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Abstract: This research explores the potential of using common duckweed (Spyrodela polyrhiza) as
a feeding substrate and supplement for yellow mealworm production. Duckweed is known for its
high content of protein (20–35%) and essential amino acids. This study aims to assess the effect
of the combination of semolina and duckweed as a feeding substrate for yellow mealworm larvae
(Tenebrio molitor). The experiment involved different combinations of semolina and duckweed in
varying proportions. The treatments included 100% semolina (S), 75% semolina + 25% duckweed
(S75D25), 50% semolina + 50% duckweed (S50D50), 25% semolina + 75% duckweed (S25D75), and
100% duckweed (D). Over a six-week period, the production parameters, nutrient composition,
amino acid composition, and fatty acid composition of the yellow mealworms were measured and
analyzed. The results demonstrate that S75D25 and S50D50 feed combinations were recommended
due to their positive effects on production parameters and nutrient composition. Although the D
substrate exhibited the highest crude protein content, yellow mealworm larvae did not grow on
this substrate. The inclusion of duckweed in the feed had no significant effect on the fatty acid
composition of the mealworms, while substrates S25D75 and D induced an improved amino acid
composition. In conclusion, incorporating duckweed into the feeding substrate can enhance the
production parameters and nutrient composition of yellow mealworms.

Keywords: yellow mealworm; duckweed; nutrient composition; production parameters; amino acid
profile; fatty acid profile

1. Introduction

Yellow mealworm (Tenebrio molitor L.) (Coleoptera: Tenebrionidae) has gained significant
popularity in the European Union (EU) for breeding and trade, making it the most widely
utilized species in the region [1]. With its promising potential for industrial utilization and
commercial-scale production, yellow mealworm has attracted considerable interest as a
valuable source of food and feed [2]. This expansion in commercial production is primarily
driven by the approval of yellow mealworms for use in pet, fish, poultry, and swine feed,
as well as for human consumption [3,4].

Insects such as yellow mealworm larvae have garnered attention as an alternative
protein source due to their economic viability, environmental benefits, and high nutritional
value. Compared with traditional terrestrial livestock, the production of yellow mealworms
offers advantages such as a higher feed conversion efficiency, the utilization of agri-food
byproducts and wastes as insect diet, complete biomass consumption, a lower risk of
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biological and environmental hazards, reduced water consumption and land use, and
decreased greenhouse gas emissions per unit of protein produced [5]. Despite these
benefits, the insect production industry faces a major challenge in finding suitable, efficient,
cost-effective, and sustainable diets [6–8].

The composition of diets fed to yellow mealworms has a significant impact on their
nutrient composition and production parameters, as demonstrated by numerous stud-
ies [9–15]. Recent research indicates that diets rich in yeast-derived protein show favorable
outcomes compared with those used by commercial breeders. These experimental diets uti-
lizing organic byproducts from beer brewing, bread or cookie baking, potato processing, and
bioethanol production have been associated with a shorter larval development time, reduced
mortality, and increased weight gain [11]. Although diet composition does not influence
larval protein content, it does alter larval fat composition to some extent [11]. Furthermore,
yellow mealworms reared on a high-protein/high-fat diet (HPHF) demonstrate a feed
conversion efficiency comparable to that of poultry when corrected for edible portions [10].

In pursuit of improving the nutritional composition of commercially viable insects,
such as black soldier fly, lesser mealworm, and house cricket, several studies have focused
on diet enrichment to enhance omega-3 fatty acids, calcium, and calcium/phosphorus
ratios [16,17]. Similarly, efforts have been made to enhance different components of yel-
low mealworms, such as calcium and calcium/phosphorus ratios [18], zinc [19], and
fatty acids [20].

Duckweed species exhibit rapid growth, simple morphology, and a high protein
content, making them an attractive research subject [21,22]. Their potential for removing
mineral contaminants from wastewaters generated by sewage works, intensive animal
industries, and intensive irrigated crop production has garnered significant interest [21–23].
However, natural environmental conditions, including drought, inadequate nutrient supply,
and insect and fungal infestation and contamination can limit duckweed growth [24]. The
nutritional composition of duckweed is influenced by species and growth conditions.
Protein content ranges from 16.0% (Lemna sp.) to 41.7% (Landoltia gibba), starch from 17.6%
(Landoltia gibba) to 35.0% (Lemna sp.), lipid from 3.4% (Landoltia minor) to 9.0% (Lemna sp.),
crude fiber from 8.8% (Spirodela polyrhiza) to 29.7% (Lemna minor), and ash from 3.5%
(Landoltia gibba) to 26.0% (Lemna sp.) [25].

Although duckweed has been explored as a partial replacement for fish meal, soybean
meal, and alfalfa leaf meal in animal feed [26], there is a lack of research on its use as
a feeding substrate for yellow mealworm production. Species such as Lemna minor and
Spirodela polyrhiza have been utilized in animal feed for fish, poultry, and pigs [27]. This
study aims to investigate the feasibility of using common duckweed (Spirodela polyrhiza)
in yellow mealworm farming. This research focuses on evaluating the impact of common
duckweed on the growth, nutrient composition, amino acid profile, and fatty acid profile
of yellow mealworm larvae.

2. Materials and Methods
2.1. Materials and Research Environment

Yellow mealworm larvae used for this experiment were obtained from a commercial
farm and transported to the Aquaculture Laboratory of the University of Debrecen. The
mealworm larvae were 6 weeks old (~7th instars). The experiment was set up in a biologi-
cal chamber (Memmert HPP110ECO, Büchenbach, Germany) in the laboratory at 25 ◦C,
67% humidity, and 0% light intensity.

