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Simple Summary: Despite edible insects being possible future food sources, studies on the nutritional
properties of some of the insects are still limited. Gonimbrasia cocaulti (GC), a saturniid caterpillar, is a
delicacy in some communities in Africa, yet there is no information on its nutrition profile to provide
insight on their contribution to rural household nutrition. This study provides in-depth knowledge
on the nutritional composition of the edible larval stage of G. cocaulti and the pupal life stages of the
domestic silkworm (Bombyx mori) and Eri silkworm (Samia Cynthia ricini). The results showed that the
edible stage of GC had significantly high levels of linoleic acid, minerals (Ca, Fe, K), vitamins (Bg, By, B12,
a-tocopherol) and crude fiber. The crude protein content of the larval and pupal stages of the various
insects ranged between 50 and 62%. It is evident that the developmental life stage of GC and silkworms
have adequate nutrients that could allow them to be utilized as ingredients in food fortification.

Abstract: This study aimed to provide information on the nutrients of the edible larval stage of
Gonimbrasia cocaulti (GC) for the first time, while exploring the potential nutrient content of the pupal
life stages of the domestic silkworm (Bombyx mori; BM) and the Eri silkworm (Samia Cynthia ricini;
SC). The three insects were analyzed for fatty acids, minerals, proximate composition and vitamins.
Among the fatty acids, linoleic, a polyunsaturated fatty acid, was approximately threefold higher in
GC than in the silkworms. The Ca, Fe and K contents were highest in GC. However, the Zn and Na
contents were highest in BM, while Mg content was predominant in SC. The crude protein content of
the various developmental life stages of the edible caterpillars and pupae ranged between 50 and
62%. Further, the fiber content of GC was substantially higher compared to the pupal stages of the
two silkworm species. The vitamin (Bg, By, By and «-tocopherol) levels of the two insect life stages
were considerably high. These insects are comparably rich in nutrients with potential suitability to be
utilized in food fortification and thus ease pressure on the over-reliance on animal and plant-based
sources, which are becoming unsustainable.

Keywords: edible insects; Gonimbrasia cocaulti; Bombyx mori; Samia Cynthia ricini; micro- and macronutrients;
entomophagy

1. Introduction

With the world population expected to surpass nine billion by 2050, there is an urgent
need to increase our current food production by almost 70% to feed this hungry popula-
tion [1]. However, new agricultural land, which is necessary to support the production
of resource-intensive animal and plant-based food products, is increasingly scarce [2].
Additionally, over 800 million people globally are reported to be undernourished, which
further exacerbates the problems of food security especially in developing countries [3]. It
would be unfair not to mention the negative effects of climate change on current food pro-
duction systems, which further compound the challenges of feeding an expanding global
population [4]. All of the aforementioned challenges point to the significance of identifying
food sources and production practices that will not only leave a minimal environmental
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footprint and be nutritionally rich, but will also be able to adapt to the ongoing climate
change-induced impacts on the environment.

Among the many alternatives, edible insects stand out as the most sustainable and
innovative source of food and feed. Conventional nutritional sources (plants and animals)
have economic shortfalls in their production and have more negative effects on the envi-
ronment. For instance, livestock rearing contributes close to 36% of global agricultural
greenhouse gas emissions [5], whereas plant cultivation leads to unsustainable conversion
of forests into farming lands, extensive use of chemicals, exhaustion of water and loss of
other vital biodiversity resources [6-8]. Therefore, sustainable yet nutritionally promising
alternative sources such as edible insects should be encouraged as they require less land
and water and have less negative impacts on the environment. For instance, one gram of
beef protein requires over eight times more land and almost five times more water than the
rearing of mealworms [9].

Globally, over 1900 insect species form part of human diets, with others being used as
animal feed, an indication that entomophagy is widely practiced [7]. From a nutritional
perspective, edible insects are not inferior to conventional sources but rather rival or are
even better than them in terms of other nutrients [10]. For instance, edible caterpillars have
higher protein content compared to chicken meat (28 and 21 g/100 g on a fresh matter
basis, respectively) [11]. Furthermore, the digestibility of insect proteins is as good as that
of the milk protein casein and soybean proteins [12]. Equally, insects contribute a wide
spectrum of vitamins, fatty acids and minerals, all of which are essential in combating
various deficiencies and preventing metabolic diseases [13-15]. Edible insects may also
be referred to as ‘nutraceutical foods’, as they are not only nutrient dense but also contain
natural substances (antioxidants) that provide functional benefits to the body [16-18].

Gonimbrasia cocaulti, a saturniid caterpillar, is a delicacy in some communities in
Kenya and in other parts of Africa [19], yet there is no documentation on the nutritional
composition of the edible larval stage. Though G. cocaulti was first described in Africa in
1992 [20], previous studies have largely focused on other edible Gonimbrasia species and
their considerable contribution to the rural economies in Africa [21-23]. Therefore, the aim
of the current study was to assess the hypothesis that the edible life stages of G. cocaulti and
the silkworm pupae of Bombyx mori, and Samia Cynthia ricini are nutritionally dense and
could serve as functional food ingredients in food fortification for fighting against possible
future food insecurity in east Africa.

2. Materials and Methods
2.1. Chemicals and Reagents

All chemicals and solvents were of analytical grade unless stated otherwise. Hy-
drochloric acid, nitric acid, hydrogen peroxide, phosphate buffer, acetonitrile, vitamins By,
By, Bs, B1p and By standards, nicotinic acid, nicotinamide, alpha-tocopherol, beta-tocopherol
retinol, potassium hydrogen carbonate, ethanol, potassium hydroxide, hexane, methanol,
tetrahydrofuran, tert-butyl methyl ether, ammonium acetate, x- and y-tocopherol standards
and methyl acetate were all sourced from Sigma-Aldrich (Kobian, Kenya).

2.2. Sample Collection

The domesticated species of two silkworms (S. cynthia ricini and B. mori) were sampled
from the sericulture rearing unit at the Animal Rearing and Containment Unit (ARCU)
at icipe. At icipe, captive populations of the Eri (S. cynthia ricini) and domestic (B. mori)
silkworms were reared on castor (Ricinus communis L.) and mulberry (Morus alba L.) leaves,
respectively, which are the primary host plants [24,25]. From each of the two domesticated
species, 2100 pupae were collected and further divided into groups of 700 each (3 groups
or samples per species). The key host plant of G. cocaulti under field conditions, reported
by Kusia et al. [19], is Vachellia tortilis, which is commonly called the umbrella thorn acacia
or Israeli babool. A field survey on this medium to large, canopied tree yielded over 900 G.
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cocaulti caterpillar larvae in Machakos County. This collection was randomly divided into
groups of 300, resulting in three groups (samples).

2.3. Sample Preparation

The silkworm pupae (B. mori and S. cynthia ricini) were kept separately in standard
nonwoven bags (12 x 16 inches) and frozen at —21 °C in a chest freezer. While the caterpillar
(G. cocaulti) samples collected from the field were packed in cool boxes that contained flaked
ice (47 °C) and transported to the International Centre of Insect Physiology and Ecology
(icipe) for taxonomic confirmation. The raw insect samples were then weighed into composite
samples of 700 g, thawed and oven-dried (SDO-225, Wagtech International, Thatcham, UK) at
60 °C for 24 h to a moisture content of below 15%. The samples were ground in a three-speed
Waring laboratory blender (Camlab, Over, UK) before being screened through a 0.1 mm
stainless steel laboratory sieve. They were then vacuum-packaged in sterile Ziploc bags,
labeled and stored in a deep freezer (—21 °C) until further analyses.

