received little attention in connection with the task to improve acceptability or
choice of edible insects and suggests ways to guarantee food security in countries where deficiencies
in protein and minerals are an acute and perpetual problem. This review is meant to assist the
food industry to select the most suitable species as well as processing methods for insect-based
food products.

Keywords: entomophagy; insect edibility; insect farming; insect diversity; acceptability; nutrients;
food security; diet

1. Introduction

Entomophagy (the habit of eating insects) has been practiced since time immemorial
by humans [1–3] and their primate relatives [4,5]. Although entomophagy was not new to
science, it was a paper by Meyer-Rochow [6], which for the first time suggested that edible
insect species ought not to be neglected in the quest to safeguard future global food security.
At present edible insects are still recognized as a sustainable food item by many residents
of sub-Saharan Africa, South and Central America (including Mexico), South-East Asia and
the Australia Papua New Guinea region. The consumption of insect species depends upon
availability/access, suitability, preference, nutritional value, religious beliefs and social
customs [7–12].

In North-East India, some highly appreciated species of edible insects are available
(mostly seasonally) for sale at the local markets, but their cost is often higher than that
of conventional animal meats or food of vertebrate origin [13,14]. This holds true also
for Laos [15], Cameroon and many other African countries [16,17]. Nonetheless, the
local people prefer the insects because of their taste and for traditional aspects [13,14,18].
However, insect consumption is declining, with one of the reasons being a shortage of
the product due to a lack of facilities to efficiently and systematically rear suitable species
and another reason in developing countries being an increasing “westernization” in terms
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of food choices [19]. As a result, sellers experience disruptions and delays in obtaining
supplies and potential buyers are frustrated by the fluctuations of the product’s condition
and availability.

Insects contain easily digestible quality protein with all the essential amino acids
readily identifiable (except for methionine and tryptophan, which are present in low
levels). The absence of tryptophan and fractional recovery of methionine and cysteine
are attributed to methods of analysis and not necessarily because they are actually absent.
For example, based on the data of 5 insects, viz. yellow mealworm Tenebrio molitor L.,
house cricket Acheta domesticus L., superworm Zophobas morio Fabricius, lesser mealworm
Alphitobius diaperinus Panzer and the roach Blaptica dubia Serville, Yi et al. [20] observed that
the amount of essential amino acids (EAA) was high and that the content of protein was
similar to that of conventional meat products. In China, the pupal powder of the silkworm
Antheraea pernyi Guerin-Meneville is appreciated, because of its substantial amount of
protein (71.9%), EAA, fat (20.0%) and ash (4.0%) [21]. Information on the composition and
content of nutrients in edible insects is readily accessible through journals, special reports
and dissertations and has been summarized repeatedly [22–26].

With established techniques such as HPLC (high-performance liquid chromatography)
for extraction and quantification of nutrients and bioprospecting of new species of edible
insects, studies on the nutritional value of insects are being intensified with an aim to
search economic and efficient ways to supply processed insects [27]. Currently, nutritional
contents are not yet known for the majority of the surveyed/collected insect species of the
various geographical locations and eco-zones that they occur in. Furthermore, knowledge
and perception of factors that are encountered during the rearing of domesticated insects
or those collected in the wild is limited and available only for a certain number of species.
More studies on the chemical compositions of edible insects in relation to factors like
geography, climate, processing and preparation methods would facilitate the identification
of species most suitable for mass rearing and a potential to ameliorate the state of health in
humans in certain parts of the globe [28]. This is especially important in view of the fact
that most insects used as food today may not be much better nutritionally than traditional
meats and that their ‘value’ is actually more related to environmental issues rather than
their nutritional content [29,30].

This review examines and summarises a variety of factors that either are known
(or have the potential) to influence an insect’s chemical composition and its nutritive
value, such as a species’ taxonomic position or ecotype, thereby enhancing or reducing
its acceptability as a food item for humans. The review illuminates in particular the
roles that developmental stages, castes, an insect’s habitat and diet (whether natural or
laboratory based) play in relation toaninsect’s amino acid and fatty acid content profile
and to what extent the amounts of fibre, soluble carbohydrates and minerals depend on
environmental factors. We highlight the importance of different processing methods, the
risks of contamination and allergies and relate such factors to consumer choice as well as
general acceptability of edible insects and insect-containing products as an alternative to
conventional food items.

2. Nutrient Contents

2.1. Biological Factors: Insect Species, Developmental Stage, Sex and Caste, Organ and Ecotype or
Biological Variants
2.1.1. Insect Species

Edible insects generally belong to eight orders namely Blattodea (cockroaches, ter-
mites), Coleoptera (beetles), Diptera (flies), Hemiptera (true bugs), Hymenoptera (ants,
bees and wasps), Lepidoptera (butterflies and moths), Odonata (dragonflies, damselflies)
and Orthoptera (grasshoppers, crickets and locusts). Table 1 represents proximate nutrient
composition of selected representative edible insect species and is not a compilation of all
edible insect chemical analyses published to date. The results are based on dried insect sam-
ples, with the exception of the beetles Oryctes boas and Oryctes rhinoceros, which were not
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fully dry when analysed. The wide variation in the nutrient content among insect species
generally depends on a variety of factors, of which geographic and climatic conditions as
well as the insects’ food intake seem to be the most important factors. Although not to a
very great extent, chemical content can indeed vary among different species belonging to
the same genus (Table 2). The feeding regime, physiology and even ecological factors are
more important determinants of the nutrient content than the species’ taxonomic proximity.

Table 3 contains comparative data on the amino acid composition of edible insect
species. The results reveal that species belonging to the same genus may possess only
somewhat different amino acid contents. To cite an example: various species of Vespa were
found to differ with regard to the quantities of their amino acids [31,32]. Similar obser-
vations were made in connection with Apis spp. [33–35]. Moreover, the differences were
attributed to the rearing system, including the insects’ feed and ecological condition. Palm
weevils were found to have slightly different protein and amino acid content, depending
on where they had been collected from [22]. However, irrespective of the amounts, the
relative distribution of the amino acids was found to follow an almost identical trend in all
of the individuals.

Overall, glutamic acid was always found to be most abundant, but among the essential
amino acids leucine predominated followed by lysine. Although the scope to discuss the
nutritional benefits of individual nutrient is limited in the present manuscript, it is worth
mentioning that lysine content of edible insects is advantageous as it is often limiting in
the cereal-based diet of humans. Species-specific fat and fatty acid content was apparent
in edible insects (Table 4). In general, palmitic acid followed by stearic acid was the
predominating fatty acids among the saturated kinds (SFA), while oleic acid was the most
abundant among the monounsaturated fatty acids (MUFA). Species-specific patterns were
noticed for mineral content (Table 5). However, the differences in the mineral contents
are primarily attributable to geographic and ecological factors as the minerals are not
synthesized in the animal body but are obtained from the dietary sources.
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2.1.2. Developmental Stage

Table 6 contains comparative data on the proximate nutrient content of different
developmental stages of selected edible insect species. As already briefly touched upon,
the contents of an insect can vary between adults, larvae, pupae and nymphs with regard
to carbohydrates, protein, fat, fiber, ash, and minerals and there are complex reasons for
this. In general, the protein content was found to be higher along with the more mature
developmental stages. The opposite held true for fat content. Larvae and adults may feed
on different foods and pupae usually do not consume any food at all, which would explain
the differences in amino and fatty acid content as well as minerals seen in the different
developmental stages of, for example, the honey bee [33]. To cite an example, in male bees
(known as drones), the compositions of amino acids, protein and minerals all increase
with development stage [61]. Saturated fatty acids dominated over monounsaturated fatty
acids in the pupae but the reverse was reported for adults [61]. Variations in the nutrient
composition of different post-embryonic developmental stages of nymphs and adults of
the grasshopper Zonoceros variegatus were studied by Ademolu et al. [62]. Increments in
protein but reductions in the amounts of fat from nymphs to adults were observed. Similar
results, i.e., higher protein and lower fat content in parallel with the developmental stages
hold true for three Blattodea species, namely Blaptica dubia, Blaberus discoidalis and Blatta
lateralis [63].

The need to build up muscle tissue can change during developmental stages and is
influenced by events of an insect’s life cycle. For example, termite worker adults may
have less fat than the more sedentary nymphs and that is presumably because of their
more active lifestyles and the greater need to burn fat to meet the energy demands of
their leg muscles. The sedentary termite queen, as the only egg producer of the colony,
would require much less muscle tissue, but considerably more fat. When reared for
13 weeks, cricket (A. domesticus) nymphs contained 36–60% crude protein and 12–25%
fat with maximum amounts of palmitic, oleic, linoleic, linolenic and a small amount of
arachidic, EPA (eicosapentaenoic acid) and DHA (docosahexaenoic acid) fatty acids [64].
The concentrations of Mg, Ca and Zn reached their optimum after 9 weeks when they
were 1.30–11.30 mg, 1.40–19.70 mg and 0.20–16.60 mg/100 mg, respectively. On that
basis, Kipkoech et al. [64] suggested cricket harvesting to occur preferentially between
9–11 weeks, because only at that age the larvae are in their nutritionally best condition for
consumption [65].

In this context another issue is related to differences between developmental stages,
specifically in relation to their life cycle physiologies: during events like droughts and
overwintering periods the conditions of an insect may change. Ghosh et al. [52], for
example, demonstrated changes in the bodycomposition of bumblebee (Bombus terrestris)
queens during overwintering and summer periods.
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2.1.3. Sex and Caste

The powder of male silkworm (B. mori) pupae contained less protein than that of
female pupae (reviewed by Mahesh et al. [72]), but there was no difference in the kinds
of amino acid present between the two sexes [73,74]. Research by Cai et al. [75] and
Kiuchi et al. [76] on male and female silkworm pupae has confirmed the presence of sex-
related differences, adding information to the earlier reported differences in the amounts
and compositions of the lipids in male and female pupae [77]. For example, more fatty
acids were present in male than female pupae, but total lipid content of B. mori male pupae,
on a fresh weight basis, was less (4.8%) than that of female pupae (9.0%) [78]. The content
of unsaturated fatty acids was nearly the same in both sexes, but unsaturated acids were
proportionately higher in female pupae [77]. In the case of A. domesticus, females have
been shown to possess more lipids on a dry weight basis (18.3–21.7 g/100 g) than males
(12.9–16.1 g/100 g), but less protein (63.1–65.7 g/100 g versus 69.9–71.9 g/100 g for female
and male respectively). There was, however, no difference between the sexes with regard
to the presence of essential amino acids (EAA) (72.3–77.1%), thrombogenicity (1.22–1.45%)
and atherogenicity indices (0.53–0.58) [79].

In the subterranean termite, Reticulitermes sp., the reproductive caste had higher con-
tents of the following nutrients than workers e.g., carbohydrates 2.7% versus 1.3%, protein
87.3% versus 81.7%, and amino acids 6.7% versus 4.7% [80]. Ntukuyoh et al. [81] evalu-
ated the nutrient contents of the soldiers, workers and queens of the termite Macrotermes
bellicosus in the Niger Delta region of Nigeria. Considering the average of the values pro-
vided, soldiers had the highest amount of protein (55.6%), lipid (2.7%) and fibre. Workers
were especially rich in carbohydrates (65.1%), vitamin C (1.1 mg/kg), Fe (54.3 mg/kg),
Mn (22.4 mg/kg) and Ca (58.3 mg/kg) whereas the queen contained higher amounts of
vitamin A (7.0 mg/kg), Na (69.1 mg/kg), Mg (47.8 mg/kg) and Zn (25.2 mg/kg). Workers
and queen had nearly the same amount of Cu (18.8 and 18.3 mg/kg respectively). In
general agreement with this study by Ntukuyoh et al. [81], the same species collected from
southwestern Nigeria by Idowu et al. [82] differed somewhat because of its higher content
of ash, crude fibre, crude protein and carbohydrates in soldiers and workers rather than
the reproductive caste which, on the contrary, had a higher fat content.

