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Abstract 
 

This study investigated the replacement of fishmeal (FM) with Tenebrio molitor (TM) 
larvae meal at 0%, 50%, 75%, and 100% levels in juvenile Nile tilapia (Oreochromis 
niloticus) diets over 12 weeks, focusing on fillet quality, amino acid composition, and 
lipid nutritional indices. Amino acid analysis showed slight reductions in essential 
amino acids, particularly lysine and methionine, at higher replacement levels. Total 
sulfur amino acids decreased from 2.75 to 1.71 g/100 g, while aromatic amino acids 
remained stable. Sweet amino acid ratios increased and bitter amino acid ratios 
decreased with TM inclusion. Umami amino acids rose up to TM75 but declined at 
TM100. The protein efficiency ratio dropped from 22.24 to 17.28; however, amino acid 
and chemical scores remained consistent with FAO/WHO requirements. TM75 
provided a well-balanced amino acid profile suitable for protein synthesis. Fatty acid 
analysis indicated reduced total SFA and increased MUFA and n-6 PUFA. Although n-3 
PUFA and EPA+DHA levels decreased, the lipid nutritional quality improved, as 
indicated by lower atherogenicity (IA) and thrombogenicity (IT) indices and a higher 
hypocholesterolemic/hypercholesterolemic (h/H) ratio. Overall, replacing up to 75% 
of FM with TM larvae meal maintained nutritional balance and enhanced sustainability 
in aquafeed formulation.  
 

Introduction 
 

Driven by population growth and the demand for 
nutritious and sustainable protein, aquaculture has seen 
substantial development worldwide (FAO, 2022). Fish 
farming stands out as a critical component of 
sustainable food production, and optimizing feed 
ingredients is becoming one of the sector's key research 
areas. The nutritional content of feeds directly impacts 
fish growth performance, immune system functions, 
and final product quality (NRC, 2011). 

For many years, FM and FO have been used as 
primary protein and lipid sources in feed. These sources 
are preferred due to their high bioavailability and 
balanced amino acid profiles (Tacon & Metian, 2008), 

but limited marine resources and rising costs pose 
serious problems in terms of economic and 
environmental sustainability (Naylor et al., 2009). This 
has made the use of alternative and renewable protein 
sources essential.  

Although plant-based protein sources (e.g., 
soybean meal, corn gluten) are widely used, detrimental 
effects on fish performance are observed due to 
essential amino acid deficiencies and antinutritional 
factors (Gatlin et al., 2007). Furthermore, competition 
for these sources from the agricultural and food sectors 
increases costs (Hardy, 2010). Therefore, alternatives to 
animal protein with a balanced amino acid profile are 
being investigated.  

How to Cite 
 

Dernekbaşı, S., Karadayı, B.T. (2026). Sustainable Insect Meal as a Fishmeal Alternative: 2. Impacts on Fillet Quality, Amino Acid Profile, and 

Nutritional Value in Nile Tilapia. Aquaculture Studies, 26(4), AQUAST3320. http://doi.org/10.4194/AQUAST3320 

https://orcid.org/0000-0001-5735-2486
https://orcid.org/0009-0004-0184-0850


569 

Aquaculture Studies, 26(4), 568-579 AQUAST3320 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In recent years, insect proteins, particularly larvae 
meals, have attracted attention as sustainable, 
environmentally friendly, and nutritious alternatives. 
Insects' high protein content, balanced amino acid 
profile, low environmental impact, and suitability for 
bioconversion of organic waste have made them 
promising alternatives to FM (Barroso et al., 2014; Henry 
et al., 2015; van Huis et al., 2013). Furthermore, the 
important role of insects in the natural diet of many 
freshwater fish species supports the biocompatibility of 
this alternative (Sánchez-Muros et al., 2014). With the 
European Union's Regulation No. 893/2017 of 2017, the 
use of insect proteins in aquaculture feeds became legal, 
and research and applications in this area have 
increased (European Union, 2017).  

Tenebrio molitor (TM; yellow mealworm) larvae 
stand out as a sustainable source of animal protein with 
their high protein (approximately 40-50%) and fat 
content, as well as their rich amino acid profile 
(Rumpold & Schlüter, 2013). Furthermore, their richness 
in micronutrients such as zinc, selenium, and biotin, and 
their unsaturated fatty acids, make their nutritional 
value comparable to FM and soybean meal (Yi et al., 
2013). Furthermore, mealworm production provides 
environmental benefits through the recycling of organic 
waste (van Huis, 2013). 

The Nile tilapia is a freshwater fish widely farmed 
worldwide and is noted for its rapid growth, broad 
environmental tolerance, and high-quality product 
characteristics (El-Sayed, 2006). However, in 
aquaculture, feed typically accounts for approximately 
70% of production costs, and the economic burden 
associated with fish meal consumption represents one 
of the largest obstacles to sustainable farming (Nairuti 
et al., 2021). Therefore, research is intensifying on 
alternative protein sources that are both economically 
and environmentally sustainable and affordable. 

In this context, TM larvae meal has emerged as a 
promising candidate due to its high protein content, 
favorable amino acid profile, and environmental 
advantages. Therefore, this study investigates the 
potential of TM larvae meal as a sustainable alternative 
to fishmeal by assessing its impact on fillet quality, 
amino acid composition, and overall nutritional value in 
Nile tilapia, with the aim of promoting more resilient 
and eco-friendly aquafeed strategies. 