2.4. Analyses of Fatty Acids

Fatty acids in the insect meal samples were identified and quantified as their corre-
sponding fatty acid methyl esters (FAMEs) using a 7890A gas chromatography coupled
to a 5975 C mass spectrometry selective detector (Agilent Technologies, Inc., Santa Clara,
CA, USA) [26]). To methylate different fatty acids, 500 uL of sodium methoxide solution
(15 mg/mL) prepared in dry methanol was added to 20 mg of the sample. The mixtures
were vortexed for 1 min, sonicated for 5 min and incubated at 60 °C for 1 h, thereafter
quenched by adding 100 pL deionized water followed by vortexing for another 1 min. The
resulting methyl esters were extracted using gas chromatography grade hexane (1000 pL;
Sigma-Aldrich, St. Louis, MO, USA), centrifuged at 14,000 rpm for 5 min and the super-
natant dried by passing through anhydrous sodium sulfate before analysis (1.0 pL) by
gas chromatography-mass spectrometry GC-MS. The GC-MS was equipped with a (5%
phenyl)-methylpolysiloxane (HP5 MS) low-bleed capillary column (30 m x 0.25 mm i.d.,
0.25 pm; J&W, Folsom, CA, USA) and helium was used as carrier gas at a flow rate of
1.25 mL/min. The initial temperature of the oven was kept at 35 °C for 5 min, it was
then programmed to increase to 280 °C at a rate of 10 °C/min and was held at 280 °C for
20.4 min. Ion source and quadrupole temperatures of mass selective detectors were kept
at 230 °C and 180 °C, respectively and ionization energy was 70 eV. Fragment ions were
analyzed over 40-550 m/z mass range in the full scan mode and the filament delay time
was set at 3.3 min. The linear calibration curve of the peak area vs. concentration which
gave a coefficient of determination (R2 = 0.9997) was generated by analyzing serial dilution
of the authentic standard methyl octadecenoate (0.2-125 ng/uL) using chromatography
coupled with mass spectrometry in full scan mode which gave the following equation,
Y = 5E + 07x + 2E + 07, which was used to externally quantify different FAMEs in the
samples. The FAMEs were identified by comparing mass spectral data and retention times
with those of authentic standards, where available and using reference spectra published
in library MS databases from National Institute of Standards and Technology (NIST) 05,
08 and 11. Absolute compound identity was assigned for matches within +/—5 of the
database. Relative quantification of identified compounds was applied and individual
compounds were expressed as a percentage of the total identified compounds.

2.5. Analyses of Minerals

The mineral contents were assessed by inductively coupled plasma emission spec-
trometry (ICP-AES). Each sample (5 g) was incinerated at 450 °C until its ash turned a grey
to reddish-brown color. The ash was then dissolved in an acid mixture of hydrochloric
and nitric acid and hydrogen peroxide (37%, 65%, 30%, respectively) as per the published
protocols in [27]. The samples were analyzed for magnesium (Mg), sodium (Na), potassium
(K), iron (Fe), zinc (Zn) and calcium (Ca) contents.
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2.6. Analyses of Proximate Nutritional Parameters

The proximate components of the samples were analyzed using the protocols of
AOAC [28]. The dry matter content was assessed by oven drying the sample at 105 °C till
a constant weight was achieved, while moisture content was determined as the weight
difference before and after oven-drying at 100 °C for 2 h. On the other hand, the total
protein content of the sample was obtained by first determining the nitrogen content
following the Kjeldahl method and then multiplying the nitrogen value by a conversion
factor of 4.76 [29] to obtain the total protein value. Total fats were determined by diethyl
ether extraction in a fat extraction unit (SER 148; VELP Scientifica, Usmate Velate, Italy)
following the Randall technique. This involves mixing of the sample in hot diethyl ether,
washing off the solvent after boiling and recovery by evaporation and condensation. The
total ash content was determined by combustion of the sample in silica crucible at 550 °C
in a muffle furnace. Finally, the acid detergent fiber (ADF) was analyzed with a VELP fiber
analyzer (FIWE 6) (VELP Scientifca, Usmate Velate, Italy) using reagents described in the
published protocol [30].

2.7. Analyses of Vitamins

The fat- and water-soluble vitamins in the various samples were analyzed following
the methods described by Maiyo et al. [31] and Bhatnagar-Panwar et al. [32]. Liquid chro-
matography mass spectroscopy (LC-MS) coupled with a diode array detector (HPLC-30AC;
Shimadzu, Tokyo, Japan) and a C18 column (100 x 3.00 mm, 2.6 um polar; Phenomenex,
Torrance, CA, USA) at 30 °C, was used and each sample and standards were analyzed
for 12 min at a flow rate of 0.4 mL/min and injection volume of 10 puL. The number of
water-soluble vitamins in the sample were calculated by comparing peak area of samples
to peak area of the standards.

For the fat-soluble vitamins, analyses were performed using reverse-phase HPLC
(Shimadzu, Tokyo, Japan) linked to a SPD-M2A detector. The injection volume of each
sample was 10 pL with a total flow rate of 0.4 mL/min for 10 min. Standards for retinol and
a- and y-tocopherol were prepared at four different concentrations each and used for the
calibration curve. Peaks were identified by their retention time and the absorption spectra
were compared to the standardized spectra. Vitamin concentrations were calculated by
comparing the peak area of samples to the peak area of the standardized spectra.

2.8. Statistical Data Analyses

Three replicate samples per species were analyzed for each parameter. Two statistical
programs (R and PAST) were used in the statistical analyses. ANOVA and Tukey’s multiple
comparisons tests (HSD) from the package “agricolae” were used to compare the assayed
parameters between species. A nonmetric multidimensional scaling (NMDS) plot was
completed in the PAST program (two dimensional plots, similarity measure—Bray—Curtis),
to highlight the interspecies variation in free fatty acids. Box plots, bar graphs and a plot of
means were completed in R v3.6.2 [33], the factoextra v1.0.6, 233 [34] and ggplot2 v3.2.1 [35]
packages, to show variation of proximate components, vitamins and minerals between the
species, respectively.

3. Results and Discussion
3.1. Analyses of Fatty Acids

Edible insects are known as a valuable source of fatty acids, whose properties have
been considered to be closer to plant than animal oils [31,36—40]. Ten free fatty acids were
studied and were present in all three insects, though in varying concentrations. The species
of the insect had a significant effect on all free fatty acids (p < 0.05) (Table 1 and Figure 1).
In this study, lauric acid for GC was low, while its values for the silkworms were high and
comparable (F = 7.146; df = 2; p = 0.0259). Azelaic acid was significantly higher in BM than
in SC and GC, both of which had comparable values (F = 62.97; df = 2; p < 0.0001). Myristic
and pentadecanoic acids were high in GC, while in the silkworm pupae they were low and
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comparable (F = 6.334; df = 2; p = 0.0332 and F = 391.2; df = 2; p < 0.0001, respectively). On
the other hand, palmitoleic acid was significantly higher in BM in comparison to SC and
GC (F =23.78; df = 2; p = 0.00141).

Table 1. Concentration of free fatty acids at the edible stages of the three African insects (mean of %
peak area + standard deviation).

Insects
Free Fatty Acids

B. mori S. cynthia ricini G. cocaulti F-Value df p-Value

Lauric 0.23 +0.07° 0.23 +£0.06° 0.08 & 0.04 ° 7.146 2 0.0259
Azelaic 2.82+041° 0.96 £0.072 0.53+0.20° 62.97 2 <0.0001
Myristic 1.80 4+ 0.48 2P 1.24+0.10° 2.04 +0.02° 6.334 2 0.0332
Pentadecanoic 0.33 £0.09 2 0.35+0.022 1.52 4 0.03P 391.2 2 <0.0001
Palmitoleic 9.47 +1.14° 6.57 £0.64° 497 £0.512 23.78 2 0.0014
Heptadecanoic 1.89+0.11° 1.85+0.12% 6.18 +0.40° 298.9 2 <0.0001
Linoleic 45240352 6.99 £1.162 18.18 + 1.69° 109.7 2 <0.0001
Elaidic 68.88 +3.10° 76.08 £1.42°¢ 59.03 £1.922 43.08 2 0.0003
Nonadecanoic 1.69 £0.65° 0.81 +0.07° 1.69 £0.072 5.362 2 0.0462
Eicosanoic 8.36 + 1.15° 492 +0322 578 £0.36? 18.32 2 0.0028

Where, df = degree of freedom and different letters in the same row shows statistical significance between the values.
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Figure 1. NMDS clustering of samples of edible stages of the three insects (Gonimbrasia cocaulti, GC;

Bombyx mori, BM; and Samia Cynthia ricini, SC) based on the ten free fatty acids.
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The contents of both heptadecanoic (F = 298.9; df = 2; p < 0.0001) and linoleic (F =
109.7; df = 2; p < 0.0001) acids were low and comparable in the silkworms, but substantially
high in GC. Elaidic acid (F = 43.08; df = 2; p = 0.00028) differed considerably between the
three insects, while nonadecanoic (F = 5.362; df = 2; p = 0.0462) was low in CS but high and
similar in BM and GC. Moreover, eicosanoic acid was recorded highest in BM, but low and
comparable in SC and GC (F = 18.32; df = 2; p = 0.00279). Our findings are in agreement
with fatty acid spectra reported on other edible insects [36,38—40]. Notwithstanding the
effect of insect species, studies have also shown that the fatty acid spectra of edible insects
are partly dependent on the fatty acid composition of their feed [41-43].