2.2. Substrate Composition

The duckweed used was harvested from the pond at the Aquaculture Laboratory of
the University of Debrecen. The duckweed was dried at a temperature range between
40 ◦C and 43 ◦C for 3 days. After drying the duckweed, we grinded it to a particle size of
0.4 ± 2.01 mm. The semolina used in this study was obtained from the market, it was a
durum wheat semolina with particle size 0.5 ± 1.98 mm.
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Table 1 shows the nutrient composition of duckweed and semolina on a dry matter basis.

Table 1. Nutrient composition of semolina and duckweed (% DM).

Dry
Matter

Crude
Protein Crude Fat Crude

Fiber Ash Carbohydrate

Semolina 88.3 15.4 2.60 2.32 0.93 79.3
Duckweed 10.22 28.56 6.03 13.09 19.15 40.03

After the evaluation of the different feeding material, we prepared a substrate by
combining semolina and duckweed to obtain five experiment treatments, as shown in the
following table (Table 2). We made a homogenous mixture from the semolina and the dried
duckweed in each box according to different ratios described in Table 2. The moisture
content of both semolina and duckweed was ~13%.

Table 2. Substrate composition.

Semolina (S) Duckweed (D) Total Weight of
Substrate (g) Label

100% (20 g) 0% 20 g S
75% (15 g) 25% (5 g) 20 g S75 D25
50% (10 g) 50% (10 g) 20 g S50 D50
25% (5 g) 75% (15 g) 20 g S25 D75

0% 100% (20 g) 20 g D

2.3. Experimental Set-Up

Five different treatments were applied in the experiment (S, S75D25, S50D50, S25D75,
and D), and each were repeated four times. The experiment was set up in a transparent
0.15 L box. Forty mealworms were stocked per box; the biomass was 2.6 g (as an average,
body weight was 0.065 g).

The experiment lasted for 6 weeks; the content of the box was separated on a 2 mm
diameter mesh filter, which allowed the substrate to pass through while the worms stayed
on the filter. We measured the growth and feed consumption of the larvae to calculate the
FCR. To measure the length, we used a centimeter rule, while the weight of individual
mealworms was measured using an analytical balance (Kern ABT 100-5NM, Kern & Shon,
Stuttgart–Balingen, Germany). Also, we calculated the survival rate every week throughout
the duration of the experiment. The weight of the mealworms was measured weekly, while
the lengths and widths measurements were performed at the end of the experiment. The
larvae were then stored at −20 ◦C until further analysis.

2.4. Feed Conversion Ratio

To calculate the FCR during the experimental period, the weight gain during the
6-week period of the experiment was calculated:

Weight gain = f inal weight − initial weight

Also, the total feed consumption per treatment was calculated by weighing the feed
left at the end of the experiment.

The feed conversion ratio (FCR) was calculated as

FCR =
Feed given

Weight gain
g/g

2.5. Proximate Analysis

Whole yellow mealworm larvae were used for the analysis. Gravimetric measurement
after drying according to ISO 6496:1999 was used to determine the dry matter content,
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where the weight was determined as an average of the two measurements [28]. The
Kjeldahl method, according to ISO 5983-2:2009, was used to determine the crude protein
content [29]. Total crude fat was determined gravimetrically after the acid hydrolysis and
solvent extraction. The crude fiber was determined using the Fibertec method (FOSS,
Hilleroed, Denmark) (ISO 6865:2000) [30].

The method described by Hahn et al. (2018) was used to determine the chitin content by
subtracting the acid detergent lignin (ADL) content from the acid detergent fiber (ADF) [31].
The ADL and ADF content were measured gravimetrically according to the ISO 13906:2008
standard method [32]. Initial preparatory steps before ADF and ADL measurements
were carried out as follows: samples were defatted using a hexane solvent extraction and
grinding into a <0.5 mm particle size. Then, 1 g of the defatted sample was suspended
in 100 mL of 0.5 mol/L H2SO4 and 20 g/L of cetyltrimethylammonium bromide (CTAB)
and was boiled under reflux for 1 h. The suspension was transferred to a fritted disc
crucible and filtered under a vacuum. The retentate was then suspended in 50 mL of 80 ◦C
demineralized water for 5 min. The suspension was filtered under a vacuum and the
washing step was repeated twice.

An additional washing step with 50 mL of acetone was also conducted twice. The
sample was dried and weighed. The ADF content was expressed as the percentage of the
mass fraction of the dry defatted biomass relative to the applied dry mass before the process
of the lipid extraction. After the determination of the ADF, the residuum was treated further
with 12 mol/L of H2SO4 for 3 h, and then it was filtered under a vacuum and washed with
water. After drying and weighting the residuum, it was cremated at 525 ± 15 ◦C in an
incineration furnace. The ADL content was subtracted from the calculated ADF value and
expressed as the chitin of the dry weight of the insect larvae [31,32].

The crude ash was determined gravimetrically [28].

2.6. Calculation of the Crude Protein Content of Individual Yellow Mealworms

Using the obtained average weight data and applying results of proximate analysis,
we calculated the average crude protein content of individual yellow mealworms fed the
different diet compositions.

average protein content (%) = ABW × DM
100

× CP
100

ABW = average body weight.
DM = dry matter.
CP = crude protein.

2.7. Amino Acid Analysis

The protein content of the samples was determined using the Kjeldahl method [33].
First, the nitrogen content of the sample was converted into ammonium salt by boiling it
in concentrated sulfuric acid. Fourteen milliliters of concentrated sulfuric acid and two
catalyst tablets (VWR International Ltd., Lutterworth, Leicestershire.) containing selenium
were added. The sample was destructed at 420 ◦C when placed on a destructive block
(VELP DKL Kjeldahl). After cooling the sample, it was distilled on a VELP UDK-149 distiller.
An automatic titrator (VELP TITROLINE 5000, Velp Scientifica, Usmate Velate, Italy) was
applied, and the nitrogen content was calculated. The protein content of the samples was
calculated from the nitrogen content using a conversion factor (6.38). Measurements were
repeated four times with CV% < 10%.

