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Introduction: Organic waste presents a significant environmental challenge, causing environmental issues, such as landfill accumulation, greenhouse gas emissions, and water pollution. Food leftovers from restaurants, which are rich in fats and other elements, are among the most threatening organic waste materials in Saudi Arabia. This study evaluated the potential of black soldier fly (BSF) larvae, Hermetia illucens, to bioactive post-consumer food leftovers from restaurants into valuable protein-rich feed and organic fertilizer.

Methods: Three substrates were tested: 100% poultry feed (PF) as a control, 100% food leftovers from restaurants (LF 100%), and a 50:50 mixture of PF and LF (LF 50%). Larval growth performance, survival rate, proximate chemical composition, amino acid content, mineral profile, and toxic elements were assessed, alongside the safety of residual frass.

Results: Larvae fed the LF 50% achieved the highest growth and survival rates. Both larvae and frass contained essential amino acids and key macro- and micro-minerals, with heavy metal concentrations remaining below hazardous thresholds. The residual frass also showed potential as a plant growth-promoting fertilizer due to its amino acid composition. Therefore, these findings demonstrate that BSF bioconversion is an effective and sustainable approach for valorizing high-fat restaurant waste, an underexplored substrate in the region.

Conclusion: This study presents insights into the benefits of producing insect protein for feed and nutrient-rich frass, which can support agriculture from high-fat restaurant waste, an underexplored substrate in the region, contribute to food security, and align with environmental objectives under the Saudi Green Initiative. Further research should focus on optimizing the substrates, exploring the long-term applications of BSF larvae frass in agriculture, and scaling up the BSF larvae systems using various waste streams.
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1 Introduction

Due to the expected increase in the world population, insect production has recently been considered a novel approach for addressing the shortage of protein resources for both animals and humans (Secci et al., 2022). In Saudi Arabia, an estimated four million tons of organic waste are generated annually, presenting significant concerns but also offering an opportunity for both economic and environmental benefits, in particular considering recent global crises, such as the Russia-Ukraine war, the Israeli-Palestinian conflict, and the COVID-19 pandemic, which have raised concerns regarding energy supply, food/feed availability, and dependence on imported food/feed and fertilizer (Attia et al., 2022). Recent research focused on bio-converting insects, particularly the black soldier fly (BSF), Hermetia illucens, (Diptera: Stratiomyidae), because of the larvae's ability to efficiently convert various organic wastes into valuable biomass, which is rich in both lipids and proteins (Scieuzo et al., 2023). Moreover, BSF produces bioactive compounds, including lauric acid, chitin, and antibacterial peptides, which can positively influence the intestinal and overall health of both humans and animals (Saviane et al., 2021; Candian et al., 2023). Recent studies have also shown that replacing poultry meal with BSF larvae in animal diets preserved nutrient digestibility and supported gut health, thereby confirming their safety and potential as a sustainable protein source for animal nutrition (Bosch et al., 2024). In particular, incorporating BSF larvae reared on animal-based substrates at a 3% replacement level for poultry meal in cat diets proved to be the most effective strategy, reinforcing their potential as a practical and efficient feed ingredient (Kim et al., 2025). Thus, after these larvae are harvested, the resulting residual frass, consisting of exuviae, excrement, and unused substrate, can be utilized as fertilizer or feedstock for biogas and biofuel production (Carroll et al., 2023; Wedwitschka et al., 2023; Mohan et al., 2023).