Fatty acids are essential in the body since they are the building blocks of organs, tissues
and cells as well as for the synthesis of certain biologically active substances. Furthermore,
they are an important source of energy, particularly, for the heart and muscular tissues
through -oxidation of fatty acids [44]. Broadly, fatty acids can be classified as saturated
and unsaturated. Further, unsaturated fatty acids can either be mono- or polyunsaturated,
depending on the number of double bonds in their structure [26,38]. Though the human
body can synthesize de novo many of the fatty acids, some essential polyunsaturated fatty
acids such as linoleic have to be delivered with diet [44].

High levels of unsaturated fatty acids in diets are recommended due to their positive
multidirectional effects in the body [44,45]. Whereas, high levels of saturated fatty acids
in diets are not favorable because they raise the level of low-density lipoproteins [46,47].
Therefore, due to the high levels of unsaturated fatty acids (palmitoleic, linoleic and elaidic
acids) in the studied insects, their consumption either as food or feed, may counter the
possible negative effects of the saturated fatty acids that were also present. For example,
cumulatively GC had a significantly higher amount of unsaturated fatty acids (fivefold)
compared to saturated fatty acids (Table 1).

The samples from the three insects separated into distinct convex hulls, with GC
samples being highly influenced by five free fatty acids: nonadecanoic, myristic, linoleic
(polyunsaturated), heptadecanoic and pentadecanoic (Figure 1). In contrast, BM was
influenced by eicosanoic, azelaic and palmitoleic, while SC was affected by lauric and
elaidic. Broadly, the silkworm pupae were separated to the negative side of NMDS 1, while
the GC caterpillars were separated to the positive side. This clearly signifies that the insect
species and its developmental stage and age had a direct influence on the type and amount
of free fatty acids that were present in the three insects. This is in agreement with the
findings of previous studies, which have shown that the nutritional components of edible
insects vary based on species and age among other factors [26,41-43,48].

3.2. Analyses of Minerals

The three insects exhibited different accumulation patterns of minerals (Figure 2), which
is primarily attributable to seasonal, geographic and ecological factors as the minerals are not
synthesized in the insect body but rather obtained from the dietary sources [49-51].

Potassium (F = 165.7; df = 2; p < 0.0001), iron (F = 218.2; df = 2; p < 0.0001) and calcium
(F=225.8; df =2; p < 0.0001) were high in GC (Figure 2C,D,F), whereas sodium (F = 15.54;
df = 2; p = 0.00423) and zinc (F = 1320; df = 2; p < 0.0001) were found to be high in BM
(Figure 2B,E). Samia cynthia ricini recorded higher amounts of magnesium (F = 1280; df = 2;
p < 0.0001) compared to the other two insects (Figure 2A). These findings reveal that these
insects are rich sources of essential minerals, however, GC stands out as a better source,
which may be because it has a wide range of food sources available for its ingestion in the
wild. The mineral levels detected in this study were consistent with the results of other
studies in the literature on edible insects [22,49-53]. Moreover, the obtained mineral levels
were comparable or even superior to most products of animal origin [39,54].

Among the studied mineral elements, Ca, Mg and Fe are key markers of the nutri-
tional value of a given food in the aspect of its mineral composition, since they are the
most frequently reported mineral deficiencies [53]. For instance, Ca plays vital roles in
many physiological functions such as blood clotting, bone and tooth formation, enzymatic
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activity, metabolic reactions, construction of proteins, muscle contraction and membrane
permeability [54-56]. The main sources of Ca are dairy products; however, they are beyond
the reach of the many poor populations in developing countries. Since the Ca content of
the studied insects, particularly GC, compared favorably with conventional sources, they
could be considered as possible sources for enriching diets. It is also significant to note
that Ca from insect can be an appropriate substitute for people with lactose intolerance
and allergies to soy [57]. In poultry feeds, Ca is crucial to bone and egg formation as it
contributes up to 90% of their mineral matrices [58].
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Figure 2. Mean plots showing variation in major minerals across the three edible insects. Where
(A) is magnesium (Mg), (B) is sodium (Na), (C) is potassium (K), (D) is iron (Fe), (E) is zinc (Zn) and
(F) is calcium (Ca).

Iron deficiency is common among infants, young children, young women and the
elderly [54]. For example, earlier reports showed that in UK, iron deficiency in young
women (11 to 18 years) was 21%, while in USA 9-11% of nonpregnant women (1649 years)
were anemic and in 2-5% of them, the anemia was related to iron deficiency [59]. In some
African countries (Kenya, Uganda, Burkina Faso and Gambia), the data on prevalence of
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anemia ranged between 49.7% and 87.0% [60]. The high amounts of Fe recorded in this
study, especially in GC, whose Fe content (>15 mg/100 g) was superior to conventional
meat sources and comparable if not higher than those of other edible insects [51,53,54], is
indicative that consummation of these insects will help alleviate such deficiencies.

The high Mg levels in the three insects is also beneficial for calcium metabolism and
proper operation of the heart, among many other roles, if consumed as feed or food [61].
Equally, Na which is important in controlling blood pressure and minimizing the risk
of coronary disease, was present within the required range [62]. Zinc a key component
of many enzymes and essential in the metabolism of major nutrients (proteins, fats and
carbohydrates), was present in comparable levels with other sources of animal origin [53,63].
Moreover, Zn plays a crucial role in polynucleotide transcription, thus critical in the process
of genetic expression [54]. Potassium is similarly critical in reducing high inflow of blood
in the blood vessels, thus preventing cardiovascular related diseases [63].

3.3. Analyses of Proximate Nutritional Parameters

The findings of proximate nutrients analyzed separately on a dry matter basis are
given in Figure 3. There was an effect of insect species in all the proximate nutritional
parameters. The ash content (F = 336.2; df = 2; p <0.0001) and crude fiber (F = 118.4; df = 2;
p < 0.0001) were both highest in GC and lowest in BM, nevertheless, the crude fiber values
in the silkworms were comparable. The silkworm BM possessed the highest values in both
the dry matter (F = 90.98; df = 2; p < 0.0001) and fat content (F = 68.83; df = 2; p < 0.0001),
while GC had the lowest values, even though the fat content values in GC and SC did not
differ significantly. The protein content (F = 874.0; df = 2; p < 0.0001) was noticeably higher
in SC compared to the other two insects. However, it is important to note that all three
insects had extremely high-protein content (>50%). The highest moisture content (F = 90.98;
df = 2; p < 0.0001) was recorded in GC and lowest in BM.

Protein content was dominant in all three insects, followed by total fat. These findings
are comparable to those reported by Arasakumar et al. [64] on the protein content of BM
and SC, though they reported higher fat content than what we found. These variations
could be due to the differences in habitat, climate, sex, processing method and genetic
variability [26,42,43]. Studies have shown that the protein content of insects ranges between
25 and 75% [65-68], which corroborate results of this study. However, it is important to note
that the protein values in the current study were significantly higher when compared to
some animal and plant protein sources such as milk, beef, roasted goat meat, broiler, pork,
eggs, dried whey protein concentrate and soybeans, in which protein constitute between 24
and 45% [39,69,70]. Furthermore, in relation to the high digestibility and desirable amino
acid profile (building blocks of protein), insect proteins are rated highly [12]. A higher
protein digestibility signifies a higher availability of amino acids, particularly, indispensable
(essential) amino acids, which cannot be synthesized by most animal species, hence must
be delivered through diet [71]. Therefore, the edible stage of GC is a good and cheap source
of protein, as are the silkworms and other edible insects.