For protein hydrolysis, the same amount of protein was measured into a hydrolysis
tube with a Teflon top with 5N HCl and was reacted at 105°C for 5 h in an oven (Memmert
UN55, Buechenbach, Germany). Amino acid analysis of the samples was performed after
cooling them down and filtering through a regenerated cellulose filter (0.2 µm, Whatman
10463040 Spartan syringe filter).
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For total amino acid analysis, an AAA500 amino acid analyzer (INGOS Ltd., Praha, Czech
Republic) with low-pressure ion exchange chromatography as well as postcolumn derivatiza-
tion with ninhydrin (INGOS Ltd., Praha, Czech Republic) and photometric detection at 210
and 254 nm were used. Amino acid standard mixture (INGOS Ltd., Praha, Czech Republic)
was applied as a reference. The recovery was higher than 95%. Amino acids were expressed as
a percentage of the original sample weight.

2.8. Fatty Acid Composition

The fatty acid composition was determined as a fatty acid methyl ester as follows. The
fat content (200–300 mg) was solved in 6 mL of hexane and 4 mL of 0.5M NaOH: MeOH.
The solution was treated at 80 ± 1 ◦C for 10 min in an oven. After saponification, the sample
was diluted with 5–10 mL of distilled water and the unsaponified materials were extracted
with 2 × 2 mL of hexane. After the extraction, the solution was acidified with 0.5 mL of 6 M
H2SO4, and the saponified fatty acids were extracted with 2 mL of hexane. The purified
fraction was treated with 2 mL of 14% BF3: MeOH at 80 ± 1 ◦C for 30 min in an oven. In
total, 2 mL of saturated NaCl solution was used, and the supernatant hexane phase was
applied into a GC vial with dry Na–sulphate and applied into GC-FID (Varian GC 3800)
(Table 3). The Supelco 37 component FAME mix (Sigma-Aldrich, St. Louis, MO, USA)
was used as a reference. Measurements were repeated four times with CV% < 5%. The
calculated results were expressed as a percentage of the total fat content.

Table 3. Technical data of GC-FID.

Equipment Varian CP 3800

Detector FID, 250 ◦C
Column Restek Rt-2560, 100 m × 0.25 mm ID; 0.20 µm

Injector temperature 250 ◦C
Split 1:50

Temperature program 150◦ C (hold: 3 min), 2 ◦C/min, 240 ◦C (hold: 2 min)
Injected volume 1 µl

Gas carrier 1.9 mL/min helium (5.0), constant flow

2.9. Statistical Analysis

The results were analyzed using IBM SPSS 22.0 (Armonk, NY, USA). A one-way
analysis of variance (ANOVA) and Tukey’s test (p < 0.05) were used to evaluate the results.

3. Results
3.1. Production Parameters
3.1.1. Growth Performance of Yellow Mealworm at Different Substrate Compositions

Table 4 shows the average body weight, length, and width of yellow mealworms in
the different treatments using substrates S, S75D25, S50D50, S25, D75, and D. The results
show that for the mealworms fed the S75D25 substrate composition, they reached the
highest body weight. Also, the greatest length was achieved using S75D25 and S50D50.
The greatest width was observed in these substrate compositions as well. However, as the
semolina composition falls below 50%, the body weight, length, and width get smaller.
Feeding with duckweed alone resulted in the lowest average body weight of the larvae.

Table 4. Average weight, length, and width of yellow mealworm at different substrate compositions.

S S75D25 S50D50 S25D75 D

Weight (g) 0.116 ± 0.005 b 0.154 ± 0.008 d 0.139 ± 0.002 c 0.108 ± 0.002 b 0.053 ± 0.004 a

Length (cm) 2.081 ± 0.068 b 2.349 ± 0.074 c 2.385 ± 0.074 c 1.930 ± 0.012 b 1.673 ± 0.040 a

Width (cm) 0.281 ± 0.006 ab 0.296 ± 0.011 b 0.286 ± 0.013 b 0.278 ± 0.013 ab 0.258 ± 0.014 a

Means in the same row with different superscripts differ significantly (p < 0.05). Mean ± standard deviation.
S: 100% semolina; S75D25: 75% semolina + 25% duckweed; S50D50: 50% semolina + 50% duckweed; S25D75: 25%
semolina + 75% duckweed; D: 100% duckweed.
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3.1.2. Feed Conversion Ratio

Figure 1 shows the FCR of yellow mealworms reared on different substrates. Feeding
on S, S75D25, and S50D50 resulted in the lowest FCR, while S25D75 had the highest FCR.
Substrate D induced a negative FCR.
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3.1.3. Survival Rate

Figure 2 shows the survival rates of the mealworms under the different treatments.
The survival rate was the highest when feeding with S75D25, reaching a 90% survival rate,
followed by S at 89%, D at 88%, and S50D50 at 87%. The lowest survival rate is even lower
than that, with a value of 77%, which was observed when using substrate S25D75.
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3.2. Nutrient Composition

Table 5 shows that the nutrient composition of the yellow mealworm, crude protein,
crude fat (CFa), crude fiber (CF), and crude ash were significantly affected by every 25%
inclusion of duckweed. The CP, CF, and ash content followed the same trend; they increased
with every 25% increase in the duckweed inclusion, while the CFa decreased with every
25% increase in the duckweed content in the substrate.

Table 5. Average nutrient composition of yellow mealworm at different substrate compositions (% DM).