The weaver ant (Oecophylla smaragdina) exhibited a higher content of total lipid (aver-
age of annual values for larvae: 168.5, pupae: 140.7, and adults: 140.6 mg/g) in the queen
while worker castes contained slightly more than half the amount (larvae: 112.0, pupae:
111.6, and adults: 100.8 mg/g) [83]. Lower contents of protein (37.5%) and ash (3.0%), but
higher lipid content (36.9%) in the queen than that reported for other castes of weaver ants
(presumably worker caste), were reported [84] for weaver ants in Thailand. In honey bees,
considerable differences with regard to amino and fatty acids were documented not only
for different developmental stages like larvae, pupae and adults, but also for the different
sexes of the bees [33,61].

2.1.4. Organs

Dué et al. [85] analyzed oil extracted from the integument and the digestive tract fat
content (DFC) of the larvae of the South American palm weevil Rhynchophorus palmarum
(L.). Fat content obtained from the integument (=“skin” in that paper) was lower (35.2%)
than the DFC oil (49.1%). Oleic acid was highest in both oils (45.6–46.7%) followed by
palmitic acid (39.9–40.4%). Saturated fatty acids were 45.1% and 45.0% for skin oil and DFC
oil, respectively. Vitamin-A was found only in DFC oil. Regarding quality properties, the
oil obtained from the integument was considered superior to that of the DFC oil, judged by
their respective indices of iodine of 51.2 versus 48.4, peroxide of 6.9 versus 0.0 and oleic
acidity (7.8 versus 0.6). However, data on the nutrient compositionsbased on specific insect
organs such as fat body, ovaries, compound eyes, glands, etc.are extremely limited.
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2.1.5. Ecotype or Biological Variations

When Rhynchophorus phoenicis larvae were obtained from plantations of the raffia
palm (Raphia sp.), yellow larvae contained more fat (27.7%) than white wild (22.2%) or
white breeding (17.4%) larvae, more protein (8.8% for yellow wild versus 7.8 and 8.7% for
white wild and breeding kinds, respectively), more carotenoids (805.0 versus 391.0 and
276.0 μg/100 g for yellow wild, white wild and breeding respectively), but less polyunsatu-
rated fatty acids (PUFA) (0.5 versus 0.8%) and tocopherol (2.3 versus 4.8 and 4.1 mg/100 g
for yellow wild, white wild and breeding kinds, respectively) [86]. In Uganda, no signifi-
cant differences were recorded for the dry matter and moisture contents between the brown
ecotype and the green one of the cone-headed grasshopper, Ruspolia nitidula (Scopoli). High
potassium content (5.55 mg/kg) was recorded [87] in brown grasshoppers collected in
Kampala during the March–May season but not in the November–December season. These
findings provide some information on the likely correlation between colour change (as a
result of the ecotype) and chemical composition in grasshoppers influenced by climatic
conditions and geographic location.

2.2. Ecosystem and Insect Habitat

Sustainability in insect diversity and year-round (or at least seasonal) availabil-
ity is important for family livelihood of local communities [17]. Terrestrial insects are
more abundant and easier to collect than aquatic species and may therefore be recom-
mended for consumption in preference to the latter [88]. On the other hand, Williams
and Williams [89] demonstrated the potential of aquatic insects to contribute to human
diet. In a study of nutrient contents in both aquatic and terrestrial insects by using linear
models, Fontaneto et al. [88] showed that terrestrial insects contained a significantly lower
amount of monounsaturated fatty acids (22.5%) than that reported for aquatic edible insects
(33.8%). In contrast, a higher amount (44.2%) of PUFA was found to be generally present in
terrestrial insects rather than the aquatic species (27.9), although statistically the difference
did not reach significance.

In Uganda, the effects of two swarming seasons (March–May and November–December)
on the nutrient contents of R. nitidula were studied. No significant differences were found in
the comparative contents of protein (39.7–40.4% in the March–May season and 37.0–39.1% in
the November–December season), fat (41.9–42.4% in the March–May season and 41.2–43.0% in
the November–December season) and carbohydrates, but carotenoids (2084.8–2273.1 μg/100 g
in the March–May season versus 913.7–1389.4 μg/100g in the November-December season)
and fibre (11.3–12.2% in the March–May season versus 13.1–14.3% in the November–December
season) differed significantly with the seasons [87]. In an additional study, Ssepuuya et al. [90]
reported that the geographical area was highly influential with regard to the insect’s mineral
content within a season, whereas the season alone affected significantly the variation in the
contents of protein (34.2–45.8%), fat (42.2–54.3%), ash and minerals in R. nitidula. Geographical
area or season, however, were not seen to affect the compositions of amino and fatty acids.

Maximum contents of fat in O. smaragdina ant queen larvae (249.2 mg/g), queen
pupae (228.9 mg/g), worker larvae (129.9 mg/g), worker pupae (133.1 mg/g) and worker
adults (123.2 mg/g) from Assam (India) were recorded in March, whereas maximum fat
(207.3 mg/g) in queen adults was found in April and minimal amounts occurred during
the November–February months [83]. These data, which were valid for various sites, can
be used by collectors to decide the most suitable period to collect preferred insect species
and their life stages based on nutrient contents.

In Botswana, Madibela et al. [91] studied contents of Imbrasia belina larvae sampled
at three eco-sites (Mauntlala, Moreomabele, Sefophe). At Moreomabele, a high content of
acid detergent fibre (ADF) (230.9 g/kg dry matter) and acid detergent insoluble nitrogen
(ADIN) (18.0 g/kg DM) was noted, whereas these contents were least (155.5 g/kg for ADF
and 11.8 g/kg for ADIN) at Sefophe. At Mauntlala, contents of ADF and ADIN were
175.1 and 12.2 g/kg respectively. In M. bellicosus termites from Nigeria, Idowu et al. [82]
reported highest contents of vitamins (A, the B-complex, and C) in reproductive castes
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collected from farmland, whereas those from an industrial estate had the highest amount
of Cu (0.076 mg/L). Lead was detected only in the soldiers. The highest value of Cr in
workers was found in termites collected from farmland (0.226 mg/L) and a waste dumping
site (0.223 mg/L). The chemical composition between hibernating queen bumblebees,
Bombus terrestris (L.), during the winter season differed significantly from summer queens
and featured an increased ratio from 3.6 to 4.9 between unsaturated and saturated fatty
acids [52]. Thus, differences may be observed in species even if collected from a single site,
but at different times of the year.

2.3. Insect Feed

Insects are reared on a synthetic diet (containing only chemical ingredients), semi-
synthetic or meridic diet (containing synthetic and plant material). Both categories of food
are classified as laboratory diets. The natural diet comes solely from natural sources, i.e.,
host plants or plant products. More details about these diets can be found in [92].

2.3.1. Plant Material

The nutritional status of the host plants that insects feed on affects the nutrient contents
of the edible insects. When vermiwash (water washings of earthworm cocoons) at 10%, 25%
or 50% was sprayed on mulberry leaves and fed to fifth instar B. mori larvae, significant
increases on a dose-dependent basis were observed with regard to carbohydrates, protein
and fat [93]. However, when Ebenebe et al. [94] reared R. phoenicis larvae on four organic
substrates, e.g., sugarcane tops, split watermelon, split pineapple and raw papaya, their
larvae had (on dry weight basis) normal carbohydrate, protein and fibre, contents that did
not vary much and statistical significance was lacking. They concluded that split pineapple
can be selected for feeding larvae as a potential source of protein and fluid.

Among 10 African host grasses of the longhorn grasshopper Ruspolia differens Serville,
Malinga et al. [95] noted maximum survival of 65% on Chloris guyana, Pennisetum purpureum,
Setaaia sphacelata, Brachiaria ruziziensis and Sporoborus pyramicloris. Fresh weight was highest
(0.383 g/adult) on P. purpurium and B. ruziziensis. On a mixed diet basis, significantly shorter
development time (16 days) from nymph to adult and higher survival (>65%) occurred in
diversified diets compared to the use of single grass species. Contents of PUFA and fatty
acid composition did not differ significantly among the diets. Therefore, a mixed feed can
be recommended for mass rearing of grasshoppers.

Quaye et al. [96] evaluated four diets based on the oil palm yolk (Elaeis guineensis Jacq.)
alone or mixed with banana and pineapple waste or millet waste. The highest protein
(32.0%) and fibre (8.4%) content was found in R. phoenicis larvae fed on oil palm yolk.
Practically, year-round non-availabilities of some plant materials and the costs involved
to procure them make vegetative substrates often uneconomic for mass production by
farmers and tribal communities [94].

Whenever an insect’s natural food is altered, nutrient contents may be affected. For
example, adding wheat bran to grass (natural food) to feed the locusts (Locusta migratoria)
influence the nutrient composition, the protein content in adults varies from 555 g to
649 g/kg (dry matter) and the fat content varies from 186 g to 296 g/kg [97]. While
rearing the Asian palm weevil, Rhynchophorus ferrugineus (Olivier) on three substrates,
Cito et al. [98] recorded total fat of the order of 57.6%, 58.4% and 60.0% for apple juice,
pineapple palm (Phoenix canariensis Chaubaud) and cocoa palm [Syagrus romanzoffiana
(Cham.) Glassman] respectively. For the three substrates, the content of monounsaturated
fatty acids was 43.9%, 41.6% and 44.7% while the unsaturated fatty acids reached 56.1%,
57.2% and 52.8% of the total fatty acids, respectively [98].

Larvae of R. ferrugineus fed on raffia palm [Raphia farinifera (Gaertn.)] were heavier
(159 g) than those reared on oil palm, which weighed only 52 g [99]. These findings
demonstrated how different substrates can be used and can be practical in relation to
weevil rearing. Feeding neonate nymphs of the grasshopper (R. differens) till the imago
stage on inflorescences of local grasses (8 species) did not strongly modify fatty acid
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content or composition or even adult body weight [100]. The ratio of n-6:n-3 fatty acids
was generally low, a point of note in connection with the need for a healthy human diet.
Significant differences in the composition of rare fatty acids (n-6/n-3, arachidonic acid,
alpha-linolenic acid), however, were present in the grass species. In another study, Rutaro
et al. [101] used inflorescences of four plants and found a high content (21%) of essential
fatty acids in field-collected sixth instar nymphs compared to the low content (12–13%)
in connection with less diversified diets. However, total lipid content and weight of
grasshoppers did not differ among diets, but it showed that the fatty acid composition can
be influenced by an insect’s food uptake.

2.3.2. Laboratory Diets

Laboratory or artificial diets have certain advantages over natural plant material for
rearing silkworms, because such diets are semi-synthetic or synthetic and can be used for
several insect species. They help to rear insects that vary little between individuals which
can then be made available whenever needed for bioassays or other purposes [92,102].

Rutaro et al. [103] formulated artificial diet for R. differens containing rice seed head,
finger millet seed head, wheat bran, chicken egg buster, sorghum seed head, germinated
finger millet, simsim cake, crushed dog biscuit pellet and shea butter. More diverse diets
resulted in increased content of PUFA and linoleic acid. Fatty acid composition differed
significantly among the diets. The workers concluded that essential fatty acid content can
be increased by feeding grasshoppers on highly diversified diets, particularly when mass
rearing is the objective.