The fat content of insects has been reported to vary between 10 and 70% on a dry
matter basis, which is within the range reported in the current study [53,64,66]. However, the
obtained fat content values for SC were lower than those reported in the literature [72-74]. Fat
is made of fatty acids that can either be saturated, monounsaturated, or polyunsaturated and
they play vital physiological roles, as earlier discussed, for free fatty acids. Although insects
are largely viewed as an alternative source of protein, many of them are rich in valuable oils,
which if used together with other foods could increase their nutritive value [74].

The ash content levels agree with those reported by other authors investigating various
edible insects [48,53,68,70,72]. There is a consensus among researchers that ash content of a
given sample correlates with its specific mineral elements, which agrees with our findings.
For instance, GC had a higher ash content than the silkworms and was equally found to
be high in three mineral elements (K, Ca and Fe) (Figure 2). The considerable levels of
ash in the studied insects are indicative that they may be a good source of minerals and
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therefore their inclusion in processed food products has the potential to enrich their mineral
content [54]. The crude fiber content was consistent with previous outcomes, in which
most edible insect species had a crude fiber content within the desired range [50,52,75,76].
Insect fiber is mainly made up of protein and considerable amounts of chitin. The latter is
indigestible despite the presence of the enzyme chitinase in human gastric juice, particularly,
in people from nontropical countries where this enzyme is inactive [77]. However, people
from tropical countries with a long history of eating insects have active chitinase and
thus can digest insect fiber [78]. Chitin digestion and removal increases insect protein
digestibility [79]. The moisture content of the powders was less than 15%, which is vital as
it reduces the threat of microbial contamination, thus increasing the preservation period.
Previous studies have observed a similar trend in moisture content in various edible insect
species [50,68]. In contrast to the current findings, a higher moisture content has been
reported in other edible insects, which could be due to factors such as geographical location
and habitat [54,62].
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Figure 3. Box plots for the proximate analyses of the edible stages of the three insects. Where (a) is
ash content, (b) is fat content, (c) is protein, (d) is crude fiber and (e) is moisture. All are represented
in percentage (%) dry matter basis.
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There were high-positive associations between the ash content with fiber and moisture
contents of 0.76 (p < 0.05) and 0.92 (p < 0.001), respectively (Figure 4). However, high-negative
associations were recorded between ash content and fat (—0.73; p < 0.05. Additionally, there
were high-negative associations observed between fat and protein (—0.68; p < 0.05) and with
moisture content (—0.77; p < 0.05). Fiber had a positive association with moisture (0.62),
though this association was not significant (p = 0.077). These associations show that some of
the proximate components are related and that an increase in one may lead to a decrease in
the other and vice versa. For instance, if there is more fat content then one should expect less
protein and ash in the studied insects, since they are inversely associated.

ASh 1 1 1 | 1 1 1 1 1 1 1 : 8
K\ -0.73* || 040 || 0.76* ||0.92*** [
: T Fat
® - H\H -0.68* || -0.42 || -0.77*
| | [ Protein -
. | 0.08 || 048 |
__. _ i -5
o ; y Fiber
s /e . 0.62
/ N y 1 [ Moisture o

Figure 4. Spearman rank (rs) correlations for proximate nutritional components. Where a star or stars
shows those with statistical significance; * p < 0.05, *** p < 0.001.

3.4. Analyses of Vitamins

Water-soluble vitamins were present in all samples except nicotinamide which was ab-
sent in BM and GC and nicotinic acid which was absent in GC and SC samples (Figure 5A,B).
On the other hand, fat-soluble vitamins were equally present in all samples except retinol
that was absent in GC samples (Figure 5C).
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Figure 5. Variation in the concentration of different vitamins; (A,B) water-soluble vitamins and
(C) lipid-soluble vitamins, across the three African insects” edible stages.

Vitamins B, and Bs were both highest in SC and lowest in BM samples and were
significantly different in concentration across the three insects (F = 111.9; df = 2; p < 0.0001
and F = 809.6; df = 2; p < 0.0001, respectively). Further, the insect species had a significant
influence on vitamins Bg (F = 64.73; df = 2; p < 0.0001) and By, (F = 58.21; df =2; p = 0.00012)
both of which were highest in GC but were lowest in the silkworms. Vitamin B¢ (F = 34.72;
df = 2; p = 0.0005) was recorded lowest in BM, while its values for GC and SC samples
were high and comparable. Retinol (F = 3925; df = 1; p < 0.0001) was only present in
the silkworms, though it was higher in BM than SC. Alpha-tocopherol was higher in GC
compared to the two silkworms, while gamma-tocopherol was highest in BM and lowest in
GC. The observed differences in the vitamin contents between the studied insects could be
due to variation in the diet eaten by the insects [80]. Our results agreed with the findings
reported by other authors investigating vitamins in various edible insects [26,62].

Any feed or food needs to contain sufficient quantities of vitamins, as they facilitate
the development of proper and healthy body functions. Moreover, vitamins contribute
to the development of the immune system, while also helping in the digestion of other
nutrients [81,82]. The fat-soluble vitamins (x and 'y tocopherols) are good natural antioxi-
dants that impede lipid oxidation in biological systems by stabilizing hydroperoxyl and
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in mopping out other free radicals [83-85]. As vitamins cannot be synthesized de novo
by animals, they must be supplied constantly by food, thus incorporation of the studied
insects in diets would likely serve as an alternative source of vitamins.

In addition to macro- and micronutrients, edible insects are rich in natural bioactive
compounds, which includes peptides and phytochemicals [18,86]. These compounds have
unique and yet vital properties such as hydrophilicity, permeability and multifactorial in-
teraction with the biological molecules, all of which are essential in disease prevention [84].
Previous studies have shown that synthetic bioactive compounds may impede other nutri-
ents’ biological functions in vivo, therefore, natural compounds are often regarded as being
safer [86]. For instance, a recently published in vitro study revealed two peptides extracted
from silkworm pupae powder, which has strong antioxidant activity in HepG2 cells [87].
Furthermore, most compounds in silkworm pupae have been reported to have various
pharmacological functions, which includes antibacterial, antitumor, antioxidant, lipid and
blood-sugar-regulation, antiapoptotic, hypotensive, improving liver function, antifatigue,
antiaging, antigenotoxic, alcohol detoxification and immunomodulatory effects [86,88,89].
Therefore, it could be possible to develop functional foods or medicines from silkworm
pupae extracts, to help prevent diseases (diabetes, obesity and other lifestyle related disor-
ders) caused by oxidative stress [88,89]. Unfortunately, such extensive studies described
above on silkworm pupae, have never been researched for Gonimbrasia spp., which opens
new opportunities for future efforts.

It is also important to note that most of the aforementioned silkworm pupal bioactivi-
ties have only been tested in vitro, hence in vivo assays either in animal models or human
are needed. Despite the huge potential of edible insects as food and feed or medicine,
their safety needs to be evaluated, both for toxicological safety and for allergic reactions.
For instance, though insect oils are high in unsaturated fatty acids, they are not recom-
mended for direct human consumption due to the presence of triacylglycerols, which if
consumed may increase the risk of heart related diseases [90]. In addition, allergenicity
has been described in some edible insects such as peptides such as 27-kDa glycoprotein,
chitinase precursor and profilin in silkworms [91,92]. However, processing through heat
could cause chemical modifications to the allergens, resulting in the loss or reduction in
allergenicity [93]. Another important aspect that needs to be considered is the development
of laws and regulations on consumption of edible insects, especially in Africa. In Europe,
the new EU food legislation allows for the legalization of edible insect consumption [94].
Such regulations are needed to govern the production and consumption of insect and as a
form of protection for consumers.