S S75D25 S50D50 S25D75 D

Dry Matter 38.3 ± 0.26 c 39 ± 0.36 d 37.3 ± 0.10 a 37.3 ± 0.02 a 37.7 ± 0.17 b

Crude protein 45.7 ± 0.18 a 50.8 ± 0.22 b 55.8 ± 0.18 c 61.1 ± 0.18 d 69 ± 0.22 e

Crude fat 43.7 ± 0.22 e 37.9 ± 0.28 d 30.5 ± 0.27 c 24.2 ± 0.14 b 14.8 ± 0.20 a

Crude fiber 7.4 ± 0.22 a 7.9 ± 0.18 b 9.4 ± 0.18 c 10 ± 0.18 d 11.1 ± 0.18 e

Crude ash 2.8 ± 0.18 a 3.4 ± 0.14 b 4.2 ± 0.18 c 4.6 ± 0.12 d 5.0 ± 0.23 e

Chitin 21.5 ± 0.17 b 20.0 ± 0.12 a 21.5 ± 0.28 b 21.8 ± 0.20 b 20.8 ± 0.12 a

Mean ± standard deviation. Means in the same row with different superscripts differ significantly (p < 0.05).
S: 100% semolina; S75D25: 75% semolina + 25% duckweed; S50D50: 50% semolina + 50% duckweed; S25D75: 25%
semolina + 75% duckweed; D: 100% duckweed.

Table 6 shows the average protein content of individual yellow mealworms reared
on each different substrate. The protein content of yellow mealworms reared on a diet of
S75D25, S50D50, and S25D75 was significantly higher than that of S. The average weight of
S75D25 is higher than S50D50, but the crude protein content per individual of these two
treatments are statistically the same.

Table 6. Average crude protein content of individual yellow mealworms at each different substrate
compositions (DM %).

S S75D25 S50D50 S25D75 D

Average body weight (g) 0.116 ± 0.005b 0.154 ± 0.008 d 0.139 ± 0.002 c 0.108 ± 0.002 b 0.053 ± 0.004 a

Crude protein (DM%) 45.7 ± 0.18 a 50.8 ± 0.22 b 55.8 ± 0.18 c 61.1 ± 0.18 d 69 ± 0.22 e

Dry Matter 38.3 ± 0.26 c 39 ± 0.36 d 37.3 ± 0.10 a 37.3 ± 0.02 a 37.7 ± 0.17 b

Average crude protein
content/individual 0.020 ± 0.001 b 0.031 ± 0.001 d 0.029 ± 0.002 d 0.025 ± 0.001 c 0.014 ± 0.001 a

Mean ± standard deviation. Means in the same row with different superscripts differ significantly (p < 0.05).

3.3. Amino Acid Composition of Yellow Mealworm at Different Substrate Compositions

Table 7 shows the amino acid (AA) composition of yellow mealworms reared on dif-
ferent substrate compositions. A composition of the yellow mealworms reared on different
substrate compositions shows a statistically significant difference. The tendency observed
in most of the amino acids is that the groups reared on substrates S and S75D25 show
no statistical difference; this also occurred in the same vein on S25D75, and the use of
substrate D did not result in any statistical differences. At the same time, the values of
yellow mealworms fed substrate S50D50 are either statistically the same as those of the
group reared on substrate S or with those of the groups reared on S and S75D25 or S25D75
and D, or, in some cases, they are statistically different from all. In yellow mealworms fed
substrate S, the most dominant amino acids are glutamine, alanine, phenylalanine + ty-
rosine, and isoleucine, ranked in order. However, for the yellow mealworms fed diets
containing duckweed, phenylalanine + tyrosine is the second most abundant amino acid.
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Table 7. Average amino acid content of yellow mealworm at different substrate compositions (%).

S S75D25 S50D50 S25D75 D

Asparagine 1.23 ± 0.04 a 1.38 ± 0.05 b 1.22 ± 0.04 a 1.70 ± 0.04 c 1.74 ± 0.03 c

Threonine 0.73 ± 0.02 a 0.73 ± 0.01 a 0.78 ± 0.01 b 0.94± 0.01 c 0.91 ± 0.01 c

Serine 0.84 ± 0.07 ab 0.79 ± 0.01 a 0.88 ± 0.01 b 1.08 ± 0.02 c 1.02 ± 0.01 c

Glutamine 2,14 ± 0.01 a 2,26 ± 0.01 b 2,25 ± 0.01 b 2,64 ± 0.02 c 2,66 ± 0.05 c

Proline 1.20 ± 0.01 c 0.93 ± 0.01 a 1.15 ± 0.01 b 1.56± 0.01 e 1.52 ± 0.03 d

Glycine 0.97 ± 0.01 a 0.98 ± 0.01 a 0.98 ± 0.01 a 1.17 ± 0.02 c 1.12 ± 0.02 b

Alanine 1.60 ± 0.02 b 1.36 ± 0.02 a 1.57± 0.03 b 1.74 ± 0.02 c 1.61 ± 0.02 b

Valine 1.13 ± 0.03 a 1.20 ± 0.02 b 1.20 ± 0.01 b 1.49 ± 0.02 d 1.39 ± 0.01 c

Methionine + cysteine 0.32 ± 0.01 a 0.3 ± 0.01 a 0.3 ± 0.01 a 0.42 ± 0.01 b 0.43 ± 0.01 b

Isoleucine 1.53 ± 0.02 b 1.38 ± 0.0 a 1.55 ± 0.04 b 1.92 ± 0.01 d 1.65 ± 0.02 c

Leucine 1.32 ± 0.01 a 1.38 ± 0.02 b 1.40 ± 0.02 b 1.63 ± 0.02 c 1.61 ± 0.01 c

Phenylalanine + tyrosine 1.57 ± 0.01 a 1.86 ± 0.02 b 1.730.03 b 2.23 ± 0.03 c 2.27 ± 0.01 c