 

Materials and Methods 
 

Experimental Design and Rearing Conditions  
 
This experiment was carried out over a 12-week 

period at the Aquarium Fish Research Unit of the Faculty 
of Fisheries, Sinop University. Two separate freshwater 
recirculating systems were established, each including 
12 glass aquaria with a volume of 80 L and two sump 
tanks. The aquaria were equipped with an outlet 
configuration designed to generate bottom water 
movement, thereby minimizing the accumulation of 

waste, and were connected to the sump systems 
through PVC piping. Filtration within the systems was 
provided by a combination of bioballs, sponge filters, 
ceramic media, and fiber materials. Key water quality 
parameters, including temperature, pH, and dissolved 
oxygen, were monitored daily in the morning using a 
Thermo Scientific Orion 4 Star meter. The freshwater 
utilized in the trial was pre-conditioned in storage tanks 
and continuously aerated using air stones. 

A total of 132 juvenile Nile tilapia, obtained from 
the Faculty of Fisheries, with an average initial weight of 
3.57±0.03 g, were included in the study. Fish were 
allocated at a density of 11 individuals per aquarium, 
and the experiment was organized into four dietary 
treatments, each with three replicates. Before the start 
of the trial, the fish were subjected to a 24-hour fasting 
period and then randomly assigned to the experimental 
units. A continuous water flow of 4 L/min was 
maintained in each tank, and to minimize fish escape, all 
aquaria were covered with fine-mesh net lids. 

 
Production and Processing of Tenebrio molitor Larvae 

 
TM larvae were sourced from a local supplier and 

subsequently cultured in the feed technology laboratory 
using a substrate composed of corn flour and wheat 
bran. To supply moisture, fresh plant materials such as 
lettuce, potatoes, cucumbers, and fruit peels (banana 
and orange) were regularly provided to both larvae and 
adult stages. A multi-tier rack system was established to 
facilitate continuous development from larval to pupal 
and adult stages, enabling intensive production under 
controlled conditions. 

Environmental temperature was maintained at 
approximately 26 °C during the winter period using air 
conditioning, while in summer, production proceeded 
under natural ambient conditions with the cooling 
system turned off. Larvae that reached the desired size 
were harvested, stored at −20°C, dried in an oven at 
55°C, and then ground into a fine powder using a 
blender for inclusion in experimental diets. 

Considering that the nutritional profile of insect 
larvae can be influenced by the rearing substrate, a 
standardized feeding regime was applied throughout 
the study to ensure consistency in the composition of 
the resulting TM meal. 

 
Experimental Diets and Feeding 

 
Four experimental diets were formulated to be iso-

nitrogenous, containing approximately 35% crude 
protein, and included varying levels of TM larvae meal 
(0%, 50%, 75%, and 100%). The feed components, 
including fish meal, soybean meal, and corn gluten, were 
sourced from a commercial feed manufacturer 
(SURSAN, Sinop) (Table 1). 

All diets were prepared in the feed production and 
technology laboratory, where they were pelleted using 
a 1 mm die. The pellets were then dried at 55°C for 6 
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hours, allowed to cool at room temperature, packaged, 
and stored at +4°C until the feeding trial commenced. 

Fish were fed manually to apparent satiation twice 
daily (09:00 and 15:30). Feed was offered gradually until 
the fish ceased active feeding, and a small additional 
portion was provided to confirm satiation. Therefore, 
feed amounts were adjusted based on voluntary feed 
intake. Tanks were siphoned daily and fresh water was 
subsequently added. 

 
Water Quality and System Maintenance 

 
In the recirculating aquaculture system (RAS), 

water quality was monitored regularly to maintain 
optimal conditions for culture. Daily measurements 
included water temperature (26.78±0.15°C), dissolved 
oxygen (4.65±0.08 mg/L), and pH (7.19±0.07), with no 
significant differences observed among treatments 
during the trial. In addition, total ammonia nitrogen 
(TAN), nitrite (NO₂⁻), and nitrate (NO₃⁻) levels were 
assessed weekly using standard analytical kits, and all 
values were kept within the recommended limits for 
Nile tilapia production. The fish were reared under 
natural photoperiod conditions, with continuous 
aeration supplied by an air pump. Approximately 10% of 
the total tank volume was replaced daily. Mechanical, 
chemical, and biological filtration was achieved through 
continuous water recirculation and the use of filter 
media in the sump system. 

 
Sampling and Measurements 

 
Individual fish weight and total length were 

measured at both the start and the end of the 
experimental period. Prior to handling, fish were 
anesthetized using a benzocaine solution at a 

concentration of 50 mg/L. After measurements were 
completed, fish were transferred to well-aerated clean 
water for recovery before being returned to their 
respective tanks. All sampling procedures were 
conducted in the morning under fasting conditions, and 
fish were not fed on measurement days. 

 
Biochemical Composition of Diets and Muscle 

 
The proximate composition of the diets was 

determined following standard methods described by 
AOAC (1995). Dry matter was assessed by drying 
samples at 105°C until a constant weight was obtained. 
Ash content was quantified by combusting the samples 
in a muffle furnace at 550°C for 6 hours. Crude protein 
levels were analyzed using the Kjeldahl method, 
whereas crude lipid content was determined through 
Soxhlet extraction with petroleum ether as the solvent.  

 
Fatty Acid Analysis of Diets and Muscles 

 
For GC-MS analysis (Thermo Scientific Trace 1310), 

fatty acids in the oil samples were converted into their 
methyl esters (FAMEs). Briefly, 0.25 g of extracted oil 
was mixed with 4 mL of heptane, and 0.4 mL of 2N KOH 
was added. The solution was vortexed for 2 min and 
centrifuged at 5000 rpm for 5 min. About 1.5–2 mL of 
the upper heptane layer was collected into glass vials for 
further analysis. The analysis was performed using a 
Thermo Scientific ISQ LT GC-MS system equipped with 
an autosampler (AI 1310). Fatty acid separation was 
carried out on a Trace Gold TG-WaxMS capillary column 
(60 m×0.25 mm i.d., 0.25 μm film thickness; Thermo 
Scientific, code: 26088-1540). Injection was done at 
240°C, with the oven temperature programmed from 
100°C to 240°C. Helium served as the carrier gas at a 