Several previous studies investigated the effects of various diets and organic waste types on the growth and development of BSF larvae, under both commercial and laboratory rearing conditions (St-Hilaire et al., 2007; Nguyen et al., 2015; Tinder et al., 2017). The life history of BSF larvae including the maturity, development rate, reproduction, and survival, is affected significantly by nutrition and temperature (Clissold and Simpson, 2015). The structure of the feed, including many factors, such as particle size, thickness, and moisture content, plays an important role in influencing its spreadability and ease of insect consumption. Numerous experiments have been conducted to explore various substrates for rearing BSF larvae, including different types of vegetable residue; kitchen waste; municipal organic waste, such as poultry, pig, and cattle manure; straw; dried distillers' grain with soluble content (DDGS); and fish waste (Van Huis, 2020; Meneguz et al., 2018; Oonincx et al., 2015). However, limited research has been conducted on the mineral content and chemical and amino acid profiles of larvae and their frass in relation to their substrate (Proc et al., 2020). Therefore, the composition of the larval diet plays a crucial role in the economics of BSF larval production, because of the trade-offs between the cost of the substrate, its nutritional quality, and its effect on larval development and body composition, including the lipid and protein content (Onsongo et al., 2018; Barragan-Fonseca et al., 2017). These trade-offs extend to the safety of the final insect product (Purschke et al., 2017).

Nowadays, considering the introduction of insects into the food chain, it is essential to determine the potential risks associated with their consumption, especially when different types of growth substrates are utilized. To advance the principles of the circular economy, many studies have examined the utilization of organic waste as a substrate for rearing BSF larvae. Regulation (EC) No. 767/2009 restricts the use of certain ‘unsafe' substrates, such as manure, digestive tract contents, catering waste, and processed animal protein. Although these materials are often preferred for oviposition by BSF (Boafo et al., 2023), they are prohibited from mitigating microbiological risks. However, additional potential risks have largely been overlooked. Organic waste often contains persistent pollutants, such as heavy metals that can accumulate in both larvae and frass, subsequently entering the food chain and the environment (Addeo et al., 2024). These heavy metals can enter waste streams in several ways, including via atmospheric emissions or the contamination of materials. Consequently, terrestrial organisms may ingest these pollutants, causing the escalation of environmental hazards (Diener et al., 2015).

Therefore, BSF demonstrates the most promising potential for industrial production. In particular, BSF larvae validate the efficient conversion of organic waste and produce valuable nutrients that are suitable for pet, fish, and poultry diets, along with residual fertilizer for soil improvement. This study aims to address several environmental issues. The primary aim is to develop alternative protein-rich feed and high-quality organic fertilizers from food leftovers in restaurants. It also seeks to assess the bioaccumulation of toxic elements in the larvae, in order to evaluate the risks to animal and human health. To achieve these objectives, this study examines the leftovers food from restaurant as the primary substrate. This substrate comprises a variety of organic components, including chicken, meat, rice, and diverse vegetables, such as arugula, onions, lemons, and lettuce. By investigating these elements, this study not only addresses food waste management, but also aligns with the Saudi Green Initiative (SGI) by reducing carbon emissions, mitigating disease-carrying organisms, preserving the environment, and promoting environmental sustainability.



2 Materials and methods


2.1 Rearing BSF

The BSF larvae used in this study were obtained from Egypt (Agro BIO Production Corporation). Subsequent generations were reared in colonies. These larvae were aged 6 days and had an average individual weight of approximately 0.088 mg (±0.009). They were transferred into rectangular rearing boxes (60 × 40 × 10 cm) at a density of two larvae/cm2. Each group was fed at an estimated rate of 0.93 kg of substrate per larvae per day in increasing quantities, resulting in a total average quantity of 13 kg for the entire period of approximately 14 days. The poultry feed used as a control substrate was formulated commercially (Arasco Feedmill, Broiler starter crumbs, SAP code: 20104013), and its chemical composition was analyzed. It included moisture content (13%), crude protein (20.5%), crude fat (2.5%), crude fiber (3%), methionine (0.50%), and lysine (1.20%).

The BSF pupae were placed in a mesh cage (36 × 36 × 36 cm) in a cooled incubator with a temperature range of 27 °C to 30 °C, a relative humidity of 65%, and a photoperiod of 12:12 L:D (light: dark) under undirected light. The rearing cages were supplied with water using a water-filled plastic cup (284 ml), which was inverted onto a 90 mm diameter filter paper placed inside a Petri dish lid of the same size. Eggs were collected using egg traps made of corrugated cardboard, cut into 10 × 6 cm pieces, and taped together to form four bundles (Booth and Sheppard, 1984). These traps were positioned 3 cm above the oviposition substrate and contained organic food waste. The eggs collected were then transferred to the laboratory and placed in rectangular plastic rearing boxes (60 cm × 40 cm × 10 cm) containing poultry feed. The rearing process was conducted under controlled laboratory conditions, with temperatures ranging from 27 °C to 30 °C and with a relative humidity of 65%. These steps were repeated to obtain overlapping generations.

