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In the last decade, insect larvae have attracted increasing attention as a sustainable alternative source of dietary protein, due to their high nutritional value and low environmental impact. In line with this growing interest, the European Commission approved in 2021 the use of powder derived from Tenebrio molitor larvae (TML) as a novel food safe for human consumption, facilitating its incorporation into a wide range of food products. This regulatory advancement has stimulated research aimed at optimizing insect rearing systems, particularly towards low-cost and sustainable feed substrates.
The present study evaluated the feasibility of using agricultural by-products as alternative feed sources for TML rearing. Banana Peel (BP), Cocoa Bean Shell (CBS), and Brewer’s Spent Grain (BSG) were selected as experimental substrates and compared with wheat bran, which served as the control diet. All experimental diets were formulated to be isoproteic, ensuring an equivalent protein supply to the larvae. The trial was conducted using ten replicates per treatment, each consisting of 20 larvae. Larval growth performance was monitored over a 28-day period, during which parameters such as weight gain, feed consumption, and feed conversion ratio (FCR) were recorded.
The experiment was subsequently extended for an additional 28 days to assess the effects of the different diets on the life cycle of Tenebrio molitor (TM), including pupation time, adult emergence, and survival rate. The results demonstrated that FCR values were comparable among all dietary treatments and did not differ significantly from the wheat bran control. Larvae fed with BP and BSG exhibited weight gain like that of the control group and significantly higher than those fed CBS diet.
Overall, these findings indicate that selected agricultural by-products can be effectively utilized as alternative feed sources for T. molitor rearing, contributing to the reduction of agricultural waste while supporting sustainable insect production. Future studies will focus on evaluating the effects of these alternative diets on the proximate composition of larval meals and on the qualitative and quantitative characteristics of larval lipid fractions.

Introduction
According to the United Nations Department of Economic and Social Affairs, the global population is expected to reach approximately 9 billion by 2050, potentially even earlier, leading to a substantial increase in global protein demand (United Nations Department of Economic and Social Affairs, 2024). This scenario highlights the urgent need to identify alternative, sustainable protein sources capable of reducing the environmental burden associated with conventional livestock production.
In this context, edible insects have gained increasing attention due to their high nutritional value, efficient feed conversion, and low environmental impact (Gautam et al., 2025). While insects have traditionally been consumed in many regions worldwide (Omuse et al., 2024), the European Commission only approved Tenebrio molitor larvae (TML) as a novel food for human consumption in 2021 (European Commission Implementing Regulation, 2021). This regulatory milestone has significantly stimulated research focused on optimizing insect rearing systems, particularly using low-cost and sustainable feed substrates.
Recent studies have investigated TML rearing conditions, protein yield optimization, and the reuse of rearing by-products, as well as the effects of alternative diets on larval growth and meal quality (Syahrulawa et al., 2023; Moruzzo et al., 2021; Papastavropoulou et al., 2024). Since Tenebrio molitor (TM) naturally feeds on decaying seeds and grains (Lienhard et al., 2023), partial replacement of conventional wheat bran with agricultural by-products represents a promising strategy to improve the sustainability of rearing systems while valorising agri-food waste streams (Kotsou et al., 2024).
The present study evaluates the feasibility of using Banana Peels (BP), Cocoa Bean Shell (CBS), and Brewer’s Spent Grain (BSG) as alternative feed substrates for TM rearing within isoproteic diets. Larval performance was assessed by monitoring weight gain, feed conversion ratio, and developmental progression across life cycle stages, with the aim of determining the suitability of these agricultural by-products as sustainable ingredients for insect-based protein production.

Materials and Methods
Insect rearing
The Tenebrio molitor colony was maintained in a climatic chamber at a constant temperature of 27 ± 1 °C and relative humidity of 65 ± 5%, under complete darkness, and reared on a standard diet (CTRL) composed of 95% (w/w) wheat bran (WB) and 5% (w/w) zootechnical yeast (ZY). Fresh cladodes of prickly pear (Opuntia ficus-indica, OFI) were provided as a moisture source, as previously described by Errico et al. (2023).