Histidine 0.60 ± 0.02 a 0.64 ± 0.01 b 0.63 ± 0.02 ab 0.82 ± 0.01 d 0.71 ± 0.01 c

Lysine 1.27 ± 0.02 a 1.27 ± 0.01 a 1.31 ± 0.01 b 1.51 ± 0.02 c 1.60 ± 0.02 d

Arginine 0.68 ± 0.01 b 0.62 ± 0.01 a 0.68 ± 0.02 b 0.91 ± 0.03 c 0.89 ± 0.02 c

EAA 7.47 ± 0.04 a 8.76 ± 0.04 b 8.9 ± 0.49 b 10.96 ± 0.04 c 10.57 ± 0.05 c

EAA:NEAA 0.86 ± 0.02 a 1.05 ± 0.04 b 1.02 ± 0.03 b 1.01 ± 0.02 b 1.00 ± 0.02 b

Mean ± standard deviation. Means in the same row with different superscripts differ significantly (p < 0.05).
S: 100% semolina; S75D25: 75% semolina + 25% duckweed; S50D50: 50% semolina + 50% duckweed; S25D75: 25%
semolina + 75% duckweed; D: 100% duckweed.

3.4. Fatty Acid Composition of Yellow Mealworm at Different Substrate Compositions

Table 8 shows the fatty acid (FA) composition of yellow mealworms fed substrates
of different compositions. The FA compositions of yellow mealworms fed substrates of
different compositions shows statistically significant differences regarding the p-value
(0.05); no particular trend was identified for differences in the FA compositions. The yellow
mealworms fed substrate S25D75 had the highest saturated fatty acid (SFA) content of
31.98% and the lowest content of MUFA at 49.21%. Yellow mealworms fed substrate S50D50
had the highest MUFA of 54.70% and the lowest PUFA n-6 and PUFA n-3 contents of 16.88%
and 0.63%, respectively. The lowest ratio of PUFA n-6 to PUFA n-3 was observed in the
yellow mealworms fed substrate D at 15.63%.

Table 8. The average fatty acid profile of yellow mealworms at different substrate compositions (%).

S S75D25 S50D50 S25D75 D

Capric 0.011 ± 0.00 a 0.013 ± 0.00 a 0.009 ± 0.00 ab 0.019 ± 0.00 a 0.014 ± 0.00 b

Lauric 0.310 ± 0.01 bc 0.260 ± 0.02 b 0.210 ± 0.01 a 0.300± 0.01 c 0.240 ± 0.01 ab

Tridecylic 0.038 ± 0.00 a 0.046 ± 0.00 b 0.038 ± 0.00 a 0.052 ± 0.00 c 0.047 ± 0.00 b

Myristic 3.850 ± 0.02 a 4.420 ± 0.01 c 4.110 ± 0.01 b 4.990 ± 0.01 d 5.860 ± 0.01 e

Myristoleic 0.005 ± 0.00 b 0.008 ± 0.00 c 0.000 ± 0.00 a 0.000 ± 0.00 a 0.020 ± 0.00 d

Pentadecylic 0.067 ± 0.00 a 0.104 ± 0.00 b 0.139 ± 0.00 c 0.237 ± 0.00 d 0.138 ± 0.00 c

Palmitic 14.770 ± 0.01 b 16.770 ± 0.02 c 18.260 ± 0.01 d 20.180 ± 0.01 e 12.430 ± 0.1 a

Palmitoleic 1.790 ± 0.01 d 1.547 ± 0.01 c 1.350 ± 0.01 b 1.290 ± 0.01 a 2.490 ± 0.01 e

Magaric 0.054 ± 0.00 a 0.083 ± 0.00 b 0.083 ± 0.00 b 0.185 ± 0.00 d 0.115 ± 0.00 c

Stearic 2.830 ± 0.01 a 4.630 ± 0.01 d 4.510 ± 0.01 c 5.420 ± 0.01 e 3.310 ± 0.01 b

Elaidic 0.003 ± 0.00 a 0.004 ± 0.00 a 0.009 ± 0.00 c 0.018 ± 0.00 d 0.006 ± 0.00 b

Oleic 51.900 ± 0.04 c 51.700 ± 0.02 b 53.330 ± 0.01 d 47.890 ± 0.01 a 47.900 ± 0.01 a

Linoleic 22.970 ± 0.01 d 19.270 ± 0.01 c 16.860 ± 0.01 a 18.020 ± 0.01 b 25.320 ± 0.01 e

Arachidic 0.230 ± 0.01 a 0.3800 ± 0.01 c 0.400 ± 0.01 d 0.370 ± 0.01 c 0.310 ± 0.01 b

Γlinolenic 0.000 ± 0.00 a 0.017 ± 0.00 c 0.013 ± 0.00 b 0.000 ± 0.00 a 0.000 ± 0.00 a

Gondonic 0.035 ± 0.00 d 0.008 ± 0.00 a 0.013 ± 0.00 b 0.019 ± 0.00 c 0.020 ± 0.00 c

Alinolenic 1.020 ± 0.01 d 0.641 ± 0.00 b 0.590 ± 0.00 a 0.706 ± 0.00 c 1.552 ± 0.00 e

Behenic 0.107 ± 0.00 c 0.083 ± 0.0 b 0.054 ± 0.00 a 0.238 ± 0.0 e 0.189 ± 0.00 d

Eicosenoic 0.026 ± 0.00 a 0.029 ± 0.00 b 0.036 ± 0.00 c 0.082 ± 0.00 e 0.067 ± 0.00 d

Nervonic 0.005 ± 0.00 b 0.000 ± 0.00 a 0.006 ± 0.00 b 0.000 ± 0.00 a 0.01 ± 0.00 b

SFA 22.25 ± 0.02 a 26.78 ± 0.02 c 27.79 ± 0.01 d 31.98 ± 0.01 e 22.63 ± 0.02 b
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Table 8. Cont.