Table 1. Formulation (g/kg) and proximate composition (%) of the experimental diet  

 Experimental Diets 

 TM0 TM50 TM75 TM100 

Fish meal 200 100 50 0 
TM larvae meal 0 100 150 200 
Extracted soybean meal 223 273 280 300 
Wheat flour 320 280 273 253 
Corn protein 150 150 150 150 
Fish oil 40 30 25 30 
Methionine 1 1 1 1 
Vitamin premix(*) 3 3 3 3 
Mineral premix(**) 3 3 3 3 
Dicalcium phosphate 10 10 10 10 

Proximate composition (%)  

Moisture 9.27±0.37 9.08±0.14 10.04±0.29 10.06±0.15 
Protein 35.30±0.15 35.08±0.12 34.24±0.04 34.06±0.03 
Lipid 11.48±0.05 11.51±0.07 11.96±0.05 11.97±0.04 
Ash 5.88±0.10 5.95±0.04 5.22±0.13 4.93±0.05 
NFE1 38.07±0.06 38.38±0.05 38.54±0.03 38.98±0.03 
Gross energy (kJ g-1)2 19.34±0.13 19.35±0.08 19.36±0.20 19.39±0.04 

*Vitamins (per kg premix): Vitamin A (210,000 IU), vitamin D₃ (35,000 IU), vitamin E (7,000 mg), vitamin K₃ (322 mg), vitamin B₁ (588 mg), vitamin 
B₂ (252 mg), vitamin B₆ (294 mg), vitamin B₁₂ (826 µg), niacin (1,400 mg), biotin (7,583 µg), folic acid (182 mg), pantothenic acid (1,722 mg), inositol 
(17,220 mg), and vitamin C (933.31 mg).**Minerals (per kg premix): Calcium (1,000 mg), magnesium (600 mg), potassium (450 mg), zinc (90 mg), 
manganese (12 mg), and copper (5 mg). 



571 

Aquaculture Studies, 26(4), 568-579 AQUAST3320 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

flow rate of 1 mL/min, and a split ratio of 1:20 was 
applied. The mass spectrometer was operated in 
electron ionization (EI) mode. Identification of fatty acid 
methyl esters was based on comparison of retention 
times with a 37-component FAME standard mixture. 

 
Calculations 

 
Final weights, NFE (Nitrogen-Free Extraction) and 

Gross Energy (GE) were calculated according to the 
following formulas (Dernekbaşı & Karayücel, 2021). 

 
Final weight (g)= Total final biomass (g)/Number of fish 

 
NFE=100-(%protein+ %lipid+ %ash+ %moisture) 

 
GE (kJg−1)=23.6×Protein+39.5×Lipid+17×NFE 

 
Indices of the Nutrition Quality of Muscle Lipids 

 
In the present study, the nutritional quality indices 

of fillet lipids were determined based on the 
methodology reported by Garaffo et al. (2011) and 
Dernekbaşı and Karayücel (2021). 

The polyene index (PI), an equation previously 
reported by Lubis & Buckle (1990) that gives an idea of 
PUFA damage, was calculated using the following 
method. 

 
Poliene index (PI)= (C20:5 n3+C22:6 n3)/C16:0 
 

Amino Acid Analysis of Diets and Muscles 
 
All analyses were expressed on a dry matter basis. 

Amino acid determination was conducted following acid 
hydrolysis, using the pre-column derivatization method 
with high-performance liquid chromatography (HPLC) at 
Kastamonu University Central Research and Application 
Laboratory (MERLAB, Türkiye). 

The results also included total sulfur amino acids 
(ΣSAA: methionine and cystine) and total aromatic 
amino acids (ΣAAA: tyrosine and phenylalanine). To 
assess protein quality, amino acid score (AAS), chemical 
score (CS), and protein efficiency ratio (PER) were 
calculated. CS was determined by comparing the amino 
acid composition with the FAO/WHO (1991) reference 
protein, while PER was estimated using published 
equations based on specific amino acids (Hamzeh et al., 
2015; Çelik et al., 2020). The protein requirement 
pattern corresponds to FAO/WHO (1973) 
recommendations, while the reference protein is based 
on the amino acid composition of whole egg protein. 

 
Statistical Analysis 

 
Data were analyzed using one-way ANOVA and 

Tukey’s test in Minitab 17. Levene’s and Anderson-
Darling tests assessed variance homogeneity and 
normality. Percentage data were arcsine square root 

transformed before analysis. Tables and figures were 
prepared in MS Office 2010. Differences were 
considered significant at P<0.05. Amino acid 
composition data were analyzed in heatmap format to 
visualize the distribution among experimental diet 
groups. Visualization was performed using Python 
programming language, pandas, seaborn and matplotlib 
libraries. In the heatmap, the values of each amino acid 
in different diet groups were shown according to color 
intensity. The “coolwarm” color palette was used as the 
color scale, making low and high values easily 
distinguishable visually. Data were also numerically 
indicated in the cell using the annot=True parameter 
over raw values. All graphical operations were 
performed in Python 3.11. 

 

Results  
 

In this study, when TM larvae meal was included in 
the diets at increasing rates, the final body weight 
reached the highest levels in the TM50 and TM75 
groups. The TM75 group, in particular, exhibited the 
best growth performance among all groups, with a final 
body weight of 21.94 g. Moisture content decreased in 
all insect meal groups relative to TM0, whereas crude 
protein showed a declining trend with increasing TM 
inclusion. Crude lipid and ash contents did not differ 
significantly among treatments (Table 2). 

