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Abstract

Edible insects are a promising and sustainable food source for humans due to their low environmental footprint, high feed
conversion ratio, and high protein content. Furthermore, the nutritional profile of the edible insects can be modified depending
on the provided diet. The aim of this study was to evaluate the growth performance, proximate composition, and ellagic acid
accumulation in Tenebrio molitor larvae fed on corn flour media enriched with pomegranate peel. Corn flour and pomegranate
peel were mixed in a 1:1 ratio (w/w) (PCM) and 50 T. molitor larvae were added to each jar. After 12 days of rearing, the
weight of T. molitor larvae fed on PCM and the control increased by 88.35% and 58.6%, respectively, compared to their
initial values. An increase in carbohydrate, protein and ash contents, along with a decrease in lipid content, was observed
in the control diet after 12 days of feeding compared to the initial larvae. Conversely, the PCM diet exhibited an increase in
ash and carbohydrate contents and a decrease in lipid and protein contents after 12 days of feeding compared to the initial
larvae. Total phenolic content (TPC) of T. molitor larvae did not significantly vary when fed with the control group, while it
increased on the fourth and twelfth days for larvae fed with the PCM diet. The CUPRAC antioxidant activity of larvae also
increased on the fourth day of feeding on the PCM diet. Ellagic acid was not detected in larvae fed with control and initially,
it accumulated in 7. molitor larvae fed with PCM after 8 and 12 days of rearing, with concentrations of 92.54 and 115.6 pg/g
larvae, respectively. This study highlights the importance of diet in changing the phenolic profile of 7. molitor larvae, which
can be used as a functional food ingredient to obtain value-added products from agricultural wastes.
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Introduction

Consumption of insects by human, known as entomophagy,
is practiced in many regions such as Asia, Africa, and Latin
America. Recently, the use of edible insects as human food
has received increasing attention, particularly from the Food
and Agricultural Organization of the United Nations (FAO),
which has recommended the use of some insects as a sus-
tainable alternative to traditional livestock. Insects are rich
in high-quality proteins, polyunsaturated fatty acids, fibers
and some micronutrients [1, 2]. Additionally, insects have
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a high feed conversion ratio, a low ecological footprint, and
are less land-dependent than livestock production. More than
1500 edible insect species are consumed all over the world,
either as whole insects or as insect flour for incorporation
into food products, primarily for their protein content [3].
However, the exploration of other ways to utilize insects has
been scarcely considered. The minor compounds in insects
may include bioactive compounds, which could be valuable
in determining the potential use of insects to produce func-
tional insect-based food products [4, 5].

Tenebrio molitor, also known as mealworm, is a favorable
candidate for insect rearing due to its high protein content,
well-balanced amino acid profile, efficient feed conversion
ratio, lower greenhouse gas emissions, lower water con-
sumption, less land use, and ability to consume organic by-
products [6]. T molitor larvae can be grown exclusively on
wheat bran; however, their survival rate, development time,
larval weight and nutritional profile can be influenced by
provided diets. Various organic wastes, such as banana peels,
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watermelon rinds, broiler’s eggshells, seed meals (e.g., flax
seed, chia seed, hemp seed and rapeseed), olive pomace,
carrot pomace, potato peels, spent grains, beet molasses,
beer yeast, bread and cookie remains have been studied to
modify the nutritional composition of the larvae, to increase
the larval weight and survival rate, decrease the develop-
ment time, and lower production costs to make them more
feasible [1, 7-10]. Additionally, antioxidant capacity of T.
molitor larvae was investigated by Liu et al. [6] who fed the
larvae with orange, red cabbage and carrot as a source of
antioxidants. Navarro del Hierro et al. [3] investigated the
antioxidant activity of T. molitor larvae extracts obtained
from different extraction methods. Baek et al. [11] examined
the effects of processing methods on the antioxidant activ-
ity of T. molitor. In another study, carob pods were used
as feeding substrate to evaluate the effects on the growth,
nutritional value and antioxidant activity of T. molitor larvae
[12]. However, the investigation of the phenolic composi-
tion and the accumulation of phenolics in 7. molitor larvae
depending on the provided diet is limited.