Diets formulation
Several experimental diets were formulated using selected agricultural by-products as the main components to partially replace wheat bran (WB). Diet 1 was mainly based on brewer’s spent grain (Diet 1–BSG), diet 2 on cocoa bean shell (Diet 2–CBS), and diet 3 on banana peels (Diet 3–BP). These agricultural by-products were selected due to the proximity and availability of local suppliers. All diets were formulated to be isoproteic (protein content: 16.6%), in accordance with the control diet. The ingredient composition of the different diets is reported in Table 1.

	
	Ingredients (%)
	Protein (%)

	
	WB
	BSG
	CBS
	BP
	ZY
	

	Diet control
	95.0
	0.0
	0.0
	0.0
	5.0
	16.6

	Diet 1-BSG
	16.7
	63.2
	0.0
	16.7
	3.3
	16.6

	Diet 2-CBS
	16.7
	0.0
	63.2
	16.7
	3.3
	16.6

	Diet 3-BP
	18.1
	12.9
	0.0
	51.6
	17.5
	16.6


Table 1: Composition of experimental diets. The main component of each diet is highlighted in bold.

 Experimental design
Two-month-old larvae obtained from hatched eggs were used in this study. To assess the influence of diet on TML weight gain, 10 replicates of 20 larvae were used for each diet. Larvae were weighed at the beginning of the experiment (day 0) and at the end of the experimental period (day 28). Each replicate was fed 5 g of the respective dry diet plus 2 g of wet supplement (OFI). The wet supplement was replenished weekly with the same amount (for a total of 8 g OFI per replicate), while dry diet supplementation was not required.

Life development and survival test
Four groups of two hundred larvae were fed with control diet, diet1-BSG, diet 2- CBS and diet 3-BP and TML survival was measured as well as the duration time of each development life stage (time from larvae to pupae and from pupae to adults). The observation lasted further 28 days and during this time dead individuals are counted.

Food Conversion Ratio Calculation
The feed conversion ratio (FCR) is a key indicator for estimating the efficiency and profitability of insect rearing because it measures the amount of feed required for unit of body weight increased. A low conversion index indicates high efficiency, while a high index suggests that insects need larger amounts of diet to achieve the same weight gain. 
FCR is calculated as the ratio between the amount of diet intake (FD) and weight gain (WG), expressed using the same unit of measurement, to obtain a dimensionless index:

Statistical analysis
For weight gain tests, homogeneity of variance and normality were verified before statistical analysis. If this was confirmed, one-way ANOVA was used, followed by Tukey’s post hoc test Significance was assumed at p < 0.05.

Results and Discussion 
TML Weight gain test
Twenty TML of 2-month-old for 10 replicates (200 larvae in total) for each diet were selected initially for weight homogeneity. The weight was recorded at the beginning (day 0) and at the end (day 28) of trial. In figure 1 are reported the weights recorded. Groups fed with diet 1-BSG and diet 3-BP increase of 1.09 g and 1.25g respectively. These values were comparable to gain weight of TML fed with control diet while TML fed with diet 2-CBS increase of 0.72g (p<0.05). Data where the main component was CBS, were consistent with a previous study where is shown that CBS contain theobromine which acts as inhibitor influencing growth in comparison to control diet (Bourdarias et al, 2025).
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Figure 1: Statistical differences in weight gain between the control diet, diet 1-BSG, diet 2-CBS and diet 3-BP. Different letters indicate statistically significant differences between diets (p < 0.05), as determined Tukey's test.