Ghaly [104] prepared a diet of dry ingredients (corn flour + whole wheat flour + wheat
bran + dried yeast powder mixed in a ratio of 3:3:3:1, by weight) and liquid ingredient
(glycerine + honey mixed in 1:1 ratio, by weight). The two ingredients were then mixed in
a 1:1 ratio. This diet proved superior to plant material in rearing Gonimbrasia belina and
Anthoaera zambezina in Zambia. In Nigeria, the G. belina larvae reared on a semi-synthetic
diet (corn starch + vegetable oil + glucose + cellulose + mineral mix + vitamin mix + protein)
contained 7.1% carbohydrates, 35.2% protein, 15.2% fat and 7.4% ash [105]. These contents
were comparatively low in larvae fed only natural plant biomass [105]. These diets should
be tried in connection with other lepidopteran larvae consumed in Africa. Stull et al. [106]
successfully reared T. molitor on a diet containing 40% stover (corn by product) by weight.
Analyses after 32 days into rearing showed that the larvae contained all the essential
amino acids. In another experimental series, the insects completed metamorphosis and
all larvae survived on a 100% stover diet for multiple generations. Therefore, this diet can
be recommended for the rearing of Tenebrio and possibly some other beetle species in the
laboratory.

Indoor rearing can be further improved by fortifying the laboratory diet. For exam-
ple, De Wit [107] prepared a vitamin D-enriched diet to rear B. mori larvae. There were
significant changes in the content of the macro nutrients compared with diets that had not
been fortified, e.g., increases in protein (61.2% versus 58.8%) and reduction in fat (37.3%
versus 39.5%). The addition of the commercial protein supplement Nutrilite® increased
the content of sericin and fibrous protein by 68% and 56%, respectively, with addition of
10% supplement compared to no addition for the late larval instars of B. mori [108]. This
finding implies that laboratory diets should be preferred for edible insects if the objective
is to obtain a greater amount of nutrients from the insect biomass.

2.3.3. Plant Based by-Products

While assessing 18 diets based on industry by-products (such as, potato protein,
barley mash, leftover of turnip-rape and broad beans) for rearing of crickets such as A.
domesticus and G. bimaculatus, Sorjonen et al. [109] reported yields of A. domesticus as high
as 4.10 g on barley mash and 5.12 g of G. bimaculatus on turnip rape. The average weights of
female and male A. domesticus were 0.459 g and 0.342 g, respectively, whereas in the case of
G. bimaculatus the corresponding weights were 0.912 and 0.626 g. Thus, these protein-rich
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products can replace currently-used soybean in mass rearing. Further, Sorjonen et al. [110]
added two more diets (mix of broad bean and pea, mix of potato, carrot and apple) for
rearing of R. differens. Increasing protein level in the diet up to 17% enhanced growth,
development time, and survival. Fatty acid content and composition differed as per diet.
For example, high PUFA content was noted in connection with barley mash, barley feed
and broad bean diets. Fresh weight was highest (0.507 g/adult) in the Suomalainen diet
with vitamins and minerals as supplements [110]. However, the study suggested that the
best options were barley feed, barley mash or potato protein.

Lehtovaara et al. [111] recorded nearly 10-fold increased contents of linoleic, alpha-
linolenic, eicosapentaenoic and docosahexaenoicfatty acids in R. differens adults when these
acids were present in the artificial diet. Development performance was also improved with
n-6/n-3 acid ratio. Lack of protein and fat in the diet prolonged development and resulted
in low final weight. Therefore, it is necessary to design nutritional content in artificial diets
to obtain heavy, nutritious grasshoppers through mass rearing.

2.4. Insect Processing and Product Quality

Traditionally, insects are consumed raw or processed (dried, crushed, pulverized,
ground, pickled, cooked, boiled, fried, roasted/grilled, toasted, smoked or extruded [112].
Besides these techniques, Kewuyemi et al. [113] suggested fermentation to enrich the
inherent composition of insect-based products and to induce anti-microbial, nutritional and
therapeutic properties. Similarly, defatted T. molitor larvae and oil could be used as food
ingredients [114]. Defatted mealworm powder contains sufficient protein, minor amounts
of minerals and bioactive compounds and has a savory taste due to plentiful amino acids.
Oil is abundant in γ-tocopherol and possesses good shelf life [114].

Before processing, insects are often kept without food for fasting and large speci-
mens are degutted or defatted, because the gut may contain undigested plant material,
excreta, microbes etc.; moreover, degutted insects have higher contents of crude fibre
protein [91,112]. This practice, being efficient and practical, has been routinely adopted
by tribal communities particularly for large lepidopteran larvae. Processed insects can
be preserved by freeze-drying or sun-drying and in canned form. Processing methods
may differ as per consumer preference, availability and suitability of insect species, social
custom, religious rituals, tribal ethics and family tradition [17]. The effects of four different
drying temperatures (80, 100, 120, 140 ◦C) on antioxidant properties of silkworm powder
was studied by Anuduang et al. [115] and showed that the lowest drying temperature
preserved phenolic compounds and antioxidants best.

In selecting a food item on the basis of “post-ingestive fitness”, the processing method
can help to remove anti-nutrients and other unhealthy components as well as increasing the
shelf life. Thus, processing is important to maintain the level of nutrient content, to extend
the shelf life and to obtain functional and fortified foods [112]. In food processing units,
products are enriched with insect chitosan (a polysaccharide derivative of chitin), which
is more soluble and therefore preferred over raw chitin in food processing [116]. Local
communities frequently know methods to improve insect-based foods with traditional
wisdom built on generations of experience [117].

Methods can of course change and be replaced by others, because each method has
certain advantages or disadvantages suiting regional needs.For example, roasting, cooking
and frying are largely employed in North-East India, because of the better taste of insects
compared to boiling and baking [13]. Generally, vitamins are susceptible to heating and
heat processing decreases the level of these vital compounds entirely or partially. Storage
conditions are important to prevent the deterioration of insects. However, tocopherol con-
tent in T. molitor and Zophobas mario L. was not altered under different environments [118],
but antioxidant properties in silkworm powder were [115]. Nyangena et al. [119] examined
the effects of traditional processing techniques, i.e., boiling, toasting, solar-drying, oven-
drying, boiling + oven drying, boiling + solar-drying, toasting + oven-drying, toasting +
solar-drying on the proximate composition and microbiological quality of Acheta domesticus,
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Ruspolia differens, Hermetia illucens and Spodoptera litoralis. They found that traditional pro-
cessing improved microbial safety but altered the nutritional value. Moreover, species- and
treatment patterns clearly existed. A few examples below may demonstrate the different
processing techniques used in selected insect species.

2.4.1. Lepidoptera

Maceration of Bombyx mori pupae, being simple, practical and not at all costly, is the
most common method employed by indigenous people. For example, Winitchai et al. [120]
reported 72–79% of unsaturated fatty acids and 32–44% of alpha-linolenic acid in Soxhlet
extractions of fresh pupae whereas respective contents after maceration were 75–80% and
40–46%. Defatting of pupae and turning them into a powder is practiced to retain nutrients
as witnessed in comparisons with the powder of non-defatted pupae [121], e.g., crude
protein 57.4% versus 48.3%, digestible protein 48.3% versus 40.1%, soluble protein 29.0%
versus 16.4% and carbohydrates 15.8% versus 10.2% [74].

In India, fresh pupae of a bivoltine breed of B. mori contained 17.1% protein and 9.2%
fat compared with 56.9–75.2% protein and 24.9% fat of dried pupae [122]. Oil extracted
from pupae is an important source of unsaturated fatty acids (75%), essential linoleic acid
(33%) and alpha-linoleic acid (35%) [121].

Once the silk threads are separated, silkworm pupae (often referred to as chrysalis)
become waste matter, but the powder of the empty pupae contains important nutrients [72]
as also reported by Rao [123] from India, e.g., 48.7% protein, 30.1% fat, 8.6% ash, and
significant amount of minerals and vitamins; however, defatted spent pupae contained
higher protein, e.g., 75.2%. In Brazil, Pereira et al. [124] recorded that chrysalis (pupae) toast
contained protein (51.1%), fat (34.4%), linolenic (24.4% of total fatty acids), palmitic (24.6%
of total fatty acids), stearic (7.6% of total fatty acids), oleic (34.8% of total fatty acids), and
linoleic acids (7.0% of total fatty acids), Zn (244.0 μg/g) and K (4.8 mg/g). Because of the
high content of major nutrients and essential fatty acids, chrysalis toast was recommended
as an alternative dietary supplement in Brazil [124]. These results suggest that as far as
possible, larvae should be defatted and de-oiled before processing. The powder is less
perishable and can be stored in cool and dry places in a house/hut or refrigerator for a
long time and may be consumed whenever needed. Currently, this processing technique
remains invalidated although valuable for nutritional security. Furthermore, steamed
and freeze-dried mature silkworm powder exhibits different pharmacological effects [125]
as calorie restriction mimetics [126], including enhanced mitochondrial functions in the
brain [127].

In Africa, when Gonimbrasia (=Imbrasia) belina larvae were degutted, washed and dried,
the shelf life could be extended up to one year without any deterioration in quality [128].
Lautenschläger et al. [129] compared three traditional techniques of preparation before
consumption, e.g., evisceration, cooking and drying of silk moth, Imbrasia epimethea,(Drury)
larvae. No significant differences for protein, fat, amino acids and fatty acid composition
were observed among the three treatments. Gut removal reduced carbohydrates originating
from the leaves of the host plant and showed negative effects on the nutritional value.
No changes in the content of nutrients (except reduction in MUFA) were observed when
the larvae were exposed to thermal processing. The study by Medigo et al. [130] showed
that processing can also involve adding foods containing high amounts of sugar and
saturated fats, although such additions diminished the overall nutrient content of the insect
product [130].

In Botswana, Madibela et al. [91] compared nutrient contents in Gonimbrasia (=Imbrasia)
belina larvae without any processing and those that were degutted salted or degutted + salted.
Degutted samples had a higher content of crude protein (567.5–579.3 g/kg DM) than non-
degutted larvae (505.3–537.5 g/kg DM) but had a lower concentration of ash (41.2–39.0 g/kg
in degutted versus 58.0–59.2 g/kg in non-degutted larvae). A similar trend was present with re-
gard to acid detergent fibre (ADF) (148.5–173.2 g/kg in non-degutted versus 158.8–268.1 g/kg
DM in degutted larvae). The addition of salt increased ADF, whereas the degutted + salted
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samples had a higher ADF than degutted or salted larvae or those without processing. Unpro-
cessed insects diluted the concentration of protein but increased the fiber and tannin contents.

It is possible that the heating results in the formation of new components, and that
solvents used for the extraction of protein at industrial level can affect the safety of novel
protein products [131]. In two edible insects namely Imbrasia truncate Aurivillius and
I. epimethea, appreciated by consumers in the Congo river basin, Fogang Mba et al. [132]
reported respective contents (fresh weight) of protein as high as 19.1 and 20.1 g and
of fat reaching 6.8 and 6.7 g/100 g in the larvae. Unsaturated fatty acids in I. truncata
and I.epimethea were 2.6 and 2.2 g/100 g, of which alpha-linolenic acid amounted to
1.9 and 2.2 g/100 g respectively. Processing procedures are held to be responsible for the
ranges and, therefore, need to be well planned in connection with food products that
contain insects.