Muscle fatty acid composition of fish fed with 
experimental diets reflected the fatty acid composition 
of experimental diets (Table 3, Table 4). Total saturated 
fatty acid (∑SFA) content was highest in TM0 group 
(39.90±0.25%), while it decreased significantly in 
mealworm meal groups (P<0.05). Especially C16:0 
(palmitic acid) and C18:0 (stearic acid) levels were 
highest in TM0 group and decreased significantly with 
increasing TM larva meal ratio (P<0.05). In contrast, 
∑MUFA and ∑PUFA increased significantly in TM groups 
(P<0.05). Especially C18:1n-9c (oleic acid) levels were 
similar in all groups, but an increasing trend was 
observed in C24:1 and C20:1 fatty acids (P<0.05). It was 
determined that the increase in ∑PUFA was due to the 
increase in the levels of linoleic acid (C18:2 n-6c), 
arachidonic acid (C20:4 n-6) and linolenic acid (C18:3 n-
3 and n-6). There was a significant decrease in the levels 
of DHA and EPA as the ratio of TM larvae meal increased 
(P<0.05). The level of Σn-3 PUFA was the highest in the 
TM50 group (13.98%) and decreased as the ratio of TM 
larvae meal increased. Similarly, the level of Σn-6 PUFA 
was found to be the lowest in the TM0 group (16.03%) 
and the highest in the TM100 group (21.93%) (Table 4). 
However, the n-3/n-6 ratio decreased inversely 
proportional to the TM larvae meal ratio, from 0.84 in 
the TM0 group to 0.53 in the TM100 group (P<0.05). 

When nutritional quality indices were examined, 
Atherogenic Index (IA) and Thrombogenic Index (IT) 
values were found to be the highest in the TM0 group, 
while these values were significantly decreased in 
groups with increasing TM content (P<0.05). Flesh Lipid 
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Quality (FLQ) value was the highest in the TM0 group 
(10.08±0.13) and the lowest in the TM75-TM100 groups. 
hypo-/Hypercholesterolemic ratio (h/H) was 
determined to be the highest (2.38±0.02) in the TM50 
group and the lowest (1.96±0.01) in the TM0 group 
(Figure 1). Polyene Index (PI) significantly increased in 
the TM50 group, while decreased in the TM75 and 
TM100 groups (P<0.05). 

The comparative heat map of the essential (EAA) 
and non-essential amino acid (NEAA) compositions of 
diets containing different amounts of TM larvae meal in 
the experiment and the groups fed with these diets is 

presented in Figure 2. While it was observed that the 
amounts of amino acids in the diets exhibited a more 
balanced distribution, the highest values were generally 
observed in the TM0 group and a gradual decreasing 
trend was detected towards the TM100 group. 
However, significant fluctuations were recorded in some 
amino acid levels in fish fed with these diets. Especially 
in amino acids such as Lysine, Aspartic Acid and Glutamic 
Acid, high concentrations were determined in the TM0 
and TM100 groups, while significant decreases were 
observed in the TM50 and TM75 groups (P<0.05). 

Table 2. Initial and final weights and proximate compositions of Nile tilapia (Oreochromis niloticus) fed with experimental diets for 
12 weeks. 

 Experimental Groups 
 TM0 TM50 TM75 TM100 
Growth Parameters (g) 
Initial weight  3.56±0.03 3.57±0.03 3.56±0.06 3.61±0.01 
Final weight  18.26±0.85a 20.31±1.52bc 21.94±0.35c 19.94±0.23b 
Proximate compositions (%) 
Moisture  76.60±0.52a 74.64±0.37b 74.56±0.09b 74.94±0.13b 
Crude Protein  16.70±0.19a 15.52±0.18b 14.43±0.29c 14.14±0.21c 
Crude Lipid  4.93±0.10a 5.25±0.21a 5.89±0.10a 4.20±0.14a 
Crude Ash  2.48±0.01a 2.55±0.04a 2.73±0.03a 2.61±0.05a 

Each value represents the mean±standard error. Values expressed with different exponential letters in the same row are statistically different from 
each other (P<0.05). 
 
 
 

Table 3. Fatty acid compositions of the experimental diets (% total fatty acids) 

Fatty acids 
Experimental Diets 

TM0 TM50 TM75 TM100 

C14:0 5.84±0.02 4.89±0.00 5.09±0.03 4.80±0.02 
C16:0 17.71±0.19 16.25±0.03 16.58±0.02 16.51±0.09 
C18:0 7.06±0.02 6.13±0.02 6.17±0.06 5.59±0.03 
C20:0 1.87±0.01 1.26±0.01 1.23±0.01 1.08±0.04 
C21:0 0.01±0.01 0.01±0.00 0.01±0.00 0.01±0.01 
C22:0 0.96±0.01 0.52±0.00 0.50±0.01 0.45±0.01 
C24:0 0.54±0.01 0.33±0.00 0.33±0.01 0.33±0.01 

ƩSFA 35.79±0.26 30.32±0.04 30.89±0.13 29.62±0.05 

C16:1 1.45±0.08 0.63±0.00 0.58±0.00 0.50±0.02 
C18:1 n-9c 16.45±0.01 24.83±0.08 28.40±0.03 27.13±0.06 
C18:1 n-9t 2.69±0.09 1.44±0.01 0.82±0.02 1.18±0.04 
C20:1 1.83±0.01 1.34±0.02 1.21±0.01 1.03±0.02 
C20:1 n-9 1.91±0.01 1.14±0.00 1.00±0.01 0.88±0.01 
C24:1 1.35±0.01 0.90±0.03 0.88±0.06 0.83±0.02 

ƩMUFA 30.98±0.12 31.13±0.09 33.76±0.04 32.28±0.08 

C18:2 n-6c 12.27±0.01 18.04±0.02 17.38±0.10 19.61±0.09 
C18:3 n-3 3.12±0.01 3.08±0.01 2.91±0.02 2.78±0.03 
C18:3 n-6 0.37±0.03 0.19±0.01 0.19±0.01 0.16±0.01 
C20:2 0.68±0.01 0.56±0.01 0.50±0.00 0.38±0.01 
C20:3 n-3 0.06±0.00 0.08±0.01 0.10±0.01 0.11±0.00 
C20:3 n-6 0.14±0.13 0.17±0.08 0.03±0.01 0.05±0.05 
C20:4 n-6 1.69±0.04 1.14±0.00 1.06±0.01 0.98±0.02 
C20:5n-3 7.35±0.04 5.65±0.01 4.85±0.01 5.24±0.02 
C22:6 n-3 10.21±0.06 8.62±0.04 7.28±0.03 7.87±0.03 