Pomegranate is a popular fruit consumed worldwide
due to its bioactive and nutritional properties. Pomegranate
peel accounts for approximately 50% of its total weight,
considered a by-product after juice processing in the food
industry [13]. Pomegranate peels contain a high amount of
polyphenolic compounds, primarily rich in ellagitannins
such as punicalagin, punicalin, tannic acid, and ellagic acid
[14]. Valorization of pomegranate peel provides a low-
cost substrate for obtaining bioactive substances and also
helps in addressing pollution problems. Efficient recovery
of nutrients and phenolic compounds from substrate can
be used to create high-value products from agro-industrial
waste. In this study, we hypothesize that the T. molitor larvae
can accumulate phenolic compounds found in pomegranate
peel, primarily ellagic acid, and the majority of the nutrients
found in corn flour will be recovered by larvae. Furthermore,
the study investigates the growth performance, proximate
composition and phenolic profile of T. molitor larvae before
and after rearing.

Materials and methods
Materials

T. molitor larvae (3rd instar) were purchased from Mira
Canli Hayvan ve Bocek Turizm Ingaat Tarim Sanayi Co.
(Antalya, Turkiye). Pomegranate peel, collected after
concentrated juice processing, was kindly provided by Serdar
Orel, Targid Food and Agricultural Products Industry and
Trade Co. (Mersin, Tiirkiye). Corn flour was purchased from
a local grocery market in Istanbul, Tiirkiye. All chemicals
used for proximate analysis were of analytical grade and
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purchased from Sigma—Aldrich (Steinheim, Germany).
Chemicals for HPLC and UPLC-ESI-QqQMS/MS analysis
were of high purity and also provided by Sigma—Aldrich
(Steinheim, Germany).

Feeding media preparation

Pomegranate peel was dried using a freeze dryer (Teknosem,
Istanbul, Tiirkiye) for 24 h at 0.001 mBar (— 55 °C). The
dried pomegranate peel was finely ground to a particle size
of <200 pm using a stainless-steel mill IKA, Wilmington,
North Carolina, USA) and then stored at — 20 °C for further
analysis. A total of 25 g of corn flour and pomegranate peel
were mixed in different ratios (1:1, 1:2 and 1:4, w/w), and
then weighed into glass jars with perforated lids to enable
the transfer of moisture and gas during larval rearing. The
moisture content was adjusted to 40% (w/w) with distilled
water and a cup of water was added to the incubator to
prevent surface drying. Corn flour was used as the control.

Larval rearing

In each glass jar, 50 T. molitor larvae were added and
incubated in darkness at 30 °C for 12 days. Twelve jars were
prepared for each diet under the same conditions. After
interval times (0, 4, 8, and 12 days), the jars were removed
from the incubator, and the larvae were separated from the
residual feed using forceps. To remove the residual substrate,
the larvae were rinsed with distilled water and dried with
paper towels. First, wet weights and the number of larvae
were determined, and then the larvae and spent feed were
stored at — 20 °C for further analysis.

Growth performance of T. molitor larvae

The survival rate was calculated as the number of live larvae
at the end of each interval (0, 4, 8 and 12 days) divided by
the initial larvae number (exactly 50 larvae), multiplied by
100. Weight gain was determined by subtracting the final
larval weight at each interval from the initial larval weight.
The length, width, and thickness of 10 fresh larvae were
measured using a digital caliper, and their volume was
calculated by multiplying the length, width, and thickness
of the larvae.

Physicochemical analysis of T. molitor larvae

The chemical composition of T. molitor larvae was
determined during rearing. Larval moisture content was
measured using gravimetric analysis based on AOAC
Method #930.15 [15] with some modifications. To prevent
any deterioration of phenolic compounds, the larvae were
dehydrated using a freeze dryer (Teknosem, Istanbul,
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Tiirkiye) for 18 h at 0.001 mBar (— 55 °C). The freeze-
dried larvae were then finely ground using a porcelain
mortar, and the ground larvae were used for ash, protein
and lipid analysis. The ash content was determined using a
gravimetric method outlined in AOAC Method #942.05 [15].
Larvae samples were weighted into crucibles and carbonized
using a hot plate. The crucibles were then placed in a muffle
furnace at 550 °C overnight to ensure that all impurities on
the surface of crucible were burnt off. Lipid content was
assessed using the Soxhlet method, following the procedure
described by Mancini et al. [16], with petroleum ether as
the solvent. Crude protein content was quantified using the
Kjeldahl method [15]. The protein content of 7. molitor
larvae was calculated by multiplying the nitrogen amount
determined after Kjeldahl analysis by a conversion factor
of 4.76, accounting for the presence of non-protein nitrogen
content in the larvae [6, 17]. To determine the carbohydrate
content of the larvae, the weights of lipids, proteins, and ash
were subtracted from the total weight of dried larvae [18].