2.4.2. Coleoptera

There was a considerable increase in the content of carbohydrates, protein and fat of
sun-dried larvae of O. rhinoceros and R. phoenicis over non-processed ones. Pith of coconut
palm for O. rhinoceros [133] and raffia palm pith for R. phoenicis [134] served as natural feed
source whereas a laboratory diet comprising of corn starch, vegetable oil, sucrose, glucose,
cellulose, mineral mix and vitamin mix for O. rhinoceros, Gonimbrasia (=Imbrasia) belina,
M. bellicosus and R. phoenicis [105] was successfully used. A greater increase in dry weight
was seen in laboratory-diet fed larvae than those fed only natural plant material.

Wheat flour dough enriched with ground T. molitor larvae at 10% resulted in a softer
dough with increased size and weight when baked at 200 ◦C for 22 min [135]. High mois-
ture extruded meat substitutes can contain the biomass of another species of beetle, e.g.,
Alphitobias diaperinus (Panzer) 40% mixed with soy dry matter up to 60% [136]. Water con-
tent in the product was important for improving its physical properties, i.e., the sensation
when biting or chewing it.

2.4.3. Orthoptera

In laboratory experiments, R. differens adults were frozen at about −50 ◦C for 96 h [137].
Another lot was oven-dried at 60 ◦C for 24 h. No significant differences in the two methods
were present for the content of average crude protein (46.4 for freeze dried and 47.7% for
oven fried samples) and fat content (35.6% and 35.5% for freeze and oven dried samples, re-
spectively). The content of chitin, by contrast, varied from 11.3 to 13.4% for freeze and oven
dried samples. The mineral contents (in 100 g DM) in oven-fried and freeze-dried grasshop-
pers were as follows. Na = 54.0 versus 69.1 mg, K = 779.2 versus 816.4 mg, Ca = 895.7
versus 1034.7 mg, Mg = 145.8 versus 161.0 mg, Zn = 14.6 versus 14.2 mg, Fe = 216.6 ver-
sus 220.1 mg, P = 652.3 versus 685.9 mg, Cu = 1.7 versus 1.7 mg and Mn = 7.4 versus
8.3 mg [137]. On the contrary, toasting + drying significantly reduced protein digestibility
in R. differens (76.4% versus 82.3% in fresh specimens of the grasshopper: [138]). Boiling of
grasshoppers resulted in significant increases of protein and elements such as Fe, Zn, Cu,
Mn and Ca contents, but decreases in the fat content on dry matter basis. Amino and fatty
acid profiles were minimally affected but a significant reduction in ash content was noted.
In case of roasting, there was an increase in Ca and trace mineral elements. The colour was
uniformly intensified in green and brown polymorphs when roasted together. The aroma
of heat-processed grasshoppers was influenced by lipid oxidation [139].

Fresh dried grasshoppers had a maximum fat content of 43.1% compared with only
16.3% in fresh insects. Also, there was a reduction in niacin content when the grasshoppers
were toasted, toasted + dried or fresh dried (3.06–3.28 mg/100 g versus 3.61 mg in fresh
insects [138]. High protein and fat contents, which contributed to >75% of the dry mass,
justify the high reputation of this nutritionally valuable species for human consumption.

Hassan et al. [140] compared two processing methods for the tree locust, Anacridium
melanorhodon (Walker) and reported that frying of adults resulted in slightly increased fat
absorption (1.3 mL/100 g by frying versus 1.0 mL/100 g by boiling).Boiling, however,
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resulted in a reduction in tannin content (9 mg/100 g by frying versus 5.8 mg/100 g by
boiling) and high protein digestibility (41.1% by frying versus 49.9% by boiling). Better di-
gestibility was associated with water absorption (2.5 mL/100 g in fried versus 2.9 mL/100 g
in boiled insects). Farina [141] compared the broth prepared by cooking A. domesticus adults
after freezing them with those adults that were alive when cooked. There was a significant
difference in the pH, overall acceptance and perception of saltiness and umami/savory
flavour. These qualities were associated with the breakdown of glycogen and the formation
of lactic acid during the killing of the insect. Therefore, a proper processing method needs
to be selected in connection with insect-based protein in the presence of sodium chloride.

2.4.4. Blattodea

Kinyuru et al. [138] reported no significant change in protein digestibility (range
of 90.1–90.5%) in the winged termite Macrotermes subhyalinus Rambur, but a significant
increase in fat content was present due to fresh drying (42.3 g versus 19.8 g/100 g in fresh
collection). A significant reduction in retinol content (0.98–1.6 μg/g versus 2.2 μg/g in
fresh insect) and riboflavin content (2.8 mg/100 g in toasted termites versus 4.2 mg in fresh
stock) was recorded [138].

When the flour of the soldier caste of the termite Syntermes sp. was mixed with honey
spread at 8, 16 and 24% and then processed by pan-frying at 80, 90 and 100 ◦C, the 24%
mixture exhibited a significant increase in the content of protein from 5.6 to 15.9 g/100 g,
Fe from 3.8 to 8.8 mg/100 g and Zn from 1.8 to 4.5 mg/100 g. It also led to improved
sensory qualities, especially flavour and taste [142].

3. Insect Quality

3.1. Content of Anti-Nutrients

Table 7 represents anti-nutrient contents of selected edible insects based on currently
available information. In comparison to the data on nutrient content of edible insects, data
on anti-nutrients are limited and even controversial. By definition anti-nutrients hinder or
inhibit the absorption of nutrients, especially minerals, but some may also provide anti-
oxidants like polyphenols including tannins. Due to insufficient data, saponins, alkaloids,
etc. have not been included in our list.

The available literature shows high variations in the amounts of individual anti-
nutrient compounds. Edible insects are mostly herbivorous, feeding on plants and their
parts. For self-preservation plants synthesize different types of secondary metabolites and
these secondary metabolites are known as allelochemicals and accumulate in the bodies of
plant matter-ingesting insects. Their primary action is to inhibit the absorption of necessary
nutrients and they are therefore termed anti-nutrients. The wide variation of the insects’
anti-nutrient content is likely to be due to the different chemical compositions of plants on
which the insects feed. Primarily, it depends on the environment and the site that a plant
is growing. However, a systematic protocol has to be developed in order to quantify the
anti-nutrient contents. In this context it is also worth mentioning that the development
of rearing techniques of edible insects under controlled conditions can minimize or even
avoid the contamination of insects with these allelochemicals.
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Table 7. Anti-nutrient content (mg/100 g) of selected edible insects.

Phytate Tannin Oxalate Trypsin Inhibitor Lectin Hydrocyanide Reference

Ant † 2030.8 400.0

[143]

Termite † 2482.1 948.3

Winged termite † 1128.2 250.0

Cricket † 3159.0 900.0

Meal bug 2256.4 1150.0

Grasshopper † 1100.1 1050.0

Anaphe venata † 1918.0 753.3

Tree hopper 1000.0

Rhynchophorus pheonicis * L 1.4 1.0 0.1 0.9 0.6 [144]

Gymnogryllus lucens † A 0.03 0.03 1.3 0.2

[145]
Heteroligus meles † 0.03 0.04 2.8 0.3

Rhynchophorus † L 0.03 0.04 1.8 0.2

Zonocerus variegatus † A 0.03 0.04 2.6 0.3

Oedaleus abruptus † A 2450.0 600.0 [146]

Lethocerus indicus * N,A 372.3

[147]

Laccotrephes maculatus * N,A 350.4

Hydrophilus olivaceous * A 528.7

Cybister tripunctatus * A 301.7

Crocothemes servillia * N 465.3

Macrotermes nigeriensis † A 15.2 0.6 103.0 [37]
Oryctes rhinoceros † L 16.1 0.6 109.0

Oecophylla smaragdina † A 171.0 496.7 [38]
Odontotermes sp. † A 141.2 615.0

Oxya hyla hyla † A 2316.0 474.0 [148]

Oryctes rhinoceros † L 37.0 5.6 1.3

[70]Oryctes rhinoceros † P 39.4 6.8 1.3

Oryctes rhinoceros † A 41.1 4.2 1.2

L = Larva, P = Pupa, N = Nymph, A = Adult; * Anti-nutrient content was estimated on the basis of wet weight; † Anti-nutrient content was
estimated on the basis of dry weight.

3.2. Contamination with Chemical Pesticides, Inorganic Products and Infestations with Insect

Chemical pesticides sprayed on host plants of edible insects are often stored in the
form of residue in the insect body. That chemical contamination causes a deterioration
of, for example, the quality of edible insects such as the locust Locusta sp. in Kuwait
(and the water bug, Lethocerus indicus in India was shown [149,150]. Poma et al. [151]
reported low concentrations of heavy metals, DDT (Dichlorodiphenyltrichloroethane) and
dioxins in edible insects compared with chicken egg, fish, and animal meat. In China,
heavy metals have been found in B. mori larvae fed on mulberry leaves harvested from
plants cultivated in soil treated with municipal solid waste compost [152] or grown in
soil-polluted fields [153]. The hide beetle, Dermestes maculatus DeGeer, which feeds on
dry animal matter, also attacks dry edible insects. In the laboratory, Fasunwon et al. [154]
experimented with artificial inoculations by this beetle with larvae of the rhinoceros beetles
Oryctes boas (Fabricius) and R. phoenicis. There were significant differences in the nutrient
contents when containers were provided with a mixture of salt and pepper (10 g/container).
Protected larvae of O. boas contained 56.1–60.6% protein versus 39.3% of the control and
R. phoenicis had 34.8–37.3% protein versus 22.7% in the control. A similar trend was present
for the fat content with 4.3–7.8% versus 4.5% in the control of O. boas larvae, and 20.1–30.7%
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versus 13.5% in the control of R. phoenicis larvae. Therefore, storage of well dried edible
insects mixed with salt and pepper has been recommended to maintain the nutritional
quality [154].

3.3. Microbial Contamination

Contamination with microorganism is a major factor in the deterioration of the quality
of insect-based food items. Numerous bacterial species are known to affect insects including
Bacillus cereus Frankland andFrankland, Staphylococcus aureus Rosenbach, Escherichia coli,
Rickettsiella spp. Some insects also act as carriers of human pathogens of the genera
Salmonella, Campylobacter, Shigella [155]. Additionally, grasshoppers serve as intermediate
hosts to several avian parasites, horsehair worms and tapeworms [156].

In Ghana, larvae of R. phoenicis fed on raffia palm or oil palm contained bacteria at
1.3 × 107–6.5 × 106colony-forming units (CFU)/g body mass, which was higher than the
acceptable level of 5.0 × 106 CFU/g [99].In Nigeria, Braide andNwaoguike [157] assessed
the quality of processed larvae of this widely consumed species and reported a load
of bacterial and fungal counts of the order of 1.68 × 105 CFU/g and 9.2 × 102 CFU/g,
respectively. The major bacteria were Lactobacillus plantarum Bergey, S. aureus Rosenbacch,
Bacillus subtilis (Ehrenberg) Cohn, Pseudomonas aeruginosa (Schroter) Migula and Proteus
vulgaris Hauser.