ƩPUFA 36.70±0.17 38.15±0.08 34.94±0.11 37.78±0.11 

Σn-3PUFA 20.72±0.02 17.43±0.03 15.13±0.02 16.00±0.03 
Σn-6PUFA 14.99±0.17 19.90±0.07 18.99±0.11 21.08±0.11 
n-3/n-6 1.38±0.02 0.88±0.00 0.80±0.01 0.76±0.00 
DHA/EPA 1.39±0.01 1.53±0.01 1.50±0.01 1.50±0.01 

Data are reported as mean±standard errors of three replicate (3). SFA: Saurated fatty acids, MUFA: Mono-unsaturated fatty acids, PUFA: 
Polyunsaturated fatty acids, DHA: Docosahexaenoic acid, EPA: Eicosapentaenoic acid. 
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The total essential amino acid (TEAA) amount in 
the diets was at the highest level in the TM0 group and 
reached the lowest level in the TM100 group. A gradual 
decreasing trend was observed in these values in the 
TM50 and TM75 groups. A similar change was observed 
in TEAA levels of fish fed with these diets. While 

significant decreases were detected in TM50 and TM75 
groups, TEAA level of TM100 group was found to be 
relatively close to this group, although lower compared 
to TM0 group. This difference was determined to be 
statistically significant especially in essential amino acids 
such as Lysine, Arginine and Threonine (P<0.05). When 

Table 4. Fatty acid concentrations in the fillets of the Nile tilapia (Oreochromis niloticus) fed the experimental diets (% total fatty 
acids)  

Fatty acids 
Experimental Groups 

TM0 TM50 TM75 TM100 

C14:0 4.70±0.02c 5.75±0.01a 5.04±0.04b 5.06±0.05b 

C16:0 18.82±0.15a 15.75±0.04c 17.94±0.11b 17.51±0.14b 

C18:0 10.02±0.22a 3.83±0.03b 3.91±0.18b 3.84±0.15b 

C20:0 1.40±0.04c 1.66±0.00a 1.43±0.02bc 1.53±0.10ab 

C21:0 1.12±0.02c 1.52±0.00a 1.48±0.01a 1.31±0.01b 

C22:0 0.60±0.01b 0.76±0.00a 0.61±0.01b 0.61±0.01b 

C24:0 1.54±0.05c 2.14±0.02a 2.24±0.00a 2.44±0.01b 

ƩSFA 39.90±0.25a 32.23±0.05c 33.45±0.26b 33.17±0.07b 

C16:1 1.17±0.02a 0.39±0.01b 0.29±0.01c 0.25±0.01c 

C18:1 n-9c 21.35±0.20a 22.13±0.04a 23.18±0.04a 23.20±0.34a 

C18:1n-9t 1.49±0.38b 1.64±0.02a 1.66±0.23a 1.22±0.03c 

C20:1 1.55±0.56b 2.28±0.012a 2.21±0.02a 2.42±0.04a 

C20:1 n-9 0.35±0.12c 0.67±0.00a 0.57±0.01b 0.56±0.01b 

C24:1 0.83±0.26c 1.66±0.04b 1.87±0.01a 1.97±0.02a 

ƩMUFA 27.55±1.14b 30.07±0.23a 30.44±0.24a 30.49±0.27a 

C18:2 n-6c 10.65±0.01b 13.69±0.02a 13.58±0.04a 13.89±0.01a 

C18:3 n-3 2.14±0.02c 2.77±0.01a 2.32±0.00b 2.34±0.01b 

C18:3 n-6 0.00±0.00c 2.13±0.04a 2.51±0.04a 2.07±0.00a 

C20:2 1.43±0.00c 1.91±0.01a 1.85±0.01b 2.06±0.10a 

C20:3 n-3 1.36±0.04b 1.48±0.00a 1.05±0.01c 1.03±0.33c 

C20:3 n-6 1.38±0.01c 1.82±0.01b 1.92±0.01a 2.08±0.00a 

C20:4 n-6 2.13±0.02c 2.93±0.17b 3.34±0.01a 3.51±0.01a 

C20:5n-3 2.02±0.02a 2.05±0.01a 1.48±0.00b 1.41±0.01b 

C22:6 n-3 7.90±0.02a 7.69±0.01b 6.85±0.02c 6.76±0.04c 

ƩPUFA 31.10±0.04c 37.05±0.19a 35.50±0.02b 35.80±0.04b 

Σn-3 PUFA 13.43±0.08b 13.98±0.04a 11.70±0.03c 11.53±0.25c 

Σn-6 PUFA 16.03±0.11c 20.90±0.23b 21.68±0.04ab 21.93±0.05a 

n-3/n-6 0.84±0.01a 0.67±0.01b 0.54±0.00c 0.53±0.01c 

DHA/EPA 3.91±0.03c 3.76±0.02d 4.62±0.00b 4.81±0.03a 

Data are reported as mean ± standard errors of three replicate (3). Means with different superscript letters in a row are significantly different 
(P>0.05). TM: Tenebrio molitor, SFA: Saurated fatty acids, MUFA: Mono-unsaturated fatty acids, PUFA: Polyunsaturated fatty acids, DHA: 
Docosahexaenoic acid, EPA: Eicosapentaenoic acid. 
 
 

 

Figure 1. The nutritional quality indices in the fillet lipids of the Nile tilapia (Oreochromis niloticus) fed the experimental diets. 
 