Extraction of phenolic compounds

Phenolic compounds found in both larvae and spent feed
were extracted using the method of Andreadis et al. [19]
with some modifications. Specifically, 1.5 mL and 5 mL of
a methanol/water/formic acid solution (80/20/0.1; v/v) was
added to 0.1 g of grounded freeze-dried larva and 1 g of
freeze-dried spent feed in 15 mL falcon tubes. These tubes
were then placed in an ultrasonic bath (Azakli, Turkey)
for 30 min at room temperature. Subsequently, the sample
mixture was centrifuged at 2500xg for 10 min at 4 °C, and
the resulting supernatant was collected. The supernatants
were further filtered using Whatman No.1 filter paper
(Springfield Mill, Maidstone Kent, UK) and stored at
— 20 °C for subsequent analyses.

Total phenolic content

The total phenolic content (TPC) of methanolic extracts
was determined using the Folin—Ciocalteau method [20].
To perform this analysis, 1.5 mL of Folin—Ciocalteau
reagent were added to 200 pL of extracts or standards
and thoroughly mixed. After a 6-min incubation, 1.2 mL
of sodium carbonate (Na,COj;, 7.5%, w/v) was added,
and the mixture was left to incubate in the dark at room
temperature for 90 min. The absorbance of the solution was
measured using a spectrophotometer (VWR, UV-3100PC,
Radnor, USA) at 765 nm. The TPC results were expressed
in mg Gallic Acid Equivalents (GAE) per g of dry matter
(dm), based on the prepared standard curve (linear range:
10-400 mg/kg, R*>=0.9938).

Antioxidant activity

The DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical
scavenging activity was determined using the procedure
described by Rai et al. [21]. To assess the antioxidant
activity, 2 mL, 0.1 mM solution of DPPH in methanol was
added to 100 pL of the sample or standard. The mixture was
then mixed for 10 s, and left in the dark for 30 min at room
temperature. The absorbance was measured at 517 nm using
a spectrophotometer. Results were expressed in terms of mg
of Trolox Equivalents (TE) per g of dm based on the Trolox
standard curve (linear range: 10-200 mg/kg, R>=0.9915).
The CUPRAC (copper reducing antioxidant capacity)
method was performed as described by Apak et al. [22]. A
100 pL of extract was mixed with 1 mL of CuCl, solution
(0.01 mM), 1 mL of Neocuproine solution (7.5 mM), 1 mL
of ammonium acetate buffer (pH 7.0, 1.0 M) and 1 mL of
distilled water. The mixture was incubated for 30 min in
the dark at room temperature, and then the absorbance was
measured at 450 nm using a spectrophotometer. The results
were expressed in terms of mg of TE per g dm based on the
prepared Trolox standard curve (linear range:10-600 mg/
kg, R>=0.9989).

Quantification and identification of phenolic
compounds

The amount of phenolic compounds in both larvae and
spent feed was determined using high-performance liquid
chromatography (HPLC, Waters 2695, W600 Waters,
Milford, MA, USA), following the method described by
Bino et al. [23]. The separation of phenolic compounds was
carried out on a supelcosil LC-18 column (25 cm x4.60 mm,
5-um) (Sigma—Aldrich; Steinheim, Germany) with a
mobile phase consisting of solvent A (Milli-Q water
with 0.1% (v/v) trifluoroacetic acid (TFA)) and solvent B
(acetonitrile with 0.1% (v/v) TFA) at a flow rate of 1 mL/
min. The samples were injected in a volume of 10 uL, and
detection was performed at 280 nm for gallic acid, ellagic
acid and its derivatives, 312 nm for m-coumaric acid, and
360 nm for ellagitannin derivatives. Gallic acid (linear
range: 0.1-200 mg/kg, R*=0.9938), ellagic acid (linear
range: 0.5-200 mg/kg, R*=0.9901), and m-coumaric acid
(linear range: 0.1-200 mg/kg, R>=0.9926) were quantified
using available standards. However, the concentration of
ellagic acid derivatives and ellagitannin derivatives, which
were identified based on UV-spectra and m/z values from
literature, were calculated as ellagic acid equivalents.
The concentrations were expressed as pg per g dm for all
identified phenolic compounds.