S S75D25 S50D50 S25D75 D

MUFA 53.73 ± 0.02 d 53.26 ± 0.01 c 54.70 ± 0.01 e 49.21 ± 0.01 a 50.43 ± 0.01 b

PUFA N-6 22.97 ± 0.02 d 19.29 ± 0.01 c 16.88 ± 0.01 a 18.02 ± 0.02 b 25.32 ± 0.02 e

PUFA N-3 1.04 ± 0.01 c 0.67 ± 0.01 a 0.63 ± 0.00 a 0.79 ± 0.01 b 1.62 ± 0.02 d

PUFA N-6/ N-3 22.08 ± 0.01 b 28.79 ± 0.01 e 26.79 ± 0.01 d 22.81 ± 0.01 c 15.63 ± 0.02 a

Mean ± standard deviation. Means in the same row with different superscripts differ significantly (p < 0.05).
S: 100% semolina: S75D25: 75% semolina + 25% duckweed: S50D50: 50% semolina + 50% duckweed: S25D75: 25%
semolina + 75% duckweed: D: 100% duckweed.

4. Discussion
4.1. Production Parameters

The highest average body weight was achieved with the S75D25 substrate composition.
Also, the average body weight achieved when feeding S50D50 was higher than the one
reached when feeding semolina alone. However, including less than 50% semolina in the
feed resulted in an average body weight which was lower than that obtained when feeding
substrate S. This is understandable because the yellow mealworm is a pest of stored grains
and flour [1,2], which are rich in carbohydrates, whereas semolina is richer in carbohydrates
compared with duckweed.

The average body weight of yellow mealworm larvae reared on substrate S75D25
increased significantly to reach approximately 0.16 g (wet weight basis). Over the six weeks,
the average weight, length, and width of the mealworm larvae increased, and the usage
of duckweed substrate supplementation improved the growth of the mealworms. The
width of yellow mealworms reared on different diets was not significantly different, but
there were significant differences between the lengths of the yellow mealworms reared on
different substrates. Length is directly proportional to weight; the yellow mealworms with
the longest length also had the highest weight.

In our study, the feed conversion ratio (FCR) of yellow mealworms showed signifi-
cantly high values; when applying substrate S25D75, the FCR was approximately 6.9 g/g.
The literature indicates FCR values of 1.98 g/g for larvae harvested on a fresh matter basis,
as reported by Thévenot et al. (2018) [34].

Feeding duckweed alone resulted in a negative FCR, as this substrate contained only
duckweed, and the mealworms were unable to effectively utilize the substrate and convert
it into absorbable nutrients and eventually into body mass. This can be clearly seen when
the average body weight data are analyzed together with the FCR. The body weight of
the mealworms fed the duckweed substrate did not increase; rather, their body weight
reduced from what was measured at the beginning of the experiment. This shows that the
energy content of duckweed was not sufficient to build an appropriate amount of protein
to increase body mass. The FCR 2.58 obtained in S75D25 is higher than the 1.57 to 2.08 rate
obtained in the studies of Bordiean et al. (2020) in mealworms fed chicken feed and wheat
bran, but it is lower than the 4.42 obtained in mealworms fed willowleaf sunflower. The
FCRs obtained when applying semolina and S50D50 are also lower than those obtained
from mealworms fed willowleaf sunflower. The FCR achieved when feeding S75D25 (2.58)
is similar to the FCR in chicken (expressed in Kg of feed/Kg of live weight), but the FCRs
observed when feeding semolina and S50D50 are higher than that. All the FCRs in our
experiment are lower than the FCR in swine (4.5) and cattle (10) [35].

There was no significant difference in the survival rate of yellow mealworms reared
on substrate S, S75D25, S50D50, and D. Similarly, there were no significant differences
between yellow mealworms reared on substrates S50D50, S25D75, and D. The survival rate
of yellow mealworms fed S75D25 are higher, reaching 90%, followed by values of 89%, 88%,
and 87%, which were reached when feeding S, D, and S50D50, respectively. These values
are quite similar to the larval survival rates of mealworms fed the control diet (wheat bran
only), and diets supplemented with red cabbage, carrot, and orange were 91.7%, 92.5%,
89.3%, and 89.7%, respectively, as reported by Liu et al. (2020) [9]. Although the yellow
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mealworm had the lowest weight when applying the D substrate, it appears that the diet
provided enough energy to keep the yellow mealworms alive as the survival rate of yellow
mealworms reared on the D diets was not significantly different from those observed in
those reared on S50D50 and S25D75.

The survival rates observed in the different treatments did not follow any particular
trends, but the highest survival rate was achieved when applying S75D25, while the lowest
was obtained when feeding S25D75. This shows that out of all the feeding substrates, the
S75D25 had the best production parameters.

4.2. Nutrient Composition

The CP, CF, and ash content followed the same trend, showing an increase with every
25% increase in duckweed inclusion, while the CFa decreased with every 25% increase in
the duckweed content in the substrate. The increasing CP, CF, and ash content with the
increasing amount of duckweed in the feeding substrate is due to the CP, CF, and crude
ash content of duckweed being approximately 2 times, 5 times, and 20 times higher than
those of semolina, respectively.