The eggs hatched approximately 3 days after oviposition. The larval duration was approximately 22 days, processing through six instars. The larvae subsequently transformed into the pre-pupal stage and converted to the pupal stage (a non-feeding phase) over 14 days. The entire life cycle of the BSF was completed in approximately 45 days.



2.2 Studying area and substrates

This study was conducted using organic leftover food (LF) from Bukhari restaurants, which are particularly popular among Hajj and Umrah pilgrims and are widely known in the western region of Saudi Arabia. These restaurants are highly favored for their accessible and readily available meals. The leftovers were collected from six Bukhari restaurants in Jeddah and Makkah over three consecutive days. The leftovers collected were sorted carefully to ensure that they were free from solid, non-food waste, such as plastic and metal cans.

The organic food waste consisted of various of components, such as cooked chicken and meat, bones, raw chicken and meat pieces, rice, oils, roquette, onions, lemon, lettuce, various vegetables, and bread. The preparation of the LF involved placing it initially in a sieve to allow the excess liquid to drain in order to reduce the moisture content. The food waste was then ground using a chopping machine (JINFUDA) and mixed thoroughly to create a homogenous substrate suitable for the BSF larvae. The grinding process was repeated multiple times to ensure the consistency of the mixture. This approach enabled the effective processing of the moist food waste, while maintaining the required texture and composition for the larval rearing. The prepared mixture was then left at room temperature for approximately 36–48 h. This step was important for facilitating the digestion process and for improving the metabolic activity of the BSF larvae.

In this study, three different types of substrates were prepared. The first meal was prepared as a control substrate, with 100% of poultry feed (100% poultry feed [PF]), the second meal was 100% of the LF from the Bukhari restaurants (100% leftover food [LF]), and the third meal was a mixture of 50% LF and 50% PF. All of the substrates were mixed with water to obtain a moisture content of approximately 65% to ensure that there were optimal conditions for rearing the BSF larvae. The samples of each substrate were collected and refrigerated at 4 °C until further analysis. Nutritional profiles, such as crude protein, crude fiber, crude fat, ash, and moisture percentage, were determined, using the standard procedures outlined by the Association of Official Analytical Chemists [Association of Official Analytical Chemists (AOAC), 2005].



2.3 Experimental design

Eggs were collected from the egg traps that were set for 10 h from 3 am to 1 pm, to standardize the oviposition timing. The egg masses weighing 1 g each were placed on stainless steel mesh plates (6 × 6 cm) and positioned above 250 g of poultry feed within three small breeding boxes (39.5 × 29.5 × 24 cm) made of thick polypropylene with ventilation holes.

The experiment was designed to evaluate the effects of the three different substrates: (1) 100% poultry feed (100% PF) as a control; (2) 100% LF from Bukhari restaurants (100% LF); and (3) 50% poultry feed and 50% Bukhari restaurant LF (50% PF and 50% LF). Each substrate treatment included two types of containers, each with three replicates to ensure statistical robustness: (i) plastic rearing boxes (60 × 40 × 10 cm), which were used for chemical composition and amino acids analyses, and (ii) plastic measurement bowls (14 L; approximately 42 cm diameter × 10 cm depth), which were used to monitor survival and growth parameters. Both container types were provided with sufficient ventilation to prevent overheating.

On day five after hatching, larvae from the three small breeding boxes were transferred into the rearing boxes at a density of 10 larvae/cm2 (approximately 24,000 larvae per box). On day six, about 600 larvae (6-day-old) of the same size were collected from the rearing boxes and gently sieved through a stainless-steel laboratory sieve (4 mm mesh size) to ensure consistency across three replicates. A group of 200 larvae was then transferred into measurement bowls filled with 200 g of each respective substrate. The bowls of all replicates were covered with muslin cloth to prevent predation by other insects. Throughout the experiment, both the moisture content and the quantity in each substrate were monitored continuously.