4. Conclusions

The overall nutrient profile of the edible stage of GC was comparable to that of the
silkworm pupae, which were comparable to, or surpassed, those of the conventional animal
and plant-based products in some cases. The high content of mono- and polyunsaturated
fatty acids, vitamins, minerals and protein in the targeted edible stage of GC and silkworm
pupae showed that they could be explored as a food additive for tackling nutritional defi-
ciencies. However, further studies on protein digestibility, amino acid profile, antinutrients
and antioxidants would be necessary. With the ongoing challenges of an expanding global
population, climate change, scarcity of land and water and the ever increasing undernour-
ished populations in developing countries, novel food production strategies are required.
The rearing of edible insects for food and feed has the potential to bridge these gaps in an
environmentally sustainable manner.

Author Contributions: Conceptualization, methodology, resources, project administration, C.M.T.
and S.S.; software, investigation, supervision, funding acquisition, C.M.T.; validation, C.M.T. and
H.O.M.; formal analysis, data curation, visualization, H.O.M., WK. and C.M.T.; writing—original
draft preparation, writing—review and editing, H.O.M., CM.T., WK. and S.S. All authors have read
and agreed to the published version of the manuscript.



Insects 2023, 14, 136 13 of 16

Funding: Financial support for this research was provided by the Australian Centre for International
Agricultural Research (ACIAR) (ProteinAfrica—Grant No. LS/2020/154), the Curt Bergfors Founda-
tion Food Planet Prize Award, the Bill and Melinda Gates Foundation (INV-032416), the Norwegian
Agency for Development Cooperation, the Section for research, innovation and higher education
(RAF-3058 KEN-18/0005); the Rockefeller Foundation (WAVE-IN—Grant No. 2021 FOD 030), the
Swedish International Development Cooperation Agency (Sida); the Swiss Agency for Development
and Cooperation (SDC); the Federal Democratic Republic of Ethiopia and the Government of the
Republic of Kenya.

Data Availability Statement: Data used in this study is contained within the article and is freely
available upon request from the corresponding author.

Acknowledgments: The authors are grateful to Bonface Ngoka for his support and contribution to
this work.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the study
design, data collection and analysis, decision to publish, or in the preparation of the manuscript.
Therefore, the views expressed herein do not necessarily reflect the official opinion of the donors.

References

1.

10.

11.
12.

13.

14.
15.

16.
17.

18.

19.

20.
21.

The World Population Prospects by United Nations (UN). Population Division of the United Nations Department of Economic and Social
Affairs; The World Population Prospects by United Nations (UN): New York, NY, USA, 2019. Available online: https://www.un.org/
development/desa/en/news/population/world-population-prospects-2019.html (accessed on 1 November 2022).

Nadeau, L.; Nadeau, L; Franklin, F; Dunkel, F. The Potential for Entomophagy to Address Undernutrition. Ecol. Food Nutr. 2015,
54,200-208. [CrossRef] [PubMed]

FAO; WFP. State of Food Insecurity in the World: Strengthening the Enabling Environment for Food Security and Nutrition; Food and
Agriculture Organization: Rome, Italy, 2014.

Gomez-Zavaglia, A.; Mejuto, J.; Simal-Gandara, J. Mitigation of emerging implications of climate change on food production
systems. Food Res. Int. 2020, 134, 109256. [CrossRef] [PubMed]

Broucek, J. Production of Methane Emissions from Ruminant Husbandry: A Review. . Environ. Prot. 2014, 05, 1482-1493.
[CrossRef]

Barona, E.; Ramankutty, N.; Hyman, G.; Coomes, O.T. The role of pasture and soybean in deforestation of the Brazilian Amazon.
Environ. Res. Lett. 2010, 5. [CrossRef]

Huis, A.V,; Itterbeeck, ].V.; Klunder, H.; Mertens, E.; Halloran, A.; Muir, G.; Vantomme, P. Edible Insects: Future Prospects for Food
and Feed Security; FAO Forestry Paper; FAO: Rome, Italy, 2013; p. 171.

Xu, Q.Y,; Wang, C.A.; Zhao, Z.G.; Luo, L. Effects of replacement of fish meal by soy protein isolate on the growth, digestive
enzyme activity and serum biochemical parameters for juvenile Amur sturgeon (Acipenser schrenckii). Asian-Australas. ]. Anim.
Sci. 2012, 25, 1588-1594. [CrossRef]

Van Huis, A.; Oonincx, D.G. The environmental sustainability of insects as food and feed. A review. Agron. Sustain. Dev. 2017, 37,
1-4. [CrossRef]

Numbi Muya, G.M.; Mutiaka, B.K.; Bindelle, J.; Francis, F.; Caparros Megido, R. Human Consumption of Insects in Sub-Saharan
Africa: Lepidoptera and Potential Species for Breeding. Insects 2022, 13, 886. [CrossRef]

Lavalette, M. Insects: A New Protein Resource for Human Food. Ph.D. Dissertation, University of Lorraine, Lorraine, France, 2013.
Rumpold, B.A.; Schliiter, O.K. Nutritional composition and safety aspects of edible insects. Mol. Nutr. Food Res. 2013, 57, 802-823.
[CrossRef]

Akinnawo, O.; Ketiku, A.O. Chemical composition and fatty acid profile of edible larva of Cirina forda (Westwood). Afr. ]. Biomed.
Res. 2000, 3, 93-96.

Bernard, T.; Womeni, H.M. Entomophagy: Insects as food. Insect Physiol. Ecol. 2017, 233-249.

Oibiokpa, FEI.; Akanya, H.O,; Jigam, A.A.; Saidu, A.N.; Egwim, E.C. Protein quality of four indigenous edible insect species in
Nigeria. Food Sci. Hum. Wellness 2018, 7, 175-183. [CrossRef]

Chantawannakul, P. From entomophagy to entomotherapy. Front. Biosci. -Landmark 2020, 25, 179-200. [CrossRef]

Dev, S.; Hassan, K.; Claes, J.; Mozahid, M.; Khatun, H.; Mondal, M. Practices of entomophagy and entomotherapy in Bangladesh.
J. Insects Food Feed. 2020, 6, 1-10. [CrossRef]

Mokaya, H.; Ndunda, R.; Kegode, T.; Koech, S.; Tanga, C.; Subramanian, S.; Ngoka, B. Silkmoth pupae: Potential and less
exploited alternative source of nutrients and natural antioxidants. J. Insects Food Feed. 2022, 1-12. [CrossRef]

Kusia, E.; Borgemeister, C.; Khamis, F.; Copeland, R.; Tanga, C.; Ombura, F.; Subramanian, S. Diversity, Host Plants and Potential
Distribution of Edible Saturniid Caterpillars in Kenya. Insects 2021, 12, 600. [CrossRef]

Darge, P; Terral, G. A new Gonimbrasia from Kenya (Lepidoptera Saturniidae). Alexanor 1992, 17, 468-470.

Glew, R.H.; Jackson, D.; Sena, L.; VanderJagt, D.J.; Pastuszyn, A.; Millson, M. Gonimbrasia belina (Lepidoptera: Saturniidae): A
Nutritional Food Source Rich in Protein, Fatty Acids and Minerals. Am. Entomol. 1999, 45, 250-253. [CrossRef]


https://www.un.org/development/desa/en/news/population/world-population-prospects-2019.html
https://www.un.org/development/desa/en/news/population/world-population-prospects-2019.html
http://doi.org/10.1080/03670244.2014.930032
http://www.ncbi.nlm.nih.gov/pubmed/25401273
http://doi.org/10.1016/j.foodres.2020.109256
http://www.ncbi.nlm.nih.gov/pubmed/32517948
http://doi.org/10.4236/jep.2014.515141
http://doi.org/10.1088/1748-9326/5/2/024002
http://doi.org/10.5713/ajas.2012.12192
http://doi.org/10.1007/s13593-017-0452-8
http://doi.org/10.3390/insects13100886
http://doi.org/10.1002/mnfr.201200735
http://doi.org/10.1016/j.fshw.2018.05.003
http://doi.org/10.2741/4802
http://doi.org/10.3920/JIFF2020.0038
http://doi.org/10.3920/JIFF2022.0134
http://doi.org/10.3390/insects12070600
http://doi.org/10.1093/ae/45.4.250

Insects 2023, 14, 136 14 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Siulapwa, N.; Mwambungu, A.; Lungu, E.; Sichilima, W. Nutritional value of four common edible insects in Zambia. Int. J. Sci.
Res. 2014, 3, 876-884.