Major fungal species were Cladosporium sp., Penicillium verrucosum Dierckx, Aspergillus
flavus Link and Fusarium poae (Peck) Wollenweber. In Zimbabwe, stink bugs such as
Encosternum deregorguei Spinola, stored in dung-smeared wooden baskets, were found
contaminated with aflatoxin (a carcinogenic mycotoxin: [158]. Consequences of the contam-
ination were, however, not studied. Braide et al. [159] recorded contamination of bacteria
(4.49 × 107 CFU/g) and fungi (9.5 × 106 CFU/g) from collections in the wild of caterpillars
of the emperor moth, Bunaea alcinoe (Stoll) in South Africa; caterpillars harbouring bacteria
such as, P. aeruginosa and Proteus mirabilis produced undesirable flavours in food products,
and S. aureus, B. cereus and E. coli produced toxins [159]. Furthermore, S. aureus was easily
introduced during the handling of insects [160].

Processing (by traditional and innovative methods) can eliminate microbes or at least
considerably reduce their load [112]. In lactic acid fermentation of a mixture of sorghum
flour and T. molitor larvae, the level of spore forming bacteria (B. subtilis, B. megaterium,
B. licheniformis) remained stable suggesting the bacteria were unable to germinate; their
quantity remained at the acceptable level of <103 CFU/g [161]. Some of the effective and
practical safety measures discussed below can be implemented. For example, thorough
washing and heating can reduce microbial contamination to some extent [155]. Also, insect
boiling before roasting proved effective to keep spore forming bacteria under check and
insect dehydration can also reduce microbial contamination because at the lower humidity
bacteria grow less.

Modified packaging systems are needed to prevent further contamination and to
enhance shelf life of stored edible insects [159]. Regular monitoring and evaluation for
bacterial contamination should be undertaken during storage as environmental changes
can affect the insect quality. Therefore, refrigeration is employed to prevent contamination
compared to outside storage at ambient temperature [162]. Packaging material is another
critical aspect for safety. For example, boiled, solar dried and milled house crickets when
stored for 2 months at ambient temperature in polypropylene (PP), plastic or polyethylene
packages, the PP-packaged insects lasted only 45 days compared to 2 months with the
other packaging materials. In all packages, iodine values, contents of SFA, MUFA and
PUFA significantly decreased, peroxide, p-anisidine and saponification values increased
and incidences of yeast and mould (Aspergillus, Alternaria, Penicillium) were high [162].
Although plastic packages with lids outperformed bags, adding a layer of polypropylene
on the inner side can minimize permeability and exposure to both air and water vapour
and thus can prolong the shelf life [162].
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In food industries in Europe, a recent study has revealed antibiotic resistant genes in
A. domesticus. As a preventive measure, Roncolini et al. [163] suggested standardization of
the production processes and a prudent use of antimicrobials during the rearing of edible
insects. Even though Spiroplasma sp. and Erwinia sp. in T. molitor and Parabacteroides sp.
in the tropical house cricket, Gryllodes sigillatus (F. Walker) were the major pathogens
during rearing of insects in the laboratory, Van der Weyer et al. [164] recommended that
food safety should include also general bacteria like Cronobacter spp. or spoilage bacteria
(Pseudomonas spp.) to be considered as potential human pathogens.

3.4. Allergenic Proteins

Allergenic reactions to the ingestion of insects and cross-reactivity with homologous
proteins and co-sensitization between insects have been reported [165]. Allergens of edible
insects identified as muscle proteins such as myosin, sarcoplasmic-Ca-binding protein,
the major being tropomyosin and arginine-kinase (also known as pan-allergens).Persons
who are allergic to dust mites and crustaceans could have an allergic reaction to foods
containing T. molitor proteins [166]. It is possible that human susceptibility is due to
immunoglobulin E-binding cross-reactions. For example, persons allergic to shrimps react
with protein extract of T. molitor that shows Ig-E-binding cross-reacting allergens with other
phylogenetically related groups of arthropods. Therefore, consumers allergic to shellfish
should invariably be notified about the risk of developing an allergy by labelling the insect
products accordingly [167].

It was shown that thermal processing and digestion did not eliminate insect protein
allergenicity [168]. But the recent technique of high hygrostatic pressure coupled with
enzymatic (pepsin) hydrolysis improvedin vitrodigestion of allergenic proteins of T. molitor.
This technique can be an alternative strategy to conventional hydrolysis to generate a large
quantity of peptide originating from allergenic T. molitor proteins [169].

3.5. Food Fortification

Insects as supplements for the predominant staples like corn, cassava, sorghum, pearl
millet, beans and rice are commonly employed by indigenous folk in many developing
countries. Insects also form a sustainable ingredient to produce new food items because
fortification increases richness in nutrients. Corn being a major staple food crop in sub-
Saharan Africa, members of local communities consume this tryptophan- and lysine-
deficient product in considerable quantities. But this diet can be supplemented with
termites and lysine-rich silkworms to overcome the deficiencies in these amino acids [170].
Similarly, natives of Papua New Guinea consume crop tubers with a low content of
lysine and leucine. Vitamin deficiency can be remedied by supplementing the diet with
Rhynchophorus spp. larvae, containing high amounts of vitamins and lysine. Tubers
enriched with tryptophan and aromatic amino acids can render a diet more balanced and
nutritious [170]. Ayensu et al. [171] mixed flour (70%) of R. phoenicis with orange-fleshed
sweet potato and wheat flour to prepare biscuits. These biscuits had their energy, fat and
protein content increased by fortification with palm weevil larvae powder compared with
biscuits containing 100% wheat flour. Contents of Ca, Fe, Zn were also increased. The
biscuits were highly appreciated by pregnant women in eastern Africa.

Winged termites such as M. subhyalinus added at 5.0% to cereal-based recipes in
the Lake Victoria region of Kenya not only improved the food quality (protein, retinol,
riboflavin, iron, zinc content) but made the food also more attractive [172]. In Mexico, corn
bread (‘tortilla’) is sometimes supplemented with T. molitor larvae to improve consumer
acceptance as well as nutritional content especially essential amino acids [173]. Likewise,
Kwiri et al. [128] suggested that edible insect G. belina could be an alternative substitute of
the current local plant-based supplements (beans, peanut, cowpea) in Zimbabwe.

Kim et al. [174] recommended up to 10% replacement of lean meat/fat portion with
flour of the cricket A. domesticus. When compared with meat to which no cricket flour had
been added, this level of mixing increased the content of protein from 14.0% to 20.7%, fat
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from 9.8% to 10.4%, potassium from 261.0 to 355.2 mg/100 g, phosphorus from 242.9 to
338.0 mg/100 g, magnesium from 20.4 to 33.5 mg/100 g, zinc from 1.7 to 3.8 mg/100 g and
sodium from 967.0 to 1053 mg/100 g, but reduced Ca. The improved contents fulfilled the
requirement of protein and micronutrients in meat emulsion [174]. In conclusion, lean meat
can conveniently be replaced with cricket flour. This innovative step may encourage food
industries to follow this mixture in food recipes not only to improve current entomophagy
practices adopted by tribal communities but also to popularize mixing in commercial
products sold by food companies.

4. Impact of Insect Quality on Consumers’ Preference and Acceptability

For accepting insects as food, nutrient content (protein being a major component),
quality of insects (particularly, taste, flavour, appearance, palatability) and external factors
(availability, convenient pricing, conducive social environment) are important [12,175].
Forest-dwelling communities not only in developing countries [17] but also in rural places
like, for instance, in Japan [176] have easy access to wild areas and prefer wild insects
because of their taste. Currently, little is known about the consumers’ reactions to wild
insects and their food products, preference, acceptance and consumption of insect-based
foods [29]. There are, however, anecdotal reports of preferences and greater acceptance of
selected wild species of edible insects in Africa and India over reared species like silkworms
or crickets.

In Kenya, Alemu et al. [177] found no significant difference in consumption of whole
or powdered termites. At the local market, consumers checked the insect stock for freshness,
presence of legs, cleanliness, species type and oil content before purchasing termites, for
example, Macrotermes falciger (Ruelle). The majority of the buyers (77.6%) preferred fried
adults [178]. Termite soldiers with long bodies were in great demand and highly preferred
over alate forms [178]. The grasshopper (R. differens) is a traditional delicacy, a source of
nutrients and tasty multipurpose insect in Tanzania, Kenya and Uganda [179]. Consumers
preferred grasshoppers which were salted, boiled and smoked or deep fried in cotton
seed oil over any other single processing methods (smoking, deep frying, sun-drying,
toasting, boiling) [179]. In another survey, R. differens adults boiled with salt, onion and
tomato and then dried, were preferred over those only deep-dried with salt and onion.
The acceptability ranking was 7.2 and 5.2 for these products respectively (ranking scale
of 0–9, with 9 being the maximum acceptance: [137]). In the case of R. nitidula, people in
Uganda preferred the boiled and dried grasshoppers with salt, onion and tomatoes over
those which were simply boiled and dried without tomatoes. In India whole insects are
preferred, with the exception of grasshoppers, whose legs are sometimes removed; larvae,
pupae and adult termites are often mixed and sold together by indigenous vendors [13].

Overall, although a greater acceptance was noted for insects without much attention to
the species, fear of trying an unknown product, lack of taste experience and a belief of low
social acceptance were considered as major constraints in popularizing edible insects [180]
even though taste alone in more than 50% of probands tested did not enable them to
distinguish insects from cheese or bread [181]. Correct labelling is also an important factor
of acceptability. Recently, while assessing the accuracy of insect products in the UK market,
Siozios et al. [182] found, by using DNA barcoding, frequent disparities between identity
in packages containing mopane caterpillars, winged termites and grasshoppers. This may
distract consumers from accepting and consuming insects or insect products.

In selecting an edible species information on entomophagy, prior experience and
familiarity with edible insects, appearance, flavour and overall likability of a species are
major factors [12]. Therefore, information and knowledge can influence attitudes towards
insects as food and food supplemented with edible insects [183]. In fact, Van Thielen
et al. [184] reported an increasing positive response in Belgium regarding acceptance, as
revealed by a survey undertaken two years after the introduction of edible insects in that
country. In a similar survey of Danish consumers revealed the fact that 23% of them were
willing to eat insects [185].
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Before experiencing the taste of cricket powder, Canadian consumers thought that
consumption was undesirable, but their attitude changed after having consumed the pow-
der and they were then willing to buy it [186]. In the USA, Mexico and Spain, replacing
wheat flour with 15% and 30% of cricket (A. domesticus) powder in chocolate chip cookies
was evaluated [187]. No difference between 15% and 30% was noted by USA consumers
whilst Mexican and Spanish consumers liked the 15% sample significantly more than the
control and 30% sample. From this survey, it was concluded that 15% powder did not
negatively impact acceptability but improved liking and protein content in cookies. In
Brazil, female consumers were more reluctant towards entomophagy than male subjects,
but in Benin no such gender effect existed [188]. Preference was given to whole insects,
although insect flour was liked by 40% of all consumers. Generally, insects were con-
sidered safe for consumption by educated consumers familiar with entomophagy [189].
Perception of entomophagy by residents of Korea and Ethiopia assessed through structured
questionnaires revealed a positive note [190].

According to Medigo et al. [130], Belgians also have a positive attitude towards
consuming insects and they have, moreover, developed a taste for certain species. Therefore,
Sun-Waterhouse et al. [28] opined that practical approaches for transforming insect biomass
into consumer food products are vital. Based on a survey and experiment in Australia and
the Netherlands, Lensvelt and Steenbekkers [8] concluded that providing information on
entomophagy and giving people the opportunity to try insects were two important aspects
to influence consumers’ attitude towards edible insects.