The phenolic profile of both the larvae and spent
feed was identified based on the method described by
Catalkaya et al. [24] using an ultra-performance liquid
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chromatography coupled with triple quadrupole mass
spectrometry equipped with an electrospray ionization
source (UPLC-ESI-QqQMS/MS, Waters Co., Milford,
MA, USA). In accordance with the method, extracts
from larvae and spent feed were filtered through a
0.22 pm membrane filter, and then 5 pL of the extracts
were injected onto an Acquity HSS T3 C18 column
(2.1 mm x 100 mm, 1.8 pm). The column temperature
and autosampler temperature were set at 45 °C and
10 °C, respectively. The mobile phase consisted of
eluent A (Ultrapure water:formic acid, 100:0.1, v/v) and
eluent B (acetonitrile:formic acid, 100:0.1, v/v). The
linear gradient program was as follows: 0 min, 95% A;
0—6.48 min, 65%A; 6.48—6.77 min, 25%A; 6.77-7.06 min,
65% A; 7.06-7.20 min, 95% A; 7.20-8.50 min, 95% A.
Both positive and negative ionization modes were used
with the following parameters: 600 °C for desolvation
temperature; 150 °C for ion source temperature; 3.5 kV for
capillary voltage; 1000 L/h for desolvation gas flow rate;
and 50 L/h for cone gas flow rate. The cone and collision
voltages were optimized by adding authentic standards of
the phenolic compounds to the system. Data acquisition
and analysis were conducted using Waters MassLynx 4.1
software (Waters Co.). Phenolic compounds in the larvae
and spent feed were identified by comparing obtained ions
with available standards or mass data from literature.

Statistical analysis

The analytical experiments and feeding trials were
performed thrice, and the impact of different treatments
on the measured parameters was analyzed using one-way
analysis of variance (ANOVA) in MINITAB software
(MINITAB 18, Minitab Inc., Coventry, UK). Mean values
among different treatments were compared using Tukey's
test at a significance level of 0.05. The correlation between
measured variables was assessed using the Pearson
correlation coefficient, calculated in Microsoft Excel for
MAC Version 15.32 (MS Office, Albuquerque, NM, USA).

Results and discussion
Growth performance of T. molitor larvae

Three different ratios of corn flour and pomegranate peel
(1:1, 1:2 and 1:4, w/w) were investigated to determine the
optimal growth conditions for 7. molitor larvae. When
we examined the weight gains and volumes of the larvae,
a statistically significant decrease was observed in the
media with 1:2 and 1:4 concentrations (data not shown).
This can be attributed to the fact that an increased addition
of pomegranate peel in the diet may hinder larval growth.
Additionally, it’s important to emphasize that excessive
inclusion of pomegranate peel in the diet can have adverse
effects on both feed intake and growth, primarily due to
the elevated tannin levels [12]. Therefore, the 1:1 ratio of
corn flour and pomegranate peel was selected for further
experiments. This 1:1 ratio will be referred to as PCM
throughout the text.

Larval weight, volume, and survival rate of 7. molitor
larvae fed with PCM were determined over a 12-day period
(Table 1). The initial weight of larvae was found to be
5.58 +0.28 mg on a dry weight basis per larva. The weight
of larvae increased to 10.51 +2.46 mg when fed with PCM,;
however, there were no significant differences between the
PCM-fed group and the control (8.85 +1.45 mg) on the 12th
day of rearing. The volume of larvae increased by 47.5% and
61.6% when fed with the control and PCM, respectively. At
the end of the feeding period, 96.7-98.7% of the initial lar-
vae survived, with no significant differences observed across
diets. The presence of different components in the substrate
can affect weight gain, survival rate and development time
[25]. Additionally, it has been shown that the developmental
performance of larvae can be improved by feeding them with
food wastes that contains high dietary fibers [7]. Ruschioni
et al. [8] also reported that the growth performance, survival
rates and weight gains of T. molitor larvae increased when
fed on olive pomace-enriched media. Oonincx et al. [10]
demonstrated that the development time and mortality of
T. molitor larvae decreased when carrot was added to the

Table 1 Growth performance
of T. molitor larvae fed on PCM

and control diet

Days Larval weight (mg) Volume (mm?) Survival rate (%)
Control PCM Control PCM Control PCM
0 5.58+0.28>A  558+0.28>" 27.72+9.75>4  27.72+9.75%A 100+0.0**  100+0.0%4
6.39+0.98%A  7.72+0.67* 30.63+11.62"8 40.03+12.70°>* 98.0+2.0* 99.3+1.2%4
8 7.82+0.60°>*  8.30+0.97>A 3231+11.22"8 4331+12.59** 98.0+3.5%* 98.7+1.2%4
12 8.85+1.45%  10.51+2.46™* 38.37+11.81*8 4834+15.13% 96.7+3.1** 98.7+1.2%

Means +standard deviation (n=3). Means for each experiment marked with different lowercase letters
(a, b, c) within the same column are significantly different between days, and uppercase letters (A, B, C)
within the same rows indicate significant differences between different diets at the same day (p <0.05)

@ Springer



European Food Research and Technology (2024) 250:1473-1483

1477

feeding media. In this study, the supplementation of pome-
granate peel to the larvae did not result in significant differ-
ences in terms of weight gain and survival rate compared to
the control; however, the volume of larvae increased signifi-
cantly when the media was enriched with pomegranate peel.