AI TI FLQ h/H PI

TM0 0,84 0,53 10,08 1,96 0,53

TM50 0,66 0,37 9,80 2,38 0,62

TM75 0,66 0,44 8,38 2,21 0,46

TM100 0,65 0,43 8,21 2,27 0,47
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TEAA/TNEAA ratio was examined, it was determined 
that this ratio was around 0.79 in TM0 group and 0.63 in 
TM100 group in feed samples and showed a gradual 
decrease. On the other hand, this ratio was found to be 
higher in TM50 (1.10) and TM75 (0.98) groups in fish and 
decreased to lower levels of 0.45 and 0.43 in TM0 and 
TM100 groups, respectively (P<0.05). 

When the amino acid score results of the 
experimental diets were examined, a decrease was 
observed in the total amount of sulfur-containing amino 

acids (Methionine and Cystine) as the TM larvae meal 
ratio in the diets increased, and the value decreased 
from 2.75 g/100 g in the TM0 group to 1.71 g/100 g in 
the TM100 group (Table 5). The total of aromatic amino 
acids (Phenylalanine and Tyrosine) remained relatively 
constant among the groups and was determined as 4.06 
g/100 g in the TM0 group and 4.00 g/100 g in the TM100 
group. The sweet AA/∑AA ratio increased gradually as 
TM content increased. The bitter AA/∑AA ratio 
decreased from 29.86 in the TM0 group to 27.04 in the 

 

 

Figure 2. Comparative graph showing heat map of Essential and Non-Essential Amino Acid concentrations in Nile tilapia juvaniles 
(Oreochromis niloticus) fillets fed experimental diets and experimental diets. 
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TM100 group. However, it was lower in the Tm50 and 
TM75 groups (24.42, 25.30, respectively) than in the 
TM0 and TM100 groups. While the umami amino acid 
ratios increased progressively from TM0 to TM75, they 
declined at TM100 (Figure 3).  

While the PER value of the diets was at the highest 
level as 22.24 in the TM0 group, it decreased to 17.28 in 
the TM100 group. According to the AAS and CS values, 
all groups showed quite high results according to both 
the EGG standard and the FAO/WHO reference 
(Table 5). 

 

Discussion 
 

The increasing demand for sustainable aquaculture 
feed ingredients necessitates the search for alternative 
protein sources that will reduce the reliance on limited 
marine-derived fish meal while maintaining or 
improving the nutritional quality of farmed fish. Insect 
meals have recently emerged as potential fish meal 
substitutes thanks to their advantages such as high 
crude protein content, balanced amino acid profile, low 
environmental footprint, and the ability to feed with 
agricultural byproducts. TM larvae meal, in particular, is 
considered a promising alternative in sustainable feed 
formulations due to its easy production, high 
digestibility, and functional components. In this context, 
our study investigated the effects on fillet quality, amino 
acid profile, and nutritional indices of Nile tilapia fed TM 
larvae meal instead of fish meal at different ratios. 

The addition of TM larva meal at increasing dietary 
levels resulted in the highest final body weight, 
particularly noticeable in the TM50 and TM75 groups, 
with the highest figure achieved in the TM75 group 
(21.94 g). In contrast, the crude protein (CP) ratio in the 
whole-body composition was highest in the TM0 group 
and gradually decreased in TM50, TM75, and TM100 

groups. This pattern suggests a potential inverse 
relationship between growth performance and CP levels 
in the body composition. The relatively lower CP ratio 
observed in the TM75 group, despite its superior growth 
performance, may be explained by a dilution effect 
associated with rapid growth, where increased lipid 
deposition and tissue water content reduce the relative 
proportion of protein. Similarly, moisture content was 
highest in the TM0 group and tended to decrease in 
groups exhibiting improved growth performance (TM50, 
TM75, and TM100). This is consistent with a decrease in 
water content as energy stores (especially lipids) in 
muscle tissue increase. Therefore, the decrease in CP 
percentage may reflect changes in muscle composition 
rather than a decrease in absolute protein content. In 
conclusion, the high growth values obtained in the 
TM50 and TM75 groups support the effectiveness of 
nutrient conversion despite the decrease in CP ratio and 
the potential of TM larval meal as a suitable dietary 
protein source for optimal growth. Piccolo et al. (2017) 
reported that substituting up to 25% of fish meal protein 
with TM larval meal in gilthead sea bream (Sparus 
aurata) fry did not have negative effects on growth 
performance and whole body composition. Sánchez-
Muros et al. (2017) examined the effects of substituting 
25% and 50% of fish meal with TM meal in juvenile 
tilapia diets on growth, nutritional indices, and 
proximate body composition. They reported that 
despite increasing TM ratio, no negative changes were 
observed in terms of growth performance, nutritional 
indices, and body composition in the early 
developmental period. Zhang et al. (2022) investigated 
the effects of using yellow mealworm meal at different 
ratios (TM0, TM15, TM30, TM45, respectively) instead 
of SBM on meat quality of Nile tilapia. They reported 
that whole body moisture, crude protein and ash 

Table 5. Comparative analysis of amino acid scores (AAS), chemical score (CS), and amino acid group and rates of the experimental 
diets (dry weight)   