In order to evaluate the larval growth, 10 larvae were randomly selected from each measurement bowl replicate (total 30 larvae per substrate) and subjected to measurements in terms of their length, width, and weight at four different larval ages throughout the experiment, on days six, 12, and 18, and on the day when pigmentation appeared on day 21. The larvae were then returned to their experimental group after each measurement. At the same time points (days 12, 18, and 21), the survival rate was determined by counting the number of live larvae remaining in each replicate and dividing this by the initial number of larvae introduced on day 6 (200 larvae), expressed as a percentage. The mean value of the three replicates was calculated to represent the survival rate for each treatment.

On day 12, 100 g of substrate was only added to the measurement bowls, each containing 200 larvae, to sustain sufficient food quantities for all of the experimental durations. For the rearing boxes, 200 g of substrate was added on day 12, followed by 250 g on both days 14 and 16. These increments corresponded to an estimated feeding rate of 0.93 g/larvae/day, with a total average of 13 g per larvae provided over the 21-day period, adjusted according to the number of larvae in each replicate type. The substrate humidity was set initially at 65% and gradually reduced to approximately 50% by day 18, aiming for fertilizer production by the end of the experiment.

By the 20th day, pigmentation indicative of pre-pupal development began to appear in some of the larvae, prompting their harvest. Before collection, the larvae were subjected to a 24 h starvation period to allow for gut clearance. Following starvation, the by-products of both molting and digestion were separated from the larvae using a standard stainless-steel laboratory sieve with small holes (4 mm diameter) and they were subsequently classified as organic fertilizer.

The larvae were sterilized by immersing them in hot water at a temperature of 70–75 °C with 5% salt to remove any surface impurities. They were then placed in perforated stainless-steel pan trays with holes (60 × 80 × 4.5 cm, 4 mm diameter) and dried in an oven at 70 °C for 18 h, producing golden larvae. The dried larvae and residual frass were collected and analyzed to determine their nutritional profile, including the crude protein, crude fiber, crude fat, ash, and moisture percentage, as well as the amino acid concentrations.



2.4 Larvae measurements

For purposes of larval development, 10 BSF larvae were selected randomly from each measurement bowl replicate at four different larval ages on days six, 12, 18, and 20, before the starvation stage at the end of the experiment. These were weighed using the scale balance (EAB 124e, ae ADAM) to determine their mean weight. The length and width were measured using digital calipers to calculate the means. The body length/width ratio was calculated using the formula =body length (mm)body width (mm). The body mass index (BMI) was calculated by BMI =weight (mg)length (mm)2. The randomly selected larvae were then returned to their respective experimental groups after each measurement.



2.5 Chemical profile analysis

The approximate chemical composition of the substrates, larvae, and frass were analyzed in triplicate using the standard methods outlined by Association of Official Analytical Chemists (AOAC), 2005. Samples for chemical composition analysis were taken from the rearing box replicates, which were maintained to provide sufficient biomass for these analyses. All of the analyses were conducted as part of a collaborative service that provided a specialized laboratory in Egypt (Regional Center for Food & Feed [RCFF], Cairo University, Al Giza, Giza Governorate and Soil, Water & Environment Research Institute [SWERI], Cairo University, Al Giza, Giza Governorate).



2.6 Mineral profile analysis

The mineral profile analysis was conducted using ICP-OES techniques in the same abovementioned laboratory. Samples for mineral analysis were taken from the rearing box replicates, which were maintained to provide sufficient biomass for these analyses. The samples were prepared via microwave-assisted digestion, following established protocols, and the trace element concentrations were measured using CETAC U5000AT and Perkin Elmer Optima 2100 DV instruments.