Mnisi, C.M.; Oyeagu, C.E.; Ruzvidzo, O. Mopane Worm (Gonimbrasia belina Westwood) Meal as a Potential Protein Source for
Sustainable Quail Production: A Review. Sustainability 2022, 14, 5511. [CrossRef]

Alipanah, M.; Abedian, Z.; Nasiri, A.; Sarjamei, F. Nutritional effects of three mulberry varieties on silkworms in torbat heydarieh.
Psyche A ]. Entomol. 2020, 29, 2020. [CrossRef]

Narayanamma, V.L.; Padmasri, A. Rearing of Eri Silk Worm and its Economic Viability to Rainfed Castor Farmers. Indian ].
Entomol. 2022, 28, 814-818. [CrossRef]

Shumo, M.; Osuga, I.M.; Khamis, EM.; Tanga, C.M.; Fiab, K. K.M.; Subramanian, S.; Ekesi, S.; Van Huis, A.; Borgemeister, C.;
Fiaboe, K.K.M.; et al. The nutritive value of black soldier fly larvae reared on common organic waste streams in Kenya. Sci. Rep.
2019, 9, 10110. [CrossRef] [PubMed]

Manditsera, F.A.; Luning, P.A.; Fogliano, V.; Lakemond, C.M.M. The contribution of wild harvested edible insects (Eulepida
mashona and Henicus whellani) to nutrition security in Zimbabwe. J. Food Compos. Anal. 2019, 75, 17-25. [CrossRef]

AOAC. Official Methods of Analysis, Association of Official Analytical Chemist, 19th ed.; AOAC: Washington, DC, USA, 2012.
Janssen, R.H.; Vincken, ].P; van den Broek, L.A.; Fogliano, V.; Lakemond, C.M. Nitrogen-to-protein conversion factors for three
edible insects: Tenebrio molitor, Alphitobius diaperinus and Hermetia illucens. J. Agric. Food Chem. 2017, 65, 2275-2278. [CrossRef]
[PubMed]

Van Soest, PJ.; Robertson, ].B.; Lewis, B.A. Methods for dietary fiber, neutral detergent fiber and nonstarch polysaccharides in
relation to animal nutrition. J. Dairy Sci. 1991, 74, 3583-3597. [CrossRef]

Maiyo, N.C.; Khamis, EM.; Okoth, M.W.; Abong, G.O.; Subramanian, S.; Egonyu, J.P,; Xavier, C.; Ekesi, S.; Omuse, E.R;;
Nakimbugwe, D.; et al. Nutritional Quality of Four Novel Porridge Products Blended with Edible Cricket (Scapsipedus icipe)
Meal for Food. Foods 2022, 11, 1047. [CrossRef]

Bhatnagar-Panwar, M.; Bhatnagar-Mathur, P.; Bhaaskarla, V.V,; Dumbala, S.R.; Sharma, K.K. Rapid, accurate and routine HPLC
method for large-scale screening of pro-vitamin A carotenoids in oilseeds. . Plant Biochem. Biotechnol. 2015, 24, 84-92. [CrossRef]
R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing; R Core Team: Vienna,
Austria, 2018. Available online: https://www.R-project.org (accessed on 10 June 2021).

Kassambara, A.; Mundst, F. Factoextra: Extract and Visualize the Results of Multivariate Data Analyses R Package Version 1.0.
5.999. 2019. Available online: http:/ /www.sthda.com/english/rpkgs/factoextra (accessed on 10 June 2021).

Wickham, H.; Chang, W.; Wickham, M.H. Package ‘ggplot2’. In Create Elegant Data Visualisations Using the Grammar of Graphics;
Version 2; R Foundation for Statistical Computing: Vienna, Austria, 2016; pp. 1-189.

Son, Y.J.; Choi, S.Y.; Hwang, LK.; Nho, C.W.; Kim, S.H. Could defatted mealworm (Tenebrio molitor) and mealworm oil be used
as food ingredients? Foods 2020, 9, 40. [CrossRef]

Lee, M.H,; Kim, T.-K,; Cha, J.-Y; Yong, H.I; Kang, M.-C.; Jang, H.W.; Choi, Y.-S. Physicochemical characteristics and aroma
patterns of oils prepared from edible insects. LWT 2022. [CrossRef]

Riekkinen, K.; Vakevdinen, K.; Korhonen, J. The Effect of Substrate on the Nutrient Content and Fatty Acid Composition of Edible
Insects. Insects 2022, 13, 590. [CrossRef] [PubMed]

Magara, H.J.O.; Niassy, S.; Ayieko, M.A.; Mukundamago, M.; Egonyu, ]J.P; Tanga, C.M.; Kimathi, E.K.; Ongere, J.O,;
Fiaboe, KK.M.; Hugel, S.; et al. Edible Crickets (Orthoptera) Around the World: Distribution, Nutritional Value and Other
Benefits—A Review. Front. Nutr. 2021, 7, 257. [CrossRef] [PubMed]

Wang, W.; Xu, L.; Zou, Y,; Pang, D.; Shi, W.; Mu, L.; Li, E.; Lan, D.; Wang, Y.; Liao, S. Comprehensive Identification of Principal
Lipid Classes and Tocochromanols in Silkworm ( Antheraea pernyi and Bombyx mori ) Pupae Oils. Eur. J. Lipid Sci. Technol. 2020,
122,1900280. [CrossRef]

Barroso, F.G.; Sanchez-Muros, M.].; Rincén, M.; Rodriguez-Rodriguez, M.; Fabrikov, D.; Morote, E.; Guil-Guerrero, J.L. Production
of n-3-rich insects by bioaccumulation of fishery waste. J. Food Compos. Anal. 2019, 82, 103237. [CrossRef]

Ewald, N.; Vidakovic, A.; Langeland, M.; Kiessling, A.; Sampels, S.; Lalander, C. Fatty acid composition of black soldier fly
larvae (Hermetia illucens) — Possibilities and limitations for modification through diet. Waste Manag. 2020, 102, 40-47. [CrossRef]
[PubMed]

Oonincx, D.G.A.B,; Laurent, S.; Veenenbos, M.E.; van Loon, ].J. Dietary enrichment of edible insects with omega 3 fatty acids.
Insect Sci. 2019, 27, 500-509. [CrossRef] [PubMed]

Nagy, K.; Tiuca, I.D. Importance of Fatty Acids in Physiopathology of Human Body. In Fatty Acids; IntechOpen: London, UK, 2017.
Sokota-Wysoczaniska, E.; Wysoczanski, T.; Wagner, J.; Czyz, K.; Bodkowski, R.; Lochyniski, S.; Patkowska-Sokota, B. Polyunsat-
urated fatty acids and their potential therapeutic role in cardiovascular system disorders—A review. Nutrients 2018, 10, 1561.
[CrossRef]

Sacks, EM.; Willett, W.W. More on chewing the fat. N. Engl. J. Med. 1991, 325, 1740-1742. [CrossRef]

Meyers, L.D.; Hellwig, J.P; Otten, J.J. (Eds.) Dietary Reference Intakes: The Essential Guide to Nutrient Requirements; National
Academies Press: Washington, DC, USA, 2006.