Composition of T. molitor larvae

The proximate composition of larvae grown on both con-
trol and PCM was determined (Fig. 1). Initially, 7. molitor
larvae contained 47.17% lipid, 30.59% protein, 1.09% ash,
and 21.15% carbohydrates. After a 12-day feeding period,
the lipid, protein, ash and carbohydrate contents changed to
34.54%, 34.78%, 1.81% and 28.87% for the control group,
and 41.41%, 27.64%, 1.93% and 29.02% for the PCM
group, respectively. The protein content was significantly
higher in larvae fed with the control diet compared to those
fed PCM (p <0.05). When examining the substrate, there
were significantly differences in proximate composition,

particularly in protein content. Pomegranate peel contained
3.7% protein, while corn flour contained 9.8% protein [9,
26]. T. molitor larvae require nitrogen to synthesize proteins,
which explains the differences in protein content between
larvae fed PCM and the control diet [2]. Rovai et al. [9] also
observed a decrease in the protein content of 7. molitor lar-
vae when fed wheat bran enriched with carrot pomace. How-
ever, Antonopoulou et al. [12] noted an increase in protein
content of 7. molitor larvae when fed carob meal. Moreover,
Kroncke and Benning [27] also reported higher protein yield
and lower fat content in 7. molitor larvae when fed with pea
and rice protein supplementation, whereas lower protein and
higher fat content were observed when larvae fed cassava
flour, potato flakes and sweet lupine flour. The variations
in larval body composition reported in the literature can be
attributed to differences in the protein content of the experi-
mental substrates.

The lipid content of the larvae decreased from
47.17%+0.93 to 34.54% + 1.00 and 41.41% + 1.26 when fed

Control group

PCM group
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Fig. 1 Proximate composition of 7. molitor larvae during feeding time
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with control and PCM diets, respectively, on day 12. Some
studies in the literature have suggested that the lipid content
of T. molitor larvae can be influenced by the provided diet
[9]. However, there are no significant models that can predict
lipid content based on the feed sources. Liu et al. [6] found
that the lipid content of T. molitor larvae raised on wheat
bran enriched with carrot, orange, or red cabbage did not
significantly differ among the different diets over a four-
week period. The ash content of 7. molitor larvae increased
from 1.09% +0.03 to 1.81% +0.09 and 1.93 +0.02 for the
control and PCM diets, respectively, after 12 days of feeding.
According to the observed data, the ash content of 7. molitor
larvae was not significantly different in the PCM group
compared to control group (p > 0.05). A study conducted
by Tan et al. [7] showed that the lipid and ash contents of T.
molitor larvae were higher when larvae were fed with fruit
wastes such as banana peels and watermelon rinds. However,
Antonopoulou et al. [12] reported that T. molitor larvae
fed with carob meal did not affect the dry matter and ash
contents of larvae. Initially, the carbohydrate content of T.
molitor larvae was 21.15% +0.82, and, after a 12-day feeding
period, the carbohydrate content increased to 28.87% +1.32
and 29.02% +1.19 when fed with the control and PCM
diets, respectively. When we compared different diets for
all days, the highest carbohydrate content was found in 7.
molitor larvae fed with PCM on the 4th day. In plants, fiber
typically consists of cellulose, lignin, hemicelluloses, and
the proportions of these compounds vary among different
vegetable species. The efficiency of larval growth is not
solely influenced by the overall carbohydrate or crude fiber
content, but also by the specific composition and type of
plant fiber present. Tenebrionidae exhibit greater resistance
to digesting potato starch compared to starch derived from
wheat and maize [27]. However, to make precise predictions,
a more detailed examination of the carbohydrate and fiber
composition for each substrate and diet is necessary. This
aspect can be explored further in subsequent studies.