The CP and crude ash contents observed in yellow mealworms fed the S diet in this
study are similar to those reported in the study of Ravzanaadii et al. (2012) [36], while
the CP and crude ash contents of yellow mealworms on all duckweed diets are higher
than those reported in the same studies. When wheat bran was supplemented with fresh
carrot, orange peel, and red cabbage in the diet of yellow mealworm larvae, there were no
significant differences in the nutrient composition of yellow mealworms fed any of these
substrates. The CP (49.1%) and CFa (38.8%) reported are within the range observed in
the S75D25 diet in our study, while the crude ash (4.1) is similar to what was observed in
yellow mealworms fed the S50D50 diet in our study [9]. A study performed by Toviho and
Bársony in 2022 [37] reported the nutrient composition of yellow mealworm larvae. We
found that CP values of mealworms reared on the S diet in this present study fell within
the range (43–45%) reported by that previous study. This is probably due to the fact that
the feeding substrate used in that previous study was a mixture of semolina, flour, and oat
flakes. With regard to CFa, in our current study, the values observed in yellow mealworms
reared on substrate S75D25 were within the range (37.8–39.6%) reported in the above study,
while in regard to CF, the values observed in yellow mealworm larvae fed D are similar to
those reported in the previous study [37].

The best protein content of the larvae was achieved when feeding substrate D, but the
application of this substrate resulted in the worst production parameters. The decrease in
CFa can be explained as a result of the difference in the nutrient composition of duckweed
and semolina, where semolina contains approximately two times more carbohydrates than
duckweed. As a result of this, yellow mealworms fed substrates with higher semolina
contents have more energy available for conversion into fat. These results support what has
been reported in other studies, namely, that the nutrient composition of yellow mealworms
can be enhanced using high nutritional value feedstuff [20,35,38]. The ash content was in
a range between 1.11 and 1.88 for the different substrate compositions, which is similar
to or higher than the value reported by Liu et al. (2020) [9]. This difference could have
resulted from different environmental conditions and feeding. The protein content per
unit of yellow mealworm produce is higher in mealworms reared on substrates S75D25
and S50D50 than those fed any of the other substrates. Although the weight of yellow
mealworms fed S75D25 is significantly higher than that of those reared on S50D50, the
protein contents per individual yellow mealworm were not statistically different. Similarly,
while the use of feeding substrates S25D75 and S resulted in statistically similar weights,
with S, the protein contents achieved when feeding S25D75 were statistically higher than
those observed when feeding substrate S.
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4.3. Amino Acid Composition of Yellow Mealworm

Altogether, 17 different amino acids were detected in our mealworm samples, includ-
ing 8 EAAs, plus cysteine and tyrosine. Jajic et al. (2020) reported the detection of all amino
acids in the yellow mealworm samples involved in their experiment except for cysteine
and tyrosine [39]. All amino acid values reported in the study of Jajic et al. (2020) were
higher than the values obtained in our study, except for valine, where, compared with the
1.2–1.5% observed in our study, they reported a lower value of 0.65% [39]. The study of
Jajic et al. (2022) reported the threonine, methionine, and lysine contents of yellow meal-
worms raised on six different diets (wheat bran, whole grain barley, wholegrain oat, whole
oat and barley 1:1, and buckwheat oat and barley sprout 1:1), and the threonine, methionine,
and lysine values reported were 3–7.5%, 1.6–2.5%, and 4.4–10.6%, respectively [40]. These
values are higher than what we obtained in this study. All 17 amino acids detected in
this study were also detected by Ravzanaadii et al. (2012). In their study, Ravzanaadii
et al. reported the presence of the following EAAs in yellow mealworm larvae: isoleucine,
leucine, lysine, cysteine + methionine, phenylalanine + tyrosine, threonine, valine, and
histidine (3.6%,3.4%, 2.9%, 1.2%, 5.2%, 1.8%, 2.4%, and 1.5%, respectively). Compared
with the values observed in our results, all amino acid values reported were higher [36].
The higher amino acid values reported in the study of Ravzanaadii et al. (2012) and Ja-
jic et al. (2022) can be explained by the difference in the feeding substrates used in the two
studies, where Ravzanaadii et al. used wheat bran and vegetables as feeding substrates,
while Jajic et al. used six different substrates (wheat bran, whole grain barley, wholegrain
oat, whole oat and barley 1:1, and buckwheat oat and barley sprout 1:1) [36,39]. Despite
the various feeding substrates used in this experiment, tryptophan was not detected in any
of the yellow mealworm samples, which is in line with the results obtained in the study of
Ravzanaadii et al. (2012), Jajic et al. (2020), and Jajic et al. (2022) [36,39,40]. Nevertheless,
the study of Yi et al. (2013) reported tryptophan in yellow mealworm larvae [41].

The levels of amino acids detected were significantly higher in yellow mealworms
reared on substrates S25D75 and D for each individual amino acid. Although the levels of
amino acids obtained in this study were lower than what was reported in other studies,
there was an improvement in the values at 75% and 100% duckweed inclusion. This shows
that duckweed can be used to increase the level of amino acids in yellow mealworm larvae.
When comparing essential amino acids to the protein requirements of an adult human
according to FAO/WHO/UN, the result shows that the leucine, cysteine + methionine, and
histidine values are all below the requirements.

For every animal, an optimal level of EAA:NEAA is required for the highest protein
utilization [42]. Therefore, the level of EAA:NEAA in yellow mealworm is an important
aspect to be considered in yellow mealworm production. The EAA:NEAA ratios reported
in our studies were between 0.86 and 1.05, where feeding 100% semolina resulted in an
EAA:NEAA ratio of 0.86, which is below the ratio that produced the best weight gain in
rainbow trout when they were fed six diets containing different EAA:NEAA levels between
0.3 and 1.9 in a six-week experiment. The best weight gain was observed in the diets
containing 0.9 and 1.3 EAA:NEAA [42]; the ratios obtained in all diets containing duckweed
in our experiment fall within this range. Schuhmacher et al. (1995) reported that the best
gains were observed in rainbow trout that were fed diets with 0.67–1.5 EAA:NEAA [43].
The reported optimal EAA:NEAA for growth and protein retention in Nile tilapia was 0.67,
which is lower than the ratio obtained in our study [44].