As another approach, Collins et al. [191] suggested educating school children, ex-
tending promotion for acceptance of the insect product to facilitate the adoption of insect
food as a mainstream item and, thereby, as an available product through market chains.
For example, the number of “burgers” with meal worms consumed by western people
depended upon appearance, taste and flavour [192]. These criteria are important especially
when mealworm products are considered inferior to the carrier products [193]. Medigo
et al. [130] found that the processed mealworms with chocolate were the most popular
insects whereas whole and crushed mealworms or boiled or baked crickets were least con-
sumed. Similarly, despite the good nutritional qualities of mealworm larvae, it is uncertain
that they would become a safe source of protein for Europeans because of their difficult to
control, highly and variable microbial load [194].

Edible insects are not only something for developing countries, but equally important
for developed countries (because of the problems of the latter with an increasingly obese
populace) where they ought to find perhaps even greater acceptance than in the developing
countries. Information about presentation, conservation, preservation of food products
and local marketing is to some extent now available [17]. Studies are lacking, however,
on likely changes in flavour, taste and texture of mealworm and other insect-containing
products during storage; for the industrial production, moreover, information on suitable
packaging and presentation of insect products is equally important. Effective advertising
of edible insects could undoubtedly do with improvements and using catchy slogans like
“Forget about the pork and put a cricket on your fork” or “Mealworms and spaghetti is
food that makes you happy” could be expected to help as well [30].

5. Conclusions and Suggestions for Future Research

Insects are being considered as an alternative to conventional protein sources for both
developing as well as developed countries. Edible insects have received attention from
researchers in recent years because, firstly, the consumption of insects has spread to urban
areas and the current concept is oriented towards health-related as well as ecological issues,
and secondly, because conventional livestock rearing and certain systems of crop cultivation
have proved environmentally disastrous [27,195–197]. Bioprospecting is currently limited
to a few eco-zones in countries where insects have commonly been consumed. Intensive
surveys may yet reveal more species that could be considered for consumption and farming.
The shelf life of processed insects could possibly be improved if more research were devoted
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to this aspect. Factors responsible for nutrient content and quality of edible insects have
not been explored sufficiently and to know how the chemical composition, handling and
storage methods, contamination with micro-organisms, the insects’ diet, feeding schedules,
host plants and the plant’s own nutrient content as well as the seasons affect food insect
marketability would be of considerable benefit in selecting the most suitable species [198].

There is a need to develop rearing facility designs to be made available to small mass
production units, which can help create a socially acceptable climate for the expansion of
entomophagy [199]. Mass collections of aquatic insects by using nets woven by fishermen
may be a remunerative venture, but encouraging locals and creating marketing channels
as well as obtaining permits to fish for aquatic insects could be major hurdles. Recently,
Oppert et al. [200] suggested sequencinggene transcripts from embryos, one-day hatchlings,
nymphs and male and female adults of A. domesticus to use genetically modified crickets
for improved insect production.

Regulations and legislation along with proper farming procedures, storage and hy-
giene would benefit consumers by way of healthier insects. Frameworks shared by different
countries exist in Europe [201] but are lacking for most developing countries [202]. Proper
processing and decontamination methods against micro-organisms during collection and
storage, and preference of species should be included in surveys to ensure food safety [22].
A compilation of all information may be used to select a few insect species for mass rearing
or augmenting their survival rate in natural habitats and a linkage through regional or
international networks among countries/regions where entomophagy is practiced would
be a first step. The network could facilitate exchanges and dissemination of information on
insects and insect related recipes.

It is essential to conserve wild edible insect populations and to improve the survival of
the most popular species [17]. This can be achieved by studying the population dynamics
of these insects, identifying their host plants, and controlling their enemies. Other actions
can include restrictions on over-harvesting, revoking the decreasing diversity of host plants,
boosting the insects’ resilience to adverse weather phenomena and seasonal effects and
monitoring insect diseases.

A regulatory legal framework is required to guarantee that manufacturing practices,
quality management, hazard analysis and other issues related to content and quality of
edible insects are meeting acceptable standards [202]. Furthermore, proper labelling and
documentation of the insect product would help to boost the consumers’ knowledge and
interest in entomophagy as would some cheeky and witty slogans to promote insect-
containing food items [30]. The scientific guidelines explained by the European Food
Security Authority [201] are worth studying to prepare a manual for insects consumed in
developing countries, either on a regional or national basis to assure food and nutritional
security.

In certain regions the people’s diet may lack zinc, but in others there may be a shortage
of magnesium, or iron, or calcium. To improve situations such as these, some species
of insects could be promoted that are particularly rich in the minerals that are needed.
Likewise, there may be reasons to boost certain fatty acids in the diet, acids that could be
supplied by specific species of insects. To be able to select the appropriate species, it is of
course essential to know precisely the chemical composition of the insect species, which
demonstrates how important it is to have a detailed catalogue of the contents of as many
species of insects as possible. If one extends this to animal feed, fish culturists may desire
in particular protein-rich species, but pigs should perhaps be fed fatty insects and poultry
farmers may wish to obtain insects with a high calcium content.

To promote insect-based functional foods as a platform for certain health-related
properties is a promising option and is to some extent already taking place, e.g., larvae of the
pallid emperor moth Cirina forda for protein solubility, oil absorption capacity and foaming
stability [203], T. molitor larvae for their oil, foaming and emulsion capacity [204], black
soldier fly for peptides with antimicrobial activity against the stomach ulcer bacterium
Helicobacter pylori [205] and male silkworm pupal extract with its Viagra-like effect for
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erectile dysfunction [206].In fact, Meyer-Rochow [207] reviews hundreds of species that
can be used therapeutically, but in many cases also serve as food for humans. This is an
aspect certainly worth exploring further.
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Abstract: Insects are suggested as a sustainable protein source of high nutritional quality, but the
effects of insect ingestion on processes in the gastrointestinal tract and gut microbiota (GM) remain to
be established. We examined the effects of partial substitution of meat with insect protein (Alphitobius
diaperinus) in a four-week dietary intervention in a healthy rat model (n = 30). GM composition
was characterized using’ 16S rRNA gene amplicon profiling while the metabolomes of stomach,
small intestine, and colon content, feces and blood were investigated by 1H-NMR spectroscopy.
Metabolomics analyses revealed a larger escape of protein residues into the colon and a different
microbial metabolization pattern of aromatic amino acids when partly substituting pork with insect.
Both for rats fed a pork diet and rats fed a diet with partial replacement of pork with insect, the
GM was dominated by Lactobacillus, Clostridium cluster XI and Akkermansia. However, Bray-Curtis
dissimilarity metrics were different when insects were included in the diet. Introduction of insects
in a common Western omnivore diet alters the gut microbiome diversity with consequences for
endogenous metabolism. This finding highlights the importance of assessing gastrointestinal tract
effects when evaluating new protein sources as meat replacements.

Keywords: NMR-based metabolomics; microbiota; insect protein; protein digestion; alternative
proteins

1. Introduction

The population of the Earth is estimated to rise to 9.6 billion people by 2050 [1] with
a resultant increased demand for food. The growing competition for land and water re-
sources affects our ability to produce food and increases our need to minimize the impact
of food production on our resources and environment [2]. Especially the production of
protein sources leaves a heavy impact on the environment, where meat production has a
high impact regarding water consumption and emission of greenhouse gases [3]. Therefore,
there is a massive interest in exploring how to limit the effects on the environment when
producing protein and concomitantly ensure protein with a high nutritional value. Com-
pared to meat, plant proteins have a lower environmental impact but also a lower protein
nutritional quality as some plant-derived proteins do not contain all essential amino acids
and might also contain anti-nutritional compounds [4]. Insects have been reco, gnized as
a new and alternative animal-based protein source [5]. The production of insect protein
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has a high feed conversion ratio [6], emits less greenhouse gases [7], uses less water, and
requires less land compared to conventional livestock [6,8].

Insects are comparable in protein content to the conventional animal- and plant-
based protein-dense foods, e.g., beef, eggs, milk and soy [9]. Moreover, the content
of all essential amino acids in insects meets the requirements of WHO [10]. The total
protein content as well as the amino acid composition can moreover be modulated by the
feeding substrate [11] and also processing [12]. However, in vivo studies investigating the
nutritional value of insects and insect protein are sparse. Few studies have investigated the
use of insect protein on muscle protein synthesis [13,14] and muscle mass [15], showing
insect protein suboptimal compared to whey both in amino acid availability and stimulation
of muscle protein synthesis.

A study in pigs revealed lower ileal digestibility of most amino acids for diets includ-
ing insect meal compared with a control diet and small changes in the metabolome when
10% of the conventional protein was substituted with insect protein [16]. In humans, a
randomized controlled trial investigated the postprandial absorption of insect protein in
young men and demonstrated that insect protein provides all essential amino acids, but in-
sect protein was found to have lower bioaccessibility of amino acids than whey but similar
to soy protein [17]. A two-week human intervention study investigated the effect of daily
ingestion of 25 g cricket powder on the fecal microbiome and the metabolome. The insect
supplementation was associated with a decrease in the fecal content of short-chain fatty
acids, and minor changes in microbiota composition were observed at the species-level [18].
To our knowledge, these two studies are currently the only reported intervention studies
focusing on the nutritional value of insects in a Western-type diet.

In the current study, insect protein isolate isolated from Alphitobius diaperinus (lesser
mealworm) were used as this protein isolate has at high amount of protein (~82%). More-
over, Alphitobius diaperinus has been shown to have a high digestibility in rats (91–94%) [19].

In the present study, we investigated the use of insect protein (Alphitobius diaperinus)
for a partial replacement (~13%) of meat in a conventional meat product. For this purpose,
a four-week intervention study in healthy rats was conducted, where effects of partial insect
substitution on growth, food consumption, the gut microbiome, as well as the metabolome
were examined.

2. Materials and Methods

2.1. Animals and Diet

Thirty four-week old Sprague–Dawley (NTac:SD) rats (Taconic, Ll. Skensved, Den-
mark) were individually earmarked and weighed, before being randomly allocated with
three animals into each of ten U1400 cages (Tecniplast, Buguggiate, Italy) with Tapvei®

aspen bedding and enrichments such as chewing blocks, tunnels, and nesting material
(Brogaarden, Lynge, Denmark) at temperatures of 22 ± 2 ◦C, humidity of 55 ± 10%, air
changing 15–20 times/hour and a 12-h light cycle. Health monitoring at the breeder and
the experimental facility revealed no reportable infections in the rats [20]. For an adap-
tion period of four days, all rats were fed ad libitum standard chow diet (Altromin 1324,
Brogaarden, Denmark) and had free access to water. After the adaption period, the rats
were weighted and fecal samples from each rat were obtained. Subsequently, the rats were
cage-wise randomly allocated to one of three diets for a four-week intervention period:
(1) standard chow diet (Chow) (n = 6), (2) insect-substituted pork sausage diet (Insect)
(n = 12), or (3) pork sausage diet (Pork) (n = 12). The sausages were formulated from pork
meat, pork fat and sunflower oil with added NaCl, phosphor, NaNO2, AIN76 vitamin
mix (CA40077) and AIN76 mineral mix (CA79055) (Table S1). To the insect-substituted
pork sausages 13.16 (w/w %) insect protein isolate from Alphitobius Diaperinus (~82% pro-
tein, Protifarm, Ermelo, Netherlands) was added. The energy and macronutrient content
areprovided in Table 1.
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Table 1. Nutrient content of experimental diets.

Pork Sausage Diet Insect-Substituted Pork Sausage Diet Chow Diet

Energy [Kcal/100 g] 288 286 319
Fat [g/100 g] 24.4 24.5 4.1

Carbohydrates [g/100 g] 4.2 1.5 40.8
Protein [g/100 g] 12.9 14.8 19.2

The experimental diets and water were offered ad libitum and replenished twice a
week during the whole study period. During the intervention period, food and water
intake was monitored for each cage, and the bodyweight of each rat was measured at day
7, 14, 21, and 28.