Antioxidant activity of T. molitor larvae and spent
feed

Insects possess their own antioxidant enzyme systems to
maintain a balance between prooxidants and antioxidants.
However, the consumption of dietary antioxidants can
further support this process [6]. T. molitor larvae exhibit
the ability to break down lignocellulosic waste through
the action of extracellular enzymes within their digestive
tract [28]. Consequently, larval fermentation can influence
the phenolic content of the substrate by either releasing or
converting these compounds. The antioxidant activities
of both T. molitor larvae and spent feed after larval rear-
ing were assessed at the end of each 4-day interval using
the CUPRAC and DPPH methods. The results obtained
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from the CUPRAC and DPPH antioxidant activity analy-
ses are presented in Fig. 2 for both larvae and spent feed.
The initial CUPRAC antioxidant activity of the larvae was
20.50+1.67 mg TE/g larvae, and there were no significant
differences in the CUPRAC antioxidant activities of T.
molitor larvae fed with the control diet over the observa-
tion period. However, the CUPRAC antioxidant activity
of T. molitor larvae fed with PCM showed a significant
increase on the 4th day (28.86 +0.59 mg TE/g larvae). A
notable positive correlation was observed between TPC
and CUPRAC antioxidant activity of larvae fed with PCM
(Pearson’s r=0.70). On the other hand, no clear trend was
observed between the DPPH and CUPRAC antioxidant
activities of larvae fed with both the control and PCM diets
during the rearing period. In comparison to the initial DPPH
antioxidant activity of larvae (4.98 +0.34 mg TE/g larvae)
those fed with PCM displayed a decrease on the 4th day
(4.06+0.71 mg TE/g larvae), followed by an increase after
12 days (5.32 +0.24 mg TE/g larvae). In contrast, DPPH
antioxidant activity of larvae fed with the control diet exhib-
ited a significant decrease on the 4th day (3.15+1.00 mg
TE/g larvae), after which no significant differences were
observed between days 4, 8 and 12.

According to Navaroo del Hierro et al. [3] the antioxidant
activity of T. molitor larvae can be attributed to phenolic
compounds. Similarly, Antonopoulou et al. [12] investigated
the antioxidant activity of T. molitor larvae when fed
with various levels of milled carob pods, known for their
antioxidant effects due to polyphenolic compounds such
as flavonoids and condensed tannins. They reported that
when over 75% of the carob pod content was included
in the larvae’s diet, it led to a decrease in the antioxidant
activity of the larvae. The authors explained this decrease
by the formation of chemical complexes and the prooxidant
behavior of certain antioxidant compounds due to the
presence of metal ions [12]. In another study, Liu et al.
[6] observed that T. molitor larvae fed on different diets
supplemented with carrot, orange and red cabbage showed
minimal variation in ferric reducing power, ferrous chelating
activity, and ABTS activity. Furthermore, they reported that
the antioxidant bioaccumulation of the larvae did not exhibit
a clear trend under the examined conditions.

After the larval rearing on both control and PCM
diets, the antioxidant activities of the spent feed were also
assessed (Fig. 2). The results indicated that the CUPRAC
antioxidant activity of the spent feed increased significantly
after 12 days of rearing in the control group. However, there
were no significant differences observed between the 4th,
8th and 12th days within this group. Similarly, the DPPH
antioxidant activity of the spent feed showed a significant
increase after 4 days of rearing in the control group, with
no significant differences noted between the 4th, 8th and
12th days. There was a slight increase in both CUPRAC
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and DPPH antioxidant activities of spent feed on the 4th
day following larval rearing on both control and PCM diets.
However, no significant differences were observed among
the various observation days within these groups.

Total phenolic content of T. molitor larvae and spent
feed

T. molitor larvae are known to contain bioactive compounds
such as phenolics, peptides and fatty acids [1, 2]. According
to our results, the initial TPC of the larvae was measured
as 11.29+0.37 mg GAE/g larvae (Fig. 2). Larvae fed with
PCM showed a significant increase in TPC on the 12th day
of rearing (13.11 +£0.55 mg GAE/g larvae); however, there
were no significant differences observed among the different
observation days for larvae fed with the control diet. The
TPC results obtained in this study were higher than those
reported by Kim et al. [29] (5.6 mg GAE/g) and lower than
the findings of Navarro del Hierro et al. [3] (38 mg GAE/g).
The variations between these studies may be attributed to
differences in the extraction methods and solvents used.
Furthermore, it’s worth noting that while the previous
studies only measured the total phenolic compounds, our
study also determined the phenolic profile of both the larvae
and the spent feed.

TPC values of the control spent feed after larval rearing
did not exhibit any significant differences among the
observation days. In the case of the PCM spent feed, the
lowest TPC value was recorded on the 8th day, while the
highest value was observed on the 4th day. However, these
values were not significantly different when compared to
the initial measurement and the TPC values at the end of the
12-day rearing period. A direct relationship was observed
between TPC and the antioxidant activities of the spent feed.
The correlation coefficients for TPC and CUPRAC were
relatively lower for the PCM spent feed (0.867) compared
to the control spent feed (0.968). For TPC and DPPH, the
correlation coefficients were found to be 0.988 and 0.808 for
the PCM and control spent feed, respectively.