Amino acids 
Experimental Groups  AAS CS 

TM0 TM50 TM75 TM100 Egg FAO/WHO* TM0 TM50 TM75 TM100 TM0 TM50 TM75 TM100 

∑Sulfur AA 2.75 1.94 2.06 1.71 3.36 2.20 81.85 57.74 61.31 50.89 125.00 88.18 93.64 77.73 
∑Aromatic AA 4.06 3.87 3.78 4.00 9.89 3.60 41.05 39.13 38.22 40.44 112.78 107.50 105.00 111.11 
Threonine 1.1 1.12 1.08 1 5.12 2.30 21.48 21.88 21.09 19.53 47.83 48.70 46.96 43.48 
Valine 2.7 2.36 2.21 2.37 6.29 3.00 42.93 37.52 35.14 37.68 90.00 78.67 73.67 79.00 
Isoleucine 2.69 2.59 2.33 2.4 8.82 5.90 30.50 29.37 26.42 27.21 45.59 43.90 39.49 40.68 
Leucine 1.07 0.93 0.89 0.9 6.98 4.50 15.33 13.32 12.75 12.89 23.78 20.67 19.78 20.00 
Lysine 10.57 7.98 7.23 7.69 2.43 1.50 434.98 328.40 297.53 316.46 704.67 532.00 482.00 512.67 
Histidine 1.32 0.92 0.97 1 2.43 1.50 54.32 37.86 39.92 41.15 88.00 61.33 64.67 66.67 

Amino acid group and rates 

PER 22.24 18.04 16.87 17.28 3.10           
Sweet AA 20.64 20.91 19.98 20.26 16.88           
Bitter AA 19.2 15.91 14.6 15.34 43.73           
Umami AA 9.66 9.83 10.14 8.19 22.35           
∑AA 64.31 60.23 57.71 56.74 99.22           
Sweet AA/∑AA 32.09 34.72 34.62 35.71 17.01           
Bitter AA/∑AA 29.86 24.42 25.30 27.04 44.37           
UmamiAA/∑AA 15.02 16.32 17.61 14.43 22.53           
*FAO/WHO recommended amino acid requirements for adults (FAO/WHO1973), Egg; Amino acid content of whole hen’s egg (1970). AAS: Amino 
acid scores; CS: Chemical score; PER: Protein efficiency rate; AA: Amino acids; EAA: Essential amino acids. 
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content were not affected by TM substitution, while 
crude lipid content increased significantly in TM45. 

The addition of insects to feeds can lead to a 
decrease in the amount of important n-3 
polyunsaturated fatty acids, especially EPA and DHA, in 
fillets (Fabrikov et al., 2021). At the end of the study, the 
fatty acid profile of tilapia fillets generally reflected the 
composition of the diets, but showed some significant 
differences. As n-3 fatty acids decreased in the diets, n-
3 levels in the fillets decreased, and the n-3/n-6 ratio 
decreased accordingly. Oleic acid, which was present at 
high levels in the diets, was predominant in fillets, while 
linoleic acid levels increased in parallel with the diet. In 
contrast, stearic acid was significantly higher in fillets 
compared to the diet, and EPA remained at low levels. 
Although DHA was reduced in the diet, it showed 
relatively higher accumulation in fillets, and the 
DHA/EPA ratio was significantly increased compared to 
the diets. These results suggest that tilapia regulates 
some fatty acids differentially, reflecting them directly 
from the diet (e.g., oleic and linoleic acid), while others 
are transformed through metabolic processes or 
accumulated in the tissues. 

Additionally, due to the high oleic and linoleic acid 
content of TM-based diets, fish are likely to utilize these 
fatty acids as their primary energy source, while other 

fatty acids tend to accumulate in tissues such as muscle 
and liver. In this context, fish metabolism has been 
reported to be less efficient at processing SFA and MUFA 
than PUFA (Melenchón et al., 2023). In general, 
freshwater fish are known to convert C18 PUFAs to long-
chain PUFAs through a series of desaturation and 
elongation reactions, which may at least partially 
explain the relatively higher percentage of LC-PUFAs 
observed in tilapia fillets compared to diets. Similar 
effects were observed on fillet fatty acid profiles in Nile 
tilapia, blackspotted sea bream (Pagellus bogaraveo) 
and rainbow trout trials examining the substitution of 
FM with TM (Sánchez-Muros et al., 2017; Belforti et al., 
2015, respectively). Zhang et al. (2022) reported that the 
use of 30% and 45% TM larvae meal instead of soybean 
meal in Nile tilapia diets led to an increase in MUFA 
content, but the n-3 and n-6 PUFA ratios and the n-3/n-
6 ratio were not affected by the use of insect meal in the 
diets. This result indicates that the PUFA profile was 
generally preserved. 

When nutritional quality indices were examined, it 
was observed that increasing the use of TM larvae meal 
in the diets led to certain differences in fillet lipids. The 
nutritionally important IA and IT values decreased 
significantly in the mealworm meal-containing groups, 
indicating a healthier fatty acid profile. Furthermore, the 

  

  

Figure 3. Protein Efficiency Ratio (PER), Total Essential Amino Acids (∑EAA), Taste Amino Acid Ratios and AAS-CS Scores for Lysine 
in diets containing different amounts of Tenebrio molitor larvae meal. 
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h/H ratio and PI values reached the most favorable 
levels, especially in the TM50 group. On the other hand, 
the lowest h/H ratio was found in the TM0 group, while 
higher values were obtained in the TM50, TM75, and 
TM100 groups. This suggests that partial and full 
mealworm meal substitution can positively affect 
nutritional quality by increasing the proportion of 
hypocholesterolemic fatty acids in fillet lipids. 
Furthermore, FLQ, generally defined as the ratio of 
EPA+DHA to total lipid content and an important 
indicator of nutritional quality, was found to be lower in 
the groups fed diets supplemented with TM larvae meal 
than in the TM0 group. This result suggests that these 
groups contain less EPA+DHA or that this ratio decreases 
due to their higher total lipid content. Fabrikov et al. 
(2021) reported that when different ratios (15% and 
30%) of Hermetia illucens (HI) and TM larvae meal were 
used instead of fish meal in sea bream, tench (Tinca 
tinca), and rainbow trout fed HI, IA slightly increased in 
all three fish species, while IT increased only in sea 
bream and rainbow trout fed insect meal. Iaconisi et al. 
(2017) reported that the addition of different ratios 
(25% and 50%) of TM to blackspot sea bream diets 
increased AI and TI indices, and that high TM levels may 
make the lipid profile less favorable for cardiovascular 
health. They also reported that although the h/H index 
appeared unaffected by the different diets, its value 
decreased slightly when insect meal was added to feeds 
that replaced only 50% of the FM, confirming critical 
issues with the nutritional/functional properties of 
fillets due to the inclusion of this insect meal, which 
replaces fish meal at a high rate, in the aquafeed. 
Overall, the findings suggest that TM larvae meal can be 
used as a sustainable feed ingredient, largely preserving 
and even improving the lipid quality of fish meat, 
although potential reductions in n-3 fatty acid levels 
should be considered. 