2.2. Sample Collection

Fecal samples were collected from the individual rats both at baseline and at the
end of the intervention. After the four weeks of intervention, the rats were anesthetized
with fentanyl/fluanison (Hypnorm®, Skanderborg Pharmacy, Skanderborg, Denmark)
and midazolam (5 mg/mL, Accord Health Care, Solna, Sweden) (each diluted 1:1 with
sterile water prior to mixing; 0.2 mL/g body weight), heart blood was collected in heparin
tubes and the rats were finally euthanized by heart blood bleeding under supplementary
fentanyl/fluanison/midazolam. Plasma was obtained by centrifugation at 10,000× g
for 5 min. Samples of stomach content, small intestinal content and colon content were
carefully collected from the rats. All samples were snap-frozen in liquid nitrogen and
stored at −80 ◦C until further analysis.

2.3. Sample Preparation for 1H-NMR Spectroscopy

Samples of stomach content, small intestinal content, colon content and feces were
weighted, thawed and diluted 1:9 with ddH2O. The samples were whirl-mixed until they
were dissolved, then centrifuged at 14,000× g for 10 min at 4 ◦C and the supernatant
transferred to a new tube. Prior to this, 0.5 mL 10 K Amicon Ultra centrifugal filter units
(Merck Millipore Ltd., Cork, Ireland) were prewashed four times with ddH2O. Then the
supernatant was centrifuged at 14,000× g for 2 h at 4 ◦C before the supernatant was
transferred to the filters. The samples were centrifuged at 14,000× g for 1 h at 4 ◦C. A
volume of 400 μL of the resulting filtrate was transferred to a 5 mm NMR tube, together
with 200 μL D2O and 50 μL phosphate buffer (8.66 % w/v K2HPO4, 1.812 % w/v NaH2PO4,
H2O) containing sodium trimethylsilylpropanesulfonate (DSS) (0.23 % w/v DSS).

Plasma samples were thawed and 500 μL transferred to prewashed 10 K Amicon Ultra
centrifugal filters followed by centrifugation at 14,000× g for 1 h at 4 ◦C. A volume of 500 μL
filtrate was transferred to 5 mm NMR tubes with 25 μL D2O with 0.05 % Trimethylsilyl-
propanoic acid (TSP), 75 μL D2O and 100 μL phosphate buffer (300 mM Na2HPO4).

2.4. H-NMR Spectroscopy
1H-NMR spectroscopy was conducted using a Bruker Avance III 600 MHz spec-

trometer operating at a 1H frequency of 600.13 MHz with a 5 mm 1H TXI probe (Bruker
BioSpin, Rheinstetten, Germany). 1H-NMR spectra were obtained at 298 K using a one-
dimensional (1D) nuclear overhauser enhancement spectroscopy (NOESY) preset pulse
sequence (noesypr1d) to ensure water suppression. The acquisition parameters used were:
128 scans (NS), spectral width (SW) = 7289 Hz (12.15 ppm), acquisition time (AQ) = 2.25 s,
32 768 data points (TD), and relaxation delay (D1) = 5 s. Prior to Fourier transformation,
the free induction decays (FIDs) were multiplied by a line-broadening function of 0.3 Hz.
The spectra obtained were subjected to baseline correction and phase correction in TopSpin
3.0 (Bruker BioSpin, Billerica, MA, USA).
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2.5. Metabolome Analysis

The 1H-NMR spectra were referenced to either TSP or DSS (0.00 ppm) and corrected
for chemical shift by the interval correlation-shifting algorithm, icoshift [21] using MATLAB
R2018b (Mathworks Inc., Natick, MA, USA). The spectral regions at the higher and lower
chemical shift ranges without resonances and the spectral region containing the residual
water signal were removed. Thereafter the spectral data were normalized to total area of the
spectrum and binned into regions of 0.01 ppm. Multivariate data analysis was performed
using SIMCA 16.0 (Sartorius Stedim Data Analytics AB, Umeå, Sweden), while Chenomx
NMR Suite 8.13 (Chenomx Inc., Edmonton, Canada) was used for metabolite assignment
and quantification using TSP or DSS as internal quantification standards. For plasma, the
quantified concentrations were normalized to the sum of total quantified metabolites and
are therefore relative values. Data were Pareto-scaled before principal component analysis
(PCA) was conducted to examine variations in the data and possible differences between
the diets. In addition, orthogonal projection to latent structures discriminant analysis
(OPLS-DA) was performed to investigate the differences in the metabolome between the
different diet groups. For each data group comparison, cross validation with seven cross
validation groups was conducted and the Q2-value describing the predictive ability of the
model was calculated. Finally, the metabolic differences discriminating the experimental
diet groups were elucidated by S-line plot.

2.6. Gut Microbiota Analysis

Total DNA was extracted from the feces using Bead-Beat Micro AX Gravity Kit (A&A
Biotechnology, Gdynia, Poland) according to the instructions of the manufacturer (bead
beating 2 times 30 s, at 6.5 M/s in a FastPrep-24 (MP Biomedicals, Irvine, California, USA).
The prokaryotic microbial community was characterized using 16S rRNA gene amplicon
profiling of the V3-region (Illumina NextSeq-based), as described previously [22]. The
zOTU table was constructed using the UNOISE3 pipeline [23], and SINTAX [24] was used
to predict taxonomy. Downstream data analysis in microbial communities was performed
using packages Phyloseq [25] and Vegan [26] in R (version 4.0.2). For α-diversity analysis,
Shannon index was calculated. For β-diversity analysis, the Bray-Curtis method was used
to generate the dissimilarity matrix, which was subsequently used in principal coordinate
analysis (PCoA).

2.7. Ethical Statement

The rat intervention study was carried out in accordance with Directive 2010/63/EU
of the European Parliament and of the Council of 22 September 2010 on the protection
of animals used for scientific purposes, as well as the Danish Animal Experimentation
Act (LBK 474 15/05/2014). Specific approval was granted by the Animal Experiments
Inspectorate under the Ministry of Environment and Food in Denmark (License No 2017-
15-0201-01262).

2.8. Statistical Analysis

To identify significant differences in the metabolites among the diet groups, one-way
analysis of variance (ANOVA) was applied. To correct for multiple testing, false discovery
rate (FDR) by Benjamin and Hochberg was applied, and q-values < 0.05 were considered
significant. If a significant difference was found, the experimental groups were compared by
Tukey’s honestly significant difference test, here a p-value < 0.05 were considered significant.
Wilcoxon test was used to compare α-diversity differences. The component differences of
different groups in PCoA were calculated by PERMANOVA tests. ANCOM [27] was used to
detect differentially abundant taxa. The correlations between metabolites and differentially
abundant bacteria genera were calculated by Pearson correlation, only metabolites and
bacteria genera with at least one correlation coefficient larger than 0.7 were kept for
downstream analysis.
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3. Results

3.1. Feed Intake and Growth Is Not Changed by Insect Replacement

In the present study rats were fed ad libitum exclusively with one of the three diets:
chow diet (Chow), insect-substituted pork sausage diet (Insect) or pork sausage diet (Pork)
for a period of 4 weeks. Water consumption and feed intake were registered each week
(Figure 1). No significant difference in water consumption was observed between the
groups. In Weeks 1 and 2, the feed intake was significantly higher in the two sausage
groups compared to the chow diet, but this was not reflected in the body weight of the rats
where no significant differences among diet groups were observed. Similarly, no significant
difference was found in the body weight after the four weeks of intervention.

Figure 1. Water consumption, feed intake and body weight of the rats during the intervention period.
(a) Water consumption (b) feed intake per week, and (c) the body weight of the rats was measured
each week doing the intervention period. Data were analyzed by one-way ANOVA, values within
the same cluster not sharing a common letter are significant different (p < 0.05). Chow diet (Chow,
n = 6, red), insect-substituted pork sausage diet (Insect, n = 12, blue or pork sausage diet (Pork, n = 12,
green). The groups found to be significantly different by ANOVA (p-value > 0.05) are marked with a
star (*).
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3.2. Gut Microbiome (GM) Composition and Diversity

For alpha diversity analysis, the Shannon diversity values were calculated both before
and after diet intervention and between the different diets after intervention. The diet
intervention resulted in a significantly lower Shannon index after the pork diet (p = 0.023),
and chow diet (p = 0.0087), while no significant difference was observed after the insect
diet intervention (Figure S1A). The Shannon diversity showed no significant difference
between the three diet groups after the intervention (Figure S1B).

Bray-Curtis dissimilarity metrics (Figure 2A) showed that all interventions were
significantly different form baseline (p = 0.001). In addition, the three different diets
resulted in significantly different GM communities with the chow intervention resembling
the baseline samples more as compared to the two sausage intervention groups (Figure 2B).

 

Figure 2. Beta diversity of the gut microbiota composition at baseline and after the three intervention
diets. The gut microbiota composition was analyzed by 16S rRNA sequencing. PCoA plot of Bray-
Curtis dissimilarity metrics of the gut microbiota composition comparing baseline (gray), pork
sausage diet (n = 12, green), insect-substituted pork diet (n = 12, blue) or chow diet (n = 6, red) group
(a). Statistical values of Bray-Curtis dissimilarity metrics for all comparisons (b).

The GM of the individual rats before and after intervention was examined (Figure 3).
Baseline samples were characterized by high relative abundance of Lactobacillus and Bifi-
dobacterium. Additionally, 12 of the 29 rats were also colonized by Clostridium cluster XI
at baseline. For the chow diet group, the microbial composition changed only marginally
during the intervention. The GM remained dominated by Lactobacillus, while Clostridium
cluster XI, Bifidobacterium and Flavonifacter also were present in some animals. The GM of
rats in the pork diet intervention group was dominated by Lactobacillus, Clostridium cluster
XI and Akkermansia. The GM of rats in the insect diet intervention group were similar to
the pork diet group dominated by Lactobacillus, Clostridium cluster XI and Akkermansia. One
rat (Number 8) showed a different GM pattern than all other rats. Changes of abundance
at genus level after intervention diet are shown in detail in Figure S2.
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Figure 3. Gut microbiota composition at genus level for the individual rats before and after interven-
tion diet. The gut microbiota composition were analyzed by 16S rRNA sequencing. Gut microbiota
composition are shown for the individual rat at baseline and after intervention with chow diet
(Chow), pork sausage diet (Pork) or insect-substituted pork diet shown as the relative abundance at
genus level.
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3.3. Dietary Modulations of Metabolomes

In general, PCA scores plot of the metabolomics data obtained from the various
sample types collected through the gastrointestinal tract (stomach content, small intestine
content, colon content) revealed a clear grouping of the three intervention diets (Figure S3).
OPLS-DA models were constructed for the pairwise comparison of pork sausage diet and
insect-substituted pork diets to further investigate the metabolites responsible for the diet
differentiation.

Pork sausage diet was associated with a higher concentration of lactate in the stomach
content, while the insect diet resulted in a higher concentration of several metabolites
including different amino acids such as glutamate, alanine, the branched-chained amino
acids isoleucine, leucine, and valine and the two aromatic amino acids tyrosine and pheny-
lalanine (Figure 4A). Increased levels of creatine, creatinine, phosphorylcholine were also
accompanied with the insect diet (Figure 4A). The corresponding OPLS-DA score plot is
shown in Figure S4A.