2.7 Amino acid profile analysis

The amino acid profiles of the samples were analyzed at in the same abovementioned laboratory, using High-Performance Liquid Chromatography (HPLC). Samples for amino acid analysis were taken from the rearing box replicates, which were maintained to provide sufficient biomass for these analyses. The analysis involved hydrolyzing the samples with 6N HCI to release the free amino acids, followed by derivatization with phenyl isothiocyanate (PITC) for HPLC detection. The HPLC system was calibrated with certified standards to ensure accuracy, and each sample was analyzed in triplicate to maintain precision. The results provided a detailed profile of the essential and non-essential amino acids in the larvae and the frass, providing valuable insights into their nutritional quality.



2.8 Statistical analysis

All analyses were performed using IBM Corporation's SPSS version 22 (Armonk, NY, USA). The data was subjected to Shapiro–Wilk test to determine the normality of value distributions. Then, Kruskal Wallis test followed by Mann Whitney tests utilized between groups as data were abnormally distributed, with data presented as the mean ± standard deviation (SD). This involved comparing the average values from three replicates for larvae and frass with the corresponding mineral contents in the substrate (n = 3). Statistical significance was set at P <0.05, while the p-values between 0.05 and 0.1 were considered.




3 Results


3.1 Chemical composition, mineral profile and heavy metals of substrates
 
3.1.1 Chemical composition

The data revealed that there were significant variations in the chemical composition and mineral profile of the three substrates (Table 1). The average moisture content was significantly highest in the LF 100% and followed by the LF 50% substrate group, with the lowest value recorded in the PF 100% (Table 1). The highest cured protein content was observed in both the control group (PF 100%) and the LF 50%, followed by the LF 100% substrate group (P = 0.050; Table 1). The lipid and crude fiber contents were significantly higher in the LF 100% substrate and followed by the LF 50% substrate group, with the lowest value recorded in the PF 100% (Table 1). While no significant differences found in the carbohydrate among the three substrate groups (P = 0.296; Table 1). The ash content was highest in the PF 100 and the LF 50%, which were significantly higher than that of the LF 100% substrate group (P = 0.011; Table 1).

TABLE 1 Chemical composition and mineral profiles of three substrates used for rearing black soldier fly larvae during the experimental period, all values are expressed on dray matter (DM) basis.


	Traits
	Substrate level %
	Chi-Square
	DF
	P-value



	
	PF 100% (Control)
	LF 100%
	Mix (PF 50% + LF 50%)
	
	
	





	Chemical composition

 
	Moisture, %
	8.633 ± 0.252c
	35.307 ± 3.082a
	20.333 ± 1.528b
	7.200
	2
	0.004

 
	Crude protein, %
	18.167 ± 2.255a
	6.103 ± 1.895b
	16.100 ± 2.100a
	5.600
	2
	0.050

 
	Lipids, %
	4.693 ± 0.190c
	22.230 ± 5.830a
	8.000 ± 0.200b
	7.200
	2
	0.004

 
	Crude fiber, %
	3.347 ± 0.187c
	19.500 ± 1.500a
	14.500 ± 2.291b
	7.200
	2
	0.004