Musundire, R.; Zvidzai, C.; Chidewe, C.; Samende, B.; Chemura, A. Habitats and nutritional composition of selected edible
insects in Zimbabwe. |. Insects Food Feed. 2016, 2, 189-198. [CrossRef]


http://doi.org/10.3390/su14095511
http://doi.org/10.1155/2020/6483427
http://doi.org/10.55446/IJE.2021.75
http://doi.org/10.1038/s41598-019-46603-z
http://www.ncbi.nlm.nih.gov/pubmed/31300713
http://doi.org/10.1016/j.jfca.2018.09.013
http://doi.org/10.1021/acs.jafc.7b00471
http://www.ncbi.nlm.nih.gov/pubmed/28252948
http://doi.org/10.3168/jds.S0022-0302(91)78551-2
http://doi.org/10.3390/foods11071047
http://doi.org/10.1007/s13562-013-0239-1
https://www.R-project.org
http://www.sthda.com/english/rpkgs/factoextra
http://doi.org/10.3390/foods9010040
http://doi.org/10.1016/j.lwt.2022.113888
http://doi.org/10.3390/insects13070590
http://www.ncbi.nlm.nih.gov/pubmed/35886766
http://doi.org/10.3389/fnut.2020.537915
http://www.ncbi.nlm.nih.gov/pubmed/33511150
http://doi.org/10.1002/ejlt.201900280
http://doi.org/10.1016/j.jfca.2019.103237
http://doi.org/10.1016/j.wasman.2019.10.014
http://www.ncbi.nlm.nih.gov/pubmed/31655329
http://doi.org/10.1111/1744-7917.12669
http://www.ncbi.nlm.nih.gov/pubmed/30801963
http://doi.org/10.3390/nu10101561
http://doi.org/10.1056/NEJM199112123252411
http://doi.org/10.3920/JIFF2015.0083

Insects 2023, 14, 136 15 of 16

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

da Silva Lucas, A.].; De Oliveira, L.M.; Da Rocha, M.; Prentice, C. Edible insects: An alternative of nutritional, functional and
bioactive compounds. Food Chem. 2020, 311, 126022. [CrossRef] [PubMed]

Sarmah, M.; Bhattacharyya, B.; Bhagawati, S.; Sarmah, K. Nutritional Composition of Some Commonly Available Aquatic Edible
Insects of Assam, India. Insects 2022, 13, 976. [CrossRef]

Razali, S.M. Physicochemical Characteristics and Microbiological Quality of Silkworm (Bombyx mori) Larval and Pupae Powder:
Comparative Study. Sains Malaysiana. 2022, 51, 547-558.

Bhattacharyya, B.; Choudhury, B.; Das, P.; Dutta, S.K.; Bhagawati, S.; Pathak, K. Nutritional Composition of Five Soil-Dwelling
Scarab Beetles (Coleoptera: Scarabaeidae) of Assam, India. Coleopt. Bull. 2018, 72, 339-346. [CrossRef]

Montowska, M.; Kowalczewski, P.; Rybicka, I.; Fornal, E. Nutritional value, protein and peptide composition of edible cricket
powders. Food Chem. 2019, 289, 130-138. [CrossRef] [PubMed]

Ghosh, S.; Jung, C.; Meyer-Rochow, V.B. Nutritional value and chemical composition of larvae, pupae and adults of worker honey
bee, Apis mellifera ligustica as a sustainable food source. . Asia-Pac. Entomol. 2016, 19, 487-495. [CrossRef]

Crenshaw, T.D. Calcium, phosphorus, vitamin D and vitamin K in swine nutrition. In Swine Nutrition; CRC Press: Boca Raton, FL,
USA, 2000; pp. 207-232.

Fadipe, L.A.; Babayi, H.; Olayemi, I.K.; Baba, M.B.; Sadiku, ].O. Mineral nutrient profile of grasshopper (Zonocerus variegatus)
subjected to different conventional post-processing techniques. Int. |. Appl. Biol. Res. 2018, 9, 152-165.

van Huis, A. Nutrition and health of edible insects. Curr. Opin. Clin. Nutr. Metab. Care 2020, 23, 228-231. [CrossRef]

Hafeez, A.; Mader, A.; Ruhnke, I; Rohe, I; Boroojeni, EG.; Yousaf, M.; Mdnner, K.; Zentek, J. Implication of milling methods,
thermal treatment and particle size of feed in layers on mineral digestibility and retention of minerals in egg contents. Poult. Sci.
2015, 94, 240-248. [CrossRef]

Zimmermann, M.B.; Hurrell, R.F. Nutritional iron deficiency. Lancet 2007, 370, 511-520. [CrossRef]

Muriuki, ].M.; Mentzer, A.].; Webb, E.L.; Morovat, A.; Kimita, W.; Ndungu, EM.; Macharia, A.W.; Crane, R.J.; Berkley, J.A,;
Lule, S.A ; et al. Estimating the burden of iron deficiency among African children. BMC Med. 2020, 18, 31. [CrossRef]

Grober, U.; Schmidt, J.; Kisters, K. Magnesium in Prevention and Therapy. Nutrients 2015, 7, 8199-8226. [CrossRef]

Mokwunye, I.; Igbinadolor, R.; Mokwunye, F.; Asogwa, E.; Ndubuaku, T. Nutrient Composition of Cashew Stem Girdler Analeptes
trifasciata (Coleoptera: Cerambycidae) and Its Suitability for Feed and as Food. Afr. Entomol. 2021, 29, 87-95. [CrossRef]

Paiko, Y.B.; Dauda, B.E.; Suleiman, M.A.; Akanya, H.O.; Jacob, J.O. Physicochemical properties and metal ions content of oil
extracted from cricket (Brachytrupes membranaceus) in Bosso Local Government Area of Niger State, Nigeria. Asian J. Sci. Technol.
2013, 4, 8-12.

Arasakumar, E.; Manimegalai, S.; Mohankumar, S.; Parthiban, K.T.; Priyadharshini, P. Analysis of proximate composition and oil
yield from spent pupae of mulberry silkworm, Bombyx mori L. & eri silkworm, Samia ricini D. Indian ]. 2021, 16, 555-559.
Cerda, H.; Martinez, R.; Briceno, N.; Pizzoferrato, L.; Manzi, P.; Tommaseo Ponzetta, M.; Marin, O.; Paoletti, M.G. Palm worm:
(Rhynchophorus palmarum) traditional food in Amazonas, Venezuela—nutritional composition, small scale production and tourist
palatability. Ecol. Food Nutr. 2001, 40, 13-32. [CrossRef]

Finke, M.D. Complete Nutrient Content of Four Species of Feeder Insects. Zoo Biol. 2012, 32, 27-36. [CrossRef]

Finke, M.D. Complete nutrient content of three species of wild caught insects, pallid-winged grasshopper, rhinoceros beetles and
white-lined sphinx moth. J. Insects Food Feed. 2015, 1, 281-292. [CrossRef]

Vanga, N.; Mshayisa, V.V.; Basitere, M. Proximate, Physicochemical, Techno-Functional and Antioxidant Properties of Three
Edible Insect (Gonimbrasia belina, Hermetia illucens and Macrotermes subhylanus) Flours. Foods 2022, 11, 976. [CrossRef]
Churchward-Venne, T.A.; Pinckaers, PJ.; van Loon, ].J.; van Loon, L.J. Consideration of insects as a source of dietary protein for
human consumption. Nutr. Rev. 2017, 75, 1035-1045. [CrossRef]

Jeong, H.; Kim, ].M.; Kim, B.; Nam, J.-O.; Hahn, D.; Choi, M.B. Nutritional Value of the Larvae of the Alien Invasive Wasp Vespa
velutina nigrithorax and Amino Acid Composition of the Larval Saliva. Foods 2020, 9, 885. [CrossRef]

Oonincx, D.; Finke, M. Nutritional value of insects and ways to manipulate their composition. J. Insects Food Feed. 2021, 7, 639-659.
[CrossRef]

Deori, M.; Devi, D.; Devi, R. Nutrient composition and antioxidant activities of muga and eri silkworm pupae. Int. J. Sci. Nat.
2014, 5, 636-640.

Longvah, T.; Mangthya, K.; Ramulu, P. Nutrient composition and protein quality evaluation of eri silkworm (Samia ricinii)
prepupae and pupae. Food Chem. 2011, 128, 400-403. [CrossRef] [PubMed]

Ray, M.; Gangopadhyay, D. Effect of maturation stage and sex on proximate, fatty acid and mineral composition of eri silkworm
(Samia ricini) from India. J. Food Compos. Anal. 2021, 100, 103898. [CrossRef]

Narzari, S.; Sarmah, ]. Proximate composition of wild edible insects consumed by the Bodo tribe of Assam, India. Int. ]. Bioassays.
2015, 4, 4050-4054.