Figure 4. S-line plots from orthogonal partial least squares discriminant analysis of 1H NMR spectro-
scopic data on insect-substituted pork sausage diet (Insect) versus pork sausage diet (Pork) analysis.
Stomach content, Q2 = 0.96 (a), small intestinal content, Q2 = 0.67 (b) and colon content, Q2 = 0.59 (c).
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For OPLS-DA on metabolomics data from the small intestinal content, the S-line plot
revealed that insect diet was associated with a higher concentration of choline and acetate
as well as the amino acids aspartate, methionine, glutamate and the aromatic amino acids
tyrosine and phenylalanine in small intestinal content compared to pork diet (Figure 4B).
The OPLS-DA score plot is shown in Figure S4B.

For colon content, a S-line plot from an OPLS-DA model examining the metabolites
discriminating the insect-substituted pork diet from the pork diet indicated that the insect
diet was related to a higher level of 4-hydroxyphenylacetate, 1,3-dihydroxyacetone and
N-acetylneuraminic acid while pork diet was characterized by slightly higher glucose and
methylamine levels (Figure 4C). The score plot from the OPLS-DA model is shown in
Figure S4C.

A robust OPLS-DA model discriminating the metabolite profile of feces after pork or
insect-substituted pork diet, respectively, could not be obtained (Q2 = 0.34, data not shown).

The quantified amounts of the branched-chain amino acids (BCAAs) in plasma and
through the gastrointestinal tract were examined (Figure 5). The relative concentrations
of valine, leucine, and isoleucine in plasma were significantly higher for the insect diet
compared to both the chow and the pork sausage diet groups. In addition, the amount of
BCAA in stomach and small intestinal content was significantly higher after intake of the
insect-substituted pork sausages compared to the pork sausage diet (Figure 5). In the colon
content, the same trend was observed, however, differences between the insect and pork
diets were not significant.

Figure 5. Concentration of branched chained amino acids (BCAA); Isoleucine (a), leucine (b) and valine (c) measured by 1H
nuclear magnetic resonance spectroscopy. The concentrations found to significantly different by ANOVA (p-value > 0.05)
are marked with a star (*). Values reported for gastrointestinal tract are in mg/g while plasma concentrations are expressed
in relative values. Chow diet (Chow, n = 6, red), insect-substituted pork sausage diet (Insect, n = 12, blue) or pork sausage
diet (Pork, n = 12, green).
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3.4. Correlation between GM and Metabolites

Correlations between the GM and metabolites were investigated using Pearson corre-
lation which revealed a separation of bacterial genera into two groups, with the relative
abundance of each group being positively correlated to a range of metabolites, as shown
by Figure 6. High relative abundance of Parasporobacterium, Barnesiella, Gordonibacteria
and Turicibacter were positively correlated with glucose, butyrate, uracil, hypoxanthine,
and glutamine. Methanol was correlated to the abundance of Gordonibacter, Clostridium
cluster XVIII and especially Parasporobacterium, tyrosine was correlated to Barnesiella and
Gordonibacteria, while high relative abundance of Bacteriodes and Parabacteriodes correlated
to high concentrations of arginine and isoleucine. Finally, Enterorhabdus and Desulfovibrio
relative abundance correlated to methylamine and the amino acids leucine, isoleucine,
valine, and phenylalanine.

 

Figure 6. Heatmap of Pearson correlations between colon metabolite concentration and relative
abundance of bacterial genera. The gut microbiota composition was analyzed by 16S rRNA sequenc-
ing while the metabolic pattern was analyzed by 1H NMR spectroscopy. Only metabolites and
bacteria genera with at a correlation coefficient >0.7 are shown. The color intensity from blue to red
corresponds to the correlation coefficient from −1 to 1.
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4. Discussion

In the present study, the impact of a partial substitution of meat protein with insect
protein on the GM composition and metabolic processes in the gastrointestinal tract of
healthy rats was investigated. Interventions with a traditional pork sausage and an insect-
substituted sausage were compared with a conventional chow diet. The four week duration
of the intervention was chosen to show the effects of prolonged ingestion of insect protein,
mimicking an introduction of insect protein in a carnivore diet. If the changes shown in
this paper will persist or increase with prolonged diet remains to be explored. Over four
weeks, same energy intake and body weight gain was found irrespective of whether the
rats were fed exclusively with pork protein or partly insect protein.

Analysis of GM composition revealed pronounced changes in the gut microbiome
composition following interventions with pork sausage and insect-substituted sausage
when compared with rats remaining on a chow diet (Figures 2 and 3). This may be ex-
pected considering that interventions with the carnivore diets (sausage products) were
associated with changes in macronutrient composition. Interestingly, when comparing the
GM after the interventions, Bray-Curtis dissimilarity metrics also revealed differences in
GM composition between the pork diet and insect-substituted diet, respectively. Conse-
quently, inclusion of insect as a protein-source in a carnivore diet impacted the GM to an
extent where, after four weeks of intervention, it was clearly different from the rats fed
the meat-based diet. A human study investigated intake of 25 g cricket powder per day
for a two-week period where the cricket powder replaced cocoa powder and purple corn
meal in a breakfast meal [18]. This replacement resulted in an increased fat and protein
content and a lower carbohydrate content in the insect meal, but only resulted in smaller
differences in the GM composition between individuals assigned to one of the two diets.
Stull et al. found that insect ingestion was associated with an increase in abundance of
Bifidobacterium animalis. In the current study, no increase of Bifidobacterium upon insect
inclusion was observed (Figure S2). This might be related to differences in the background
diet and food components that insect replaces or in the ability of Bifidobacterium to colonize
in rats and humans [28].

Concomitantly with analysis of the GM composition, metabolic activity in the gas-
trointestinal tract was assessed through the application of nuclear magnetic resonance
(NMR)-based metabolomics, and uniting the metabolomes from blood, stomach content,
small intestinal content, colon content end feces pointed at a distinct metabolization of
insect protein compared with meat protein in the gastrointestinal tract. The two carnivore
diets: pork and insect, had metabolite profiles markedly distinct from the standard chow
diet, which probably is a result of the differences in the macronutrient composition of
the diets. The chow diet had a considerably higher content of carbohydrates and a lower
amount of fat compared to the two carnivore diets. This also corresponds to earlier findings
that high-carbohydrate-low-fat and low-carbohydrate-high-fat diets can be discriminated
based on the metabolic profile of the plasma [29].

In the small intestine, ingestion of insect protein was associated with a larger amount
of the aromatic amino acids tyrosine and phenylalanine compared with ingestion of meat
protein. These aromatic amino acids are known to exert a high capability for stimulating
fermentation in the gut [30]. In colon content, 4-hydroxyphenylactate was increased after
ingestion of insect diet compared to pork diet. Further, 4-hydrophenylactate is involved in
tyrosine metabolism and can most likely be linked to the higher concentration of tyrosine
in the small intestine. Correlation analysis between GM and metabolites revealed that
tyrosine levels in colon content correlated with the relative abundance of Barnesiella and
Gordonibacteria. Thus, differences in tyrosine metabolism in the gut upon insect ingestion
can possibly be ascribed to changes favoring the abundance of these specific bacteria.

In blood plasma, higher levels of all branched-chain amino acids (BCAAs) leucine,
isoleucine and valine were found in rats ingesting the insect-substituted feed compared
with rats ingesting the conventional meat product (Figure 5). These results corroborate
a former study in pigs, which found lower ileal digestibilities of amino acids for diets
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including insect meal compared with a control diet [16]. Even though it is not possible to
confirm that these BCAAs in plasma are of microbial origin, this appears plausible as the
two carnivore diets had a similar content of BCAAs. Other studies have also suggested that
it is the overall dietary patterns rather than the dietary intake of BCAAs that contributes to
BCAA plasma concentrations [31,32]. Levels of circulating BCAAs have been linked to an
increased future risk of type 2 diabetes [33]. Consequently, the present findings might have
implications for human health, but further studies are warranted to establish a potential
association between insect intake and type 2 diabetes risk.

Recently, there is an intense focus on identifying new dietary protein sources as part of
the great food transformation introduced in an EAT Lancet report [34]. The intention is that
new foods sources should nurture human health and support environmental sustainability.
The present study reveals the necessity of establishing actions to thoroughly examine
how new dietary sources, commenced for sustainability reasons, impact endogenous
metabolism and GM to capture their true value in terms of nurturing human health.
Collectively, our data suggest that insect protein ingestion results in a different pattern
of protein residues and metabolism in the large intestine and apparently an increased
host absorption of generated BCAAs. Thus, while insect protein instantly appears as an
attractive replacer of meat from a sustainable point of view, our study shows that it is
important to approach new protein sources with a holistic approach to capture effects with
implications for both human health and sustainability.

5. Conclusions

The present study shows that partial substitution of meat with insect protein in a
traditional pork sausage over four-weeks, with same energy intake and body weight
gain influence the gut microbiota composition as well as the plasma and gastrointestinal
metabolite profile. Our data indicate that protein residues comes into the colon after
inclusion of insect protein in diet compared to a diet exclusively containing pork meat
protein. The increased amount of protein residues in the colon was reflected in a different
metabolization of aromatic amino acid residues. Insect ingestion was also accompanied by
a host absorption of generated BCAAs as reflected in higher plasma concentrations of these
amino acids. Our study thus proposes that introduction of insects in a common Western
omnivore diet alters the gut microbiome with consequences for endogenous metabolism.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10081814/s1, Table S1: Formulation of sausages diets. Ingredients added to common
sausage emulsion of pork meat, pork fat and water, Figure S1: Alfa diversity of the gut microbiota
composition at baseline and after the tree intervention diets. The Shannon index at baseline and after
diet intervention (4 weeks) with either pork sausage diet, insect-substituted pork diet or chow diet
(A). Statistical values of Shannon index for all comparisons (B), Figure S2: Change in abundance of
different bacterial genera in the gut microbiota after diet intervention. The abundance at genus level
are shown before (baseline) and after the different diet interventions (Intervention) with (A) pork
sausage (pork), (B) insect-supplemented pork sausage (insect) or (C) chow diet (chow), Figure S3:
Score plot of principal component analysis of stomach content. The first two principal components
of rats on chow diet , pork sausage diet (blue) or insect-substituted pork sausage diet (green). The
first principal component explaining 51% of the total variance separates the groups and by also
taking the second component, explaining 27.5% of the variance, into account a clear separation is
observed between the three groups, Figure S4: Score plot of OPLS-DA of stomach content of rats on
insect-substituted pork sausage diet (green) versus pork sausage diet (blue). Q2 = 0.96, Figure S5:
Score plot of principal component analysis of small intestinal content. The first two of three principal
components of rats on chow diet , pork sausage diet (green) or insect-substituted pork sausage diet
(blue). The first principal component (55.2%) separates the chow group from the others while the
pork and insect diet groups are separated along both PC1 and PC2 (18.6%), Figure S6: Score plot of
orthogonal partial least squares discriminant analysis of small intestinal content of rats on pork diet
(green) versus insect-substituted pork sausage diet (blue). Q2 = 0.67, Figure S7: Score plot of principal
component analysis of colon content. Score plot of principal component analysis with 7 principal
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components displaying the two first components of colon content of rats on chow diet , pork sausage
diet (green) or insect-substituted pork sausage diet (blue). The first principal component (39.4%)
separates the chow samples from the other groups while PC2 (14.8%) separates the pork from the
insect group, Figure S8: Score plot of OPLS-DA of colon content of rats on pork diet (green) versus
insect-substituted pork sausage diet (blue). Q2 = 0.59.
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