 
	Carbohydrate, %
	36.000 ± 3.00
	32.383 ± 0.815
	33.313 ± 1.135
	2.756
	2
	0.296

 
	Ash, %
	7.700 ± 0.600a
	3.880 ± 0.195b
	6.733 ± 0.586a
	6.489
	2
	0.011

 
	Mineral profile

 
	Ca, %
	1.253 ± 0.405a
	0.490 ± 0.207c
	0.813 ± 0.025b
	7.200
	2
	0.004

 
	Inorganic P, %
	0.950 ± 0.266a
	0.320 ± 0.026c
	0.607 ± 0.076b
	7.200
	2
	0.004

 
	K, %
	1.817 ± 0.025a
	0.760 ± 0.814b
	1.367 ± 0.615b
	5.965
	2
	0.025

 
	N, %
	2.900 ± 0.100a
	1.290 ± 0.010c
	2.373 ± 0.045b
	7.200
	2
	0.004

 
	Mg, %
	0.263 ± 0.025a
	0.040 ± 0.001c
	0.120 ± 0.010b
	7.200
	2
	0.004

 
	Na, %
	0.180 ± 0.020b
	0.237 ± 0.012a
	0.217 ± 0.021a, b
	5.582
	2
	0.043

 
	Trace elements

 
	Fe, ppm
	257.77 ± 37.46c
	426.93 ± 26.13a
	332.300 ± 2.464b
	7.200
	2
	0.004

 
	Zn, ppm
	80.223 ± 16.649
	49.167 ± 12.292
	64.067 ± 2.060
	3.467
	2
	0.196

 
	Se, ppm
	2.437 ± 0.225a
	1.063 ± 0.118b
	1.407 ± 0.459b
	6.489
	2
	0.011

 
	Mn, ppm
	70.910 ± 11.685a
	24.967 ± 8.326b
	63.200 ± 3.460a
	5.600
	2
	0.050

 
	Cr, ppm
	0.643 ± 0.123b
	3.167 ± 0.462a
	3.413 ± 0.597a
	6.006
	2
	0.018

 
	Boron, ppm
	15.420 ± 0.616a
	8.267 ± 0.351b
	13.767 ± 1.650a
	5.956
	2
	0.025

 
	Heavy metals

 
	As, ppm
	0.010 ± 0.001c
	0.028 ± 0.003a
	0.013 ± 0.002b
	7.200
	2
	0.004

 
	Cd, ppm
	0.003 ± 0.001b
	0.005 ± 0.001a
	0.002 ± 0.001b
	6.330
	2
	0.021

 
	Pb, ppm
	0.001 ± 0.001b
	0.004 ± 0.002a
	0.002 ± 0.001b
	6.000
	2
	0.057

 
	Hg, ppm
	0.000 ± 0.000b
	0.002 ± 0.001a
	0.001 ± 0.001b
	5.054
	2
	0.121

 
	Ni, ppm
	1.467 ± 0.168a
	1.007 ± 0.095b
	1.400 ± 0.200a
	5.600
	2
	0.050



a, b, c indicates that within a row, different subscripts are significantly different at P-value <0.05.

Threshold values for heavy metals in feed materials according to European Commission Directive 2002/32/EC: As = 2.0 mg/kg, Cd = 1.0 mg/kg, Pb = 10.0 mg/kg, Hg = 0.1 mg/kg. For Ni, no maximum legal limit has been established.





3.1.2 Mineral profile

The mineral composition showed significant differences among the substrates. The calcium (Ca), the inorganic phosphorus (P), the nitrogen (N) and the magnesium (Mg) levels were significantly higher in the control group (PF 100%) and followed by the LF 50% substrate group, with the lowest value recorded in the LF 100% substrate group (P = 0.004, Table 1). The Potassium (K) levels were significantly higher in the PF 100% substrate group, with significant reductions in the LF 100% and the LF 50% substrates (P = 0.025; Table 1). The Sodium (Na) value was significantly higher in both substrates LF 100% group (0.237% ± 0.012) and in the LF 50% group (0.217% ± 0.021) than in the PF 100% substrate group (0.180% ± 0.020), with no significant difference observed between the LF 100% and the LF 50% groups (P = 0.043, Table 1).



3.1.3 Trace elements

Regarding trace elements, significant differences were observed across different substrates. The ferrous (Fe) values were significantly higher in the LF 100% substrate (426 ppm ± 26.127), compared with both the PF 100% substrate and LF 50% substrate (257.767 ppm ± 37.464 and 332.300 ppm ± 2.464, respectively; P = 0.004, Table 1), with significant difference observed between them. The zinc (Zn) levels were not significant difference observed across three different substrates (P = 0.196, Table 1). Manganese (Mn) and Boron (B) concentrations were significantly lowest in the LF 100% substrate group (24.967 ppm ± 8.326 and 8.267 ppm ± 0.351; P = 0.050 and 0.025, respectively; Table 1), compared with the other substrates, with no significant differences between the PF 100% and LF 50% substrates. The selenium (Se) content was significant lower in both the LF 100% substrate and the LF 50% substrate than the PF 100% substrate (P = 0.011, Table 1). Whereas the chromium (Cr) levels were significant higher in the LF 100% substrate and the LF 50% substrate than the PF 100% substrate (P = 0.018, Table 1).