Identification and quantification of phenolic
compounds in T. molitor larvae and spent feed

The phenolic profile of T. molitor larvae fed with both
the control and PCM diets, as well as the spent feed after
larval rearing, was quantified using HPLC-PDA and
identified through UPLC-ESI-QqQ-MS/MS (Table 2). The
main phenolic compounds identified in the larvae samples
included gallic acid, ellagic acid and m-coumaric acid.
Identification was achieved by comparing the absorption
spectra with those of established standards, and confirming
their identities by matching the m/z values obtained from
UPLC-ESI-QqQ-MS/MS. The MS/MS transitions used
included 169.05 > 125 for gallic acid, 163 > 119, 92.9,
90.9 for m-coumaric acid, both monitored in negative
ion mode, and 303.1 > 229 for ellagic acid in positive ion
mode. In the PCM spent feed, ellagic acid, two ellagic acid
derivatives, and two ellagitannins were identified as the main
phenolic compounds. These compounds were tentatively
identified using UV—-VIS spectra and m/z values reported
in the literature due to the unavailability of standards. The
spectrum of ellagic acid derivative 1, which exhibited an
absorption peak at ~ 252 nm and a shoulder at 360 nm,
closely resembled that ellagic acid. The most abundant ion
fraction obtained from ellagic acid derivative 1 had a parent
mass of 465.1 m/z with a fragment ion at m/z of 303.1. This
compound is most likely ellagic acid hexoside, as previously
reported in pomegranate [30, 31]. Ellagic acid derivative
2 displayed a parent ion at m/z of 449.1 with a fragment
ion at m/z of 303.2 and exhibited maximum absorbance at
252 nm, with a shoulder at 360 nm and a retention time of
4.68 min. Ellagic acid derivative 2 was identified as ellagic
acid-rhamnoside, a compound also reported by Abid et al.
[32] and Sentandreu et al. [30] in pomegranate, with a parent
ion at m/z of 447 and releasing fragments at m/z of 301 and
300.

After conducting MS analysis, it was determined that
the two phenolic compounds discovered in the spent feed
of PCM were likely derivatives of ellagitannins commonly
found in pomegranate. While the compounds’ molecu-
lar weights were identified as 783, their precise chemical

Table 2 Identified major

o 5 Identified compounds R (min) A, (om) Mode Parention (m/z) MS/MS ion fragments (m/z)
phenolics in T. molitor larvae
and PCM spent feed Gallic acid® 1.10 274 ES-  169.05 125
Ellagic acid derivative 1 ~ 3.63 252/360 ES+ 465 303.1
Ellagitannin derivative 1 ~ 4.04 258/375 ES+ 783 448/303/242/149
m-Coumaric acid® 4.09 215/278 ES- 163 119/92.9/90.9
Ellagitannin derivative 2 4.14 258/368 ES+ 783 525/420/303/149
Ellagic acid® 4.47 252/365 ES+  303.1 229
Ellagic acid derivative 2 4.68 252/360  ES+  449.1 303.2

4Confirmed with standards
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identities could not be conclusively determined. Previous
studies by Mena et al. [31] and Calani et al. [33] identi-
fied phenolic compounds in pomegranate with molecular
ions at m/z of 783 as pedunculagin I isomers. Notably, the
distinct gallagyl-fragment with a mass-to-charge ratio of
601 was not detected in this study. Therefore, the phenolic
compounds were identified as ellagitannin derivatives.
Ellagitannin derivatives 1 and 2 exhibited nearly identical
UV-VIS spectra but had different retention times at 4.04 and
4.14 min, respectively. The spectrum of ellagitannin deriva-
tive 1 displayed an absorption peak at 258 nm with shoulders
at ~ 375 nm. This compound generated a parent ion at m/z of
783, accompanied by fragment ions at m/z of 448, 303, 242
and 149. Similarly, ellagitannin derivative 2, with an absorp-
tion peak at 258 nm and shoulders at 368 nm, produced a
parent ion at m/z 783, along with a fragment ion at m/z 525,
420, 303 and 149. The presence of m/z 303 (+) and m/z 301
(—) ions in the MS analysis indicated the existence of an
ellagic acid precursor, consistent with previous observations
in the studies involving pomegranate [14, 31, 33-35].
Table 3 displays the changes in the phenolic profile of
larvae fed with both the control and PCM diets. Initially, the
primary phenolic compounds identified in 7. molitor larvae
were gallic acid and m-coumaric acid. Over the course of the
feeding period, the concentration of gallic acid decreased in
larvae fed with the control diet, while larvae fed with PCM
exhibited an increase in gallic acid content. The concen-
tration of m-coumaric acid in the larvae decreased when
compared to its initial concentration, regardless of whether