Amino acids, as the building blocks of proteins, are 
involved in the formation of various cell structures and 
are also used as energy sources. The TEAA/TNEAA ratio 
is an important indicator for assessing protein quality 
(Abdel-Salam, 2014). In the current study, this ratio 
remained at similar levels in the TM0 and TM100 groups, 
while it showed a significant increase in the TM50 and 
TM75 groups. This increase demonstrates that, despite 
the low total amino acid content, the EAA are present in 
relatively higher amounts in these groups. However, this 
does not alter the fact that absolute essential amino acid 
amounts are low. The findings of the current study 
indicate that the addition of TM larvae meal at certain 
rates can positively contribute to the amino acid profile, 
but moderate additions (50% and 75%) can lead to an 
overall decrease in amino acid content. This highlights 
the importance of using TM larvae meal carefully in 
terms of amino acid balance and determining optimal 
utilization rates to preserve its nutritional value. 
Furthermore, it is thought that increasing TM content 
may lead to group-based differences in amino acid 
utilization and metabolic dynamics. Indeed, in a study 

conducted on largemouth bass (Micropterus salmoides), 
the total amino acid (TAA) digestibility coefficient of TM 
was reported as 92.89%, and the digestibility coefficient 
of essential amino acids (EAA) was reported as 93.86% 
(Chen et al., 2023). This shows that TM amino acids can 
be effectively digested and utilized by fish. Therefore, 
even if the amino acid composition of the feed is the 
same, differences in the digestive and metabolic 
processes of fish can lead to changes in amino acid levels 
in the fillet. Consequently, this may directly affect the 
growth performance, intestinal health, and energy 
utilization of fish. Shati et al. (2022) reported that the 
amino acid profile of Nile tilapia fed with black soldier fly 
(Hermetia illucens) larval meal (BSFLM) at different rates 
was significantly improved, and especially the levels of 
critical amino acids such as phenylalanine, threonine, 
isoleucine, lysine, proline and glutamic acid reached the 
highest level in fish fed BSFLM100. 

When examining the amino acid scores (AAS) and 
chemical scores (CS) of the experimental diets, a marked 
decline was observed in certain critical amino acids, 
particularly sulfur-containing amino acids and leucine, 
with increasing levels of TM. For instance, the AAS value 
for ∑Sulfur AA decreased from 81.85 in the TM0 group 
to 50.89 in the TM100 group. Similarly, leucine and 
isoleucine scores also showed a downward trend as TM 
levels increased. However, relatively high AAS and CS 
values were obtained for lysine, and this advantage was 
maintained with higher TM inclusion. This indicates that 
TM is a rich protein source in terms of lysine but may be 
limited with respect to leucine and sulfur amino acids. 
Moreover, analysis of amino acid groups revealed that 
increasing TM inclusion led to a higher proportion of 
sweet amino acids in total amino acids, while bitter 
amino acids showed a marked decline. Such changes 
may potentially be reflected in the sensory properties of 
fillets. In conclusion, the inclusion of TM meal in diets 
provides certain advantages in terms of amino acid 
scores (high lysine content), but also reveals some 
limitations (low leucine and sulfur AA scores). Therefore, 
the use of TM at optimal levels is important for 
maintaining nutritional quality. 

Recent studies have highlighted the potential of 
insect larvae as sustainable alternatives to fish meal in 
aquaculture diets. Uslu et al. (2023) reported that both 
BSFLM and mealworm larvae can be successfully 
incorporated into rainbow trout diets without 
negatively affecting growth performance or fillet 
composition, while providing a sustainable protein 
source. Similarly, Herve et al. (2024) demonstrated that 
co-incorporation of BSFLM and Moringa oleifera leaves 
in African catfish (Clarias gariepinus) diets improved 
both nutritional quality and profitability, indicating that 
alternative animal-based ingredients can offer both 
economic and nutritional advantages. These findings 
support the present results, suggesting that inclusion of 
mealworm larvae in Nile tilapia diets can enhance fillet 
quality and amino acid composition while contributing 
to sustainable aquaculture practices. 
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Conlusion 
 

This study investigated the effects of replacing FM 
with TM larval meal at different ratios on the AA profile, 
nutritional quality indices, and FA composition of Nile 
tilapia fillets. The findings showed that although 
decreases in some EAA (especially methionine and 
lysine) were observed at high substitution rates, overall 
amino acid scores met FAO/WHO standards, and 
substitutions up to 75% provided a nutritionally 
balanced profile. Furthermore, TM supplementation 
resulted in a decrease in saturated fatty acids and an 
increase in MUFA and n-6 PUFA. This change improved 
nutritional quality indices such as IA, IT, and h/H, which 
are important for cardiovascular health, of the fillets. 
However, decreases in n-3 long-chain PUFA levels were 
observed at high substitution rates. Overall, substituting 
up to 75% of FM with TM larvae meal improves lipid 
nutritional value while maintaining amino acid balance 
in fillets, offering an important option for sustainable 
feed formulations. These results demonstrate the 
strong potential of using TM larvae meal to reduce 
reliance on marine resources in aquaculture and 
develop more environmentally responsible production 
approaches.   
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