4.4. Fatty Acid Composition of Yellow Mealworm

The result obtained in our study shows that altogether, 20 FAs were detected in
the yellow mealworm larvae samples, which is higher than the 14 FAs reported by
Ravzanaadii et al. (2012). This shows that the inclusion of duckweed in the diet of
yellow mealworms affected not just the fat content of the yellow mealworms but their fatty
acid composition as well. There is no identifiable pattern regarding the changes in the
individual FA values. The lack of a noticeable correlation of the changes in FA values with
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an increasing duckweed concentration in the feeding substrate indicates that this result is
in line with the proposition that there is an internal regulation of lipids in insects [36].

Out of the fatty acids, oleic acid has the highest proportion, which is similar to the
result reported by Dreassi et al. (2017) [38], where they analyzed the FA composition of
yellow mealworm larvae reared on six different diets, although the 42–46% they reported is
lower than the 48–53% observed in our study. At the same time, their study shows that the
proportion of palmitic acid in yellow mealworm larvae is higher than that of linoleic acid,
which contradicts the result observed in our own study, where the proportion of linoleic
acid is higher than that of palmitic acid. Several other studies also show that oleic, linoleic,
palmitic, stearic, myristic, palmitoleic, and αlinolenic FA are the most abundant FAs in
yellow mealworm larvae, though the order from highest to lowest differed in proportion in
the different studies [11,36,38]. The study of Siemianowska et al. (2013), however, reported
elaidic acid to be the most abundant FA [45].

The main n-3 long-chain PUFAs involved in the prevention of cardiovascular diseases
are eicosapentaeonic acid (EPA) and docosahexaenoic acid (DHA) [46]. One of these n-3
long-chain PUFAs (EPA) was detected in our yellow mealworm samples. Neither EPA nor
DHA were found in the studies of Dreassi et al. (2017) and Ravzanaadii et al. (2012) [36,38].
The 0.74% reported in the study of Siemianowska et al. (2013) [45] is within the range
observed in our result [45]. The studies of Jajic et al. (2020) and Van Broekhoven et al. (2015)
reported a slightly lower value of 0.02% than what was observed in our result [11,39]. The
studies of Jajic et al. (2022) reported the presence of both EPA and DHA, where EPA was
detected in yellow mealworms raised on five of the six experimental diets, while DHA was
detected in yellow mealworm samples from all the experimental diets. EPA values between
0.01% and 0.09% were reported in the study of Jajic et al. (2022) [40], which is close to the
0.03–0.08% observed in our study.

The values of capric, lauric, tricidelic, myristic, magaric, and myristoleic FAs observed
in this study are lower than the values reported in the study of Dreassi et al. (2017) [38],
while the values of arachidic and oleic FAs are higher in our study [38].

From the review of similar studies, it is evident that there is high variability in FA
composition, but the major FAs found are similar [11,20,36–40,45].

The yellow mealworm larvae reared on 100% duckweed had the highest omega-3 fatty
acid content, reaching 1.62%, which is significantly higher than the omega-3 FA contents
of those fed a smaller composition of duckweed in their feeding substrate. Although the
omega-3 FA of 100% duckweed is the highest, 100% semolina had higher n-3 PUFA and n-6
PUFA contents than those fed S75D25, S50D50, and S25D75, with no noticeable patterns.
The ratio of n-6/n-3 in yellow mealworms fed 100% duckweed is the lowest of all the
treatments in this study. This shows that duckweed can improve the n-6/n-3 in yellow
mealworm. A lower n-6/n-3 ratio has been shown to improve fatty liver in teenagers and
restore the liver fat content in 1/3 of the population involved in the experiment [47].

5. Conclusions

This study shows that duckweed is effective as a feeding substrate to improve the
production parameters and nutrient composition of yellow mealworm. Considering both
the production parameters and nutrient composition, the yellow mealworm diets most
suitable for significantly improving both the production parameters and the nutrient
composition are those in which the substrates include no more than 50% duckweed. With
regard to both the production parameters and the nutrient composition, the combination of
25% duckweed and 75% semolina is the most suitable substrate to significantly improve the
production parameters and nutrient composition. However, in an attempt to outperform the
values of the nutrient composition and simultaneously achieve a significant improvement
in the final body weights compared with the values achieved when feeding 25% duckweed
and 75% semolina, exploring the potentials of rearing yellow mealworms on a substrate
containing 50% duckweed and 50% semolina would be worth considering. The results show
that the effect of the inclusion of duckweed on the fatty acid composition is not significant
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at an inclusion rate that is beneficial to the growth parameters of yellow mealworm. A
75% inclusion and 100% duckweed feeding substrate can be used to significantly improve
the amino acid composition of yellow mealworm. The yellow mealworms fed 100%
duckweed had the highest protein content, but the mealworms did not grow on this
diet. Commercial yellow mealworm producers can take advantage of the inclusion of
duckweed to improve growth, thus significantly improving the yield while maintaining a
similar FCR value. This translates to the same feed quantity for a significantly higher yield.
When using the conventional yellow mealworm feed (semolina), the yellow mealworm
meal produced has a protein content similar to soy, but with the inclusion of duckweed
substrate, a protein content of 69% was achieved, which is similar to the protein content
of fishmeal. Although the total weight produced was lower, the yellow mealworm had a
higher protein concentration.
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FCR Feed conversion ratio
DM Dry matter
CP Crude protein
CFa Crude fat
CF Crude fiber
ADL Acid detergent lignin
ADF Acid detergent fiber
DHA Docosahexaenoic acid
EPA Eicosapentaenoic acid
PUFA Polyunsaturated fatty acids
MUFA Monounsaturated fatty acids
SFA Saturated fatty acids
FA Fatty acids
AA Amino acid
NEAA Non-essential amino acids
EAA Essential amino acid
CTAB Cetyltrimethylammonium bromide
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