TML life development 
The influence of the different diets on TML development was evaluated over an additional 4-week period following the growth performance trial. For each dietary treatment, 200 larvae were monitored, and Figure 2 shows the proportion of larvae that developed into pupae and subsequently into adults over the 28-day observation period. Only the results for the control diet and Diet 1–BSG are presented, as no larvae fed Diet 2–CBS or Diet 3–BP reached the pupal stage and, consequently, no adult emergence was observed (data not shown). Larvae reared on the control diet showed a clear peak in pupation at 14 days, whereas those fed Diet 1–BSG began pupating earlier, at 7 days, although with a lower overall pupation rate. Adult emergence followed a similar trend, reflecting the delayed and reduced developmental progression observed in larvae fed the experimental diet.
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Figure 2: Effect of the control diet and Diet 1–BSG on Tenebrio molitor larvae development over a 28-day period. The figure shows the percentage of larvae developing into pupae (left y-axis) and the cumulative percentage of adults (right y-axis) recorded during the observation period. Data are reported only for the control diet and Diet 1–BSG, as no pupation or adult emergence was observed in larvae fed with diet 2–CBS or diet 3–BP.

We also evaluated the mortality rates during the 28-day development stages that were generally low across all dietary treatments (Table 2), indicating that none of the diets caused acute lethal effects. The highest mortality was recorded at the pupal stage in larvae fed the control diet. In contrast, no mortality was observed at the pupal and adult stages in larvae fed the experimental diets, as individuals did not progress beyond the larval stage. These results suggest that the agricultural by-products tested did not increase mortality per se but rather lengthen the growth stages particularly in Diet 2–CBS and Diet 3–BP.

	
	Mortality during the growing stage until 28 days (%)

	
	Control diet
	Diet 1-BSG
	Diet 2-CBS
	Diet 3-BP

	Larvae
	1
	3
	0.5
	2.5

	Pupae
	7.5
	0
	0
	0

	Adults
	0.5
	0
	0
	0


Table 2: Percentage of mortality across the three life stages in TM fed with the different diets.


FCR Calculation
The Food Conversion Ratio (FCR) was calculated collecting the data pulling together the 200 larvae used for each diet and the results are showed in table 3. We measured the ratio of diet intake and the weight increase. Interestingly, TML fed with diet 3-BP showed the highest FCR indicating that for getting more weight they need more feed while TML reared with diet 2-CBS even if the weight increase was the lowest, also the FCR was the lowest indicating that the convert the food more efficiently.







	Diets
	T0 diet
weight (g)
	T28 diet weight (g)
	FD (g)
	LWG (g)
	FCR

	Control diet
	50.00
	37.41
	12.59
	12.74
	0.99

	Diet 1-BSG
Diet 2-CBS
	50.00
50.00
	42.48
40.06
	7.52
9.94
	7.48
11.00
	1.00
0.90

	Diet 3-BP
	50.00
	34.72
	15.28
	12.86
	1.19


Table 3: Evaluation of FCR of TML fed with the different diets. FD: amount of diet 
intake; LWG: larval weight gain


Conclusions
This study demonstrated the potential of selected agricultural by-products as partial substitutes for wheat bran in Tenebrio molitor larvae rearing, contributing to more sustainable and circular feed systems. Among the tested diets, diet 3-BP where the main component was the banana peel, showed a larval weight gain comparable to the wheat bran-based diet (control diet), although higher feed intake was required, as indicated by the highest FCR values. Diet 1 based on brewer’s spent grain showed an interesting feed conversion efficiency together a fast life development suggesting its use when rapid growth and turnover are desirable. Conversely, CBS negatively affected larval growth and development (over the 28 days of observation), likely due to the presence of inhibitory compounds such as theobromine, and should therefore be avoided under the tested conditions. 
Overall, the results indicate that banana peels and brewer’s spent grain can be considered viable ingredients for TML diets when these by-products are easily accessible. The valorisation of these agri-food by-products represents a promising strategy to reduce feed costs and environmental impacts in TML farming. Further investigations will be conducted to evaluate how these alternative diets influence the proximate composition of larval meals and the qualitative and quantitative characteristics of larval lipid fractions.
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