Bhulaidok, S.; Sihamala, O.; Shen, L.; Li, D. Nutritional and fatty acid profiles of sun-dried edible black ants (Polyrhachis vicina
Roger). Maejo Int. |. Sci. Technol. 2010, 4, 101-112.

Paoletti, M.G.; Norberto, L.; Damini, R.; Musumeci, S. Human Gastric Juice Contains Chitinase That Can Degrade Chitin. Ann.
Nutr. Metab. 2007, 51, 244-251. [CrossRef]


http://doi.org/10.1016/j.foodchem.2019.126022
http://www.ncbi.nlm.nih.gov/pubmed/31869637
http://doi.org/10.3390/insects13110976
http://doi.org/10.1649/0010-065X-72.2.339
http://doi.org/10.1016/j.foodchem.2019.03.062
http://www.ncbi.nlm.nih.gov/pubmed/30955594
http://doi.org/10.1016/j.aspen.2016.03.008
http://doi.org/10.1097/MCO.0000000000000641
http://doi.org/10.3382/ps/peu070
http://doi.org/10.1016/S0140-6736(07)61235-5
http://doi.org/10.1186/s12916-020-1502-7
http://doi.org/10.3390/nu7095388
http://doi.org/10.4001/003.029.0087
http://doi.org/10.1080/03670244.2001.9991635
http://doi.org/10.1002/zoo.21012
http://doi.org/10.3920/JIFF2015.0033
http://doi.org/10.3390/foods11070976
http://doi.org/10.1093/nutrit/nux057
http://doi.org/10.3390/foods9070885
http://doi.org/10.3920/JIFF2020.0050
http://doi.org/10.1016/j.foodchem.2011.03.041
http://www.ncbi.nlm.nih.gov/pubmed/25212147
http://doi.org/10.1016/j.jfca.2021.103898
http://doi.org/10.1159/000104144

Insects 2023, 14, 136 16 of 16

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Muzzarelli, R.A.; Boudrant, ].; Meyer, D.; Manno, N.; DeMarchis, M.; Paoletti, M.G. Current views on fungal chitin/chitosan,
human chitinases, food preservation, glucans, pectins and inulin: A tribute to Henri Braconnot, precursor of the carbohydrate
polymers science, on the chitin bicentennial. Carbohydr. Polym. 2012, 87, 995-1012. [CrossRef]

Yoo, J.S.; Cho, KH.; Hong, J.S.; Jang, H.S.; Chung, YH.; Kwon, G.T.; Shin, D.G.; Kim, Y.Y. Nutrient ileal digestibility evaluation of
dried mealworm (Tenebrio molitor) larvae compared to three animal protein by-products in growing pigs. Asian-Australas. |. Anim.
Sci. 2019, 32, 387-394. [CrossRef]

Baiano, A. Edible insects: An overview on nutritional characteristics, safety, farming, production technologies, regulatory
framework and socio-economic and ethical implications. Trends Food Sci. Technol. 2020, 100, 35-50. [CrossRef]

World Health Organisation (WHO). Micronutrient Deficiencies Nutrition. 2014. Available online: https://www.who.int/
nutrition/topics/ida/en/ (accessed on 1 November 2022).

Weber, G.M.; Windisch, W. Producing sufficient animal-source protein for the growing world population. In Sustainable Nutrition
in a Changing World; Springer: Cham, Switzerland, 2017; pp. 321-334.

Bramley, PM.; Elmadfa, I.; Kafatos, A.; Kelly, EJ.; Manios, Y.; Roxborough, H.E.; Wagner, K.H. Review vitamin E. ]. Sci. Food Agric.
2000, 80, 913-938. [CrossRef]

Chen, W.; Liu, D.; Zhou, L; Li, Q.; Wu, D. Antioxidant activity of vitamin E enhanced by cyclodextrin inclusion complex.
Br. Food J. 2021, 123, 3988-3998. [CrossRef]

Zhang, G.R.; Xu, C,; You, C.H.; Wang, 5.Q.; Xie, D.Z.; Hasan, A.M.; Li, Y.Y. Effects of dietary vitamin E on growth performance,
antioxidant capacity and lipid metabolism of juvenile golden pompano Trachinotus ovatus. Aquac. Nutr. 2021, 27, 2205-2217.
[CrossRef]

Zhou, Y.; Zhou, S.; Duan, H.; Wang, J.; Yan, W. Silkworm Pupae: A Functional Food with Health Benefits for Humans. Foods 2022,
11, 1594. [CrossRef] [PubMed]

Cermefio, M.; Bascon, C.; Amigo-Benavent, M.; Felix, M.; FitzGerald, R.J. Identification of peptides from edible silkworm pupae
(Bombyx mori) protein hydrolysates with antioxidant activity. J. Funct. Foods 2022, 92, 105052. [CrossRef]

Hu, D.; Liu, Q.; Cui, H.; Wang, H.; Han, D.; Xu, H. Effects of amino acids from selenium-rich silkworm pupas on human hepatoma
cells. Life Sci. 2005, 77, 2098-2110. [CrossRef]

Weixin, L.; Lixia, M.; Leiyan, W.; Yuxiao, Z.; Haifeng, Z.; Sentai, L. Effects of silkworm pupa protein hydrolysates on mitochondrial
substructure and metabolism in gastric cancer cells. J. Asia-Pac. Entomol. 2019, 22, 387-392. [CrossRef]

Zhao, X.; Wang, X; Liu, X.; Zhu, W.; Mei, Y.; Li, W.; Wang, J. Structured lipids enriched with unsaturated fatty acids produced by
enzymatic acidolysis of silkworm pupae oil using oleic acid. Eur. . Lipid Sci. Technol. 2015, 117, 879-889. [CrossRef]

Wu, X,; He, K.; Velickovic, T.C.; Liu, Z. Nutritional, functional and allergenic properties of silkworm pupae. Food Sci. Nutr. 2021,
9, 4655-4665. [CrossRef]

Jeong, K.Y.; Lee, ].S.; Yuk, J.E.; Song, H.; Lee, H.J.; Kim, K.J.; Kim, B.J.; Lim, K.-J.; Park, K.H.; Lee, ]J.-H.; et al. Allergenic
characterization of Bomb m 4, a 30-kDa Bombyx mori lipoprotein 6 from silkworm pupa. Clin. Exp. Allergy 2022, 52, 888-897.
[CrossRef]

Zhang, Y.; Wu, Z,; Li, K,; Li, X,; Yang, A.; Tong, P.; Chen, H. Allergenicity assessment on thermally processed peanut influenced
by extraction and assessment methods. Food Chem. 2019, 281, 130-139. [CrossRef]

International Platform of Insects for Food and Feed. Available online: http://ipiff.org/insects-eu-legislation (accessed on
8 January 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.carbpol.2011.09.063
http://doi.org/10.5713/ajas.18.0647
http://doi.org/10.1016/j.tifs.2020.03.040
https://www.who.int/nutrition/topics/ida/en/
https://www.who.int/nutrition/topics/ida/en/
http://doi.org/10.1002/(SICI)1097-0010(20000515)80:7&lt;913::AID-JSFA600&gt;3.0.CO;2-3
http://doi.org/10.1108/BFJ-08-2020-0719
http://doi.org/10.1111/anu.13355
http://doi.org/10.3390/foods11111594
http://www.ncbi.nlm.nih.gov/pubmed/35681343
http://doi.org/10.1016/j.jff.2022.105052
http://doi.org/10.1016/j.lfs.2005.02.017
http://doi.org/10.1016/j.aspen.2019.02.005
http://doi.org/10.1002/ejlt.201400438
http://doi.org/10.1002/fsn3.2428
http://doi.org/10.1111/cea.14095
http://doi.org/10.1016/j.foodchem.2018.12.070
http://ipiff.org/insects-eu-legislation

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Sample Collection 
	Sample Preparation 
	Analyses of Fatty Acids 
	Analyses of Minerals 
	Analyses of Proximate Nutritional Parameters 
	Analyses of Vitamins 
	Statistical Data Analyses 

	Results and Discussion 
	Analyses of Fatty Acids 
	Analyses of Minerals 
	Analyses of Proximate Nutritional Parameters 
	Analyses of Vitamins 

	Conclusions 
	References