they were fed with control or PCM diets. This reduction in
m-coumaric acid concentrations in the larvae can be attrib-
uted to the degradation of phenolics during the rearing pro-
cess. Interestingly, larvae fed with the control diet did not
contain any ellagic acid initially. However, ellagic acid was
observed in the larvae fed with PCM after 8 days of rear-
ing, with a concentration of 92.54 + 12.65 ug/g dm, which
further increased to 115.58 +33.44 ug/g dm by the 12th day.
This finding suggests that the larvae accumulated a signifi-
cant amount of ellagic acid in their bodies when they were
raised on a pomegranate peel-enriched diet. In summary,
our results demonstrate that 7. molitor larvae fed with PCM
have the capacity to accumulate ellagic acid in their bodies.

The digestion of PCM by T. molitor larvae led to changes
in the concentration of phenolic compounds in the spent
feed (Table 4). Ellagic acid concentration increased approxi-
mately 2.2-fold in PCM spent feed after 12 days of larval
rearing. Ellagic acid was identified as the major phenolic
compound in both the soluble-free and insoluble-bound
forms of pomegranate peel [36]. The increase in ellagic acid
concentration in PCM after larval rearing can be attributed
to the release of ellagic acid from the cell-wall structure
of pomegranate peel, facilitated by the action of larval
enzymes such as cellulases [37]. Ellagic acid derivatives
1 and 2 exhibited the highest concentrations on the 4th day
of rearing. Among them, ellagitannin derivative 1 was the
most abundant phenolic compound in PCM spent feed, with
its concentration remaining relatively unchanged over time.
The concentration of ellagitannin derivative 2 increased

Table 3 Concentration of

; . Days  Control PCM
phenolic compounds found in 7
molitor larvae during rearing Gallic acid m-Coumaric acid  Gallic acid m-Coumaric acid  Ellagic acid
0 172.99+18.774  107.07+11.78* 172.99+18.77%  107.07+11.78*  ND*
4 162.09+42.514  83.32419.42%8  151.47+29.06°  77.23+5.038 ND
8 15448434742 47.83+7.57° 196.75+6.8148 82.95+4.97°8 925441265
12 156.59 +8.26* 52.59+10.59® 240.16+15.15%  88.03+7.06*8 115.58 +33.44%

All data is expressed as pg/g larvae in dry matter (n=3). Means for each data marked with different capital
letters within the column indicate significant differences among days (p <0.05)

AND not determined

Table 4 Concentration of

i . Phenolic compounds
phenolic compounds found in

Concentration (mg/g)*

PCM spent feed after larval Day 0 Day 4 Day 8 Day 12
rearing
Ellagic acid 1.85+0.358 2.43+0.488 1.99+0.398 4.04+£0.27%
Ellagic acid derivative 1 1.32+0.208 1.92+0.08* 1.71£0.0848 1.5240.16"B
Ellagic acid derivative 2 0.84+0.13¢ 1.59+0.094 1.28+0.094B 1.12+0.065¢
Ellagitannin derivative 1 5.88+0.994 5.68+1.234 5.57+1.154 7.59 £2.094
Ellagitannin derivative 2 0.01+0.00® 0.19+0.024 0.14+0.014 0.16+0.034

*Means + standard deviation (n=3). Means for each data marked with different capital letters within the
row represent significant differences among days (p <0.05)
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significantly after four days of rearing, and thereafter, it
remained relatively stable until the 12th day. The changes in
phenolic concentration in PCM spent feed after larval rear-
ing can be explained by the release of phenolic compounds
from their insoluble-bound forms and/or the conversion of
ellagitannins to ellagic acid or its derivatives through phase
I and phase II reactions, influenced by the actions of bacteria
and enzymes in the larval intestinal system [38, 39].

Conclusion

In conclusion, the 12-day dietary supplementation with
pomegranate peel significantly enhanced the phenolic
profile of T. molitor larvae, leading to notable changes in
their chemical composition. In particular, 7. molitor larvae
fed on the PCM exhibited higher lipid and lower protein
content compared to those fed on the control after the 12-day
rearing period. The observed accumulation of ellagic acid in
T. molitor larvae has garnered significant interest due to its
potential applications across various fields. These findings
indicate the significance of T. molitor larvae as a valuable
and unique source of bioactive substances, which could be
beneficial for the development of valuable feed and food
ingredients.
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