3.1.4 Heavy metals

The heavy metal concentrations varied significantly among the different substrates. The levels of arsenic (As) observed were the highest in the LF 100% substrate, followed by the LF 50% substrate, with the lowest value recorded in the PF 100% substrate (P = 0.004, Table 1). The lead (Pb), the mercury (Hg), and the cadmium (Cd) were the highest in the LF 100% substrate, whereas no significant differences were observed between the PF 100% and LF 50% substrates. The nickel (Ni) value was the highest in both the PF 100% and the LF 50% (1.467 ppm ± 0.168 and 1.400 ppm ±0.200), followed by the LF 100% substrate (1.007 ppm ±0.095; P = 0.050; Table 1).




3.2 Amino acid composition of substrates

The essential and non-essential amino acid compositions showed significant differences across the different substrates. Their ratio was significantly higher in the PF 100% substrate (0.625 ± 0.006) than in the other substrates (P = 0.050, Table 2). The essential amino acid values as methionine, phenylalanine, isoleucine, and leucine were significantly higher in the PF 100%, followed by the LF 50% substrate, with the lowest value in the LF 100% substrate (P < 0.05). While histidine content was the highest in the LF 100%, followed by the LF 50% substrate, with the lowest content in the PF 100% substrate (P = 0.004, Table 2). The total essential amino acid values were significantly higher in the control group (PF 100%) at 7.743 ± 0.620 and followed by the LF 50% substrate (3.057 ± 0.160), with the lowest value recorded at 2.813 ± 0.059 in the LF 100% substrate (P = 0.004, Table 2). The highest levels of total non-essential amino acids were observed in the PF 100% substrate (12.403 ± 1.080), compared to the LF 100% and LF 50% substrates (5.253 ± 0.296 and 5.543 ± 0.047, respectively; P = 0.025, Table 2). However, glycine levels did not show any significant differences across other substrates (P = 0.100, Table 2). While the PF 100% substrate had the highest percentage of essential amino acids, the LF 100% and LF 50% substrates had high the percentages of non-essential amino acids.

TABLE 2 Amino acid composition of substrates used for rearing black soldier fly larvae during the experimental period, all values are expressed on dray matter (DM) basis.


	Traits
	Substrate level %
	Chi-square
	DF
	P-value



	
	PF 100% (Control)
	LF 100%
	Mix (PF 50% + LF 50%)
	
	
	





	Essential amino acids, %

 
	Threonine
	0.840 ± 0.090a
	0.233 ± 0.012b
	0.207 ± 0.015b
	6.938
	2
	0.007

 
	Histidine
	0.563 ± 0.035 c
	1.027 ± 0.086a
	0.725 ± 0.108b
	7.22
	2
	0.004

 
	Valine
	1.063 ± 0.115a
	0.268 ± 0.040b
	0.230 ± 0.036b
	5.804
	2
	0.029

 
	Methionine
	0.350 ± 0.026a
	0.132 ± 0.036c
	0.223 ± 0.029b
	7.261
	2
	0.004

 
	Phenylalanine
	1.140 ± 0.120a
	0.313 ± 0.026c
	0.390 ± 0.030b
	7.200
	2
	0.004

 
	Isoleucine
	0.910 ± 0.110a
	0.107 ± 0.015c
	0.361 ± 0.120b
	7.261
	2
	0.004

 
	Leucine
	1.707 ± 0.155a
	0.318 ± 0.097c
	0.487 ± 0.064b
	7.200
	2
	0.004

 
	Lysine
	1.170 ± 0.010a
	0.463 ± 0.055b
	0.387 ± 0.071b
	6.489
	2
	0.011

 
	Total essential amino acids
	7.743 ± 0.620a
	2.813 ± 0.059c
	3.057 ± 0.160b
	7.200
	2
	0.004

 
	Non-essential amino acids, %

 
	ASP
	2.083 ± 0.159a
	0.623 ± 0.084c
	1.393 ± 0.025b
	7.200
	2
	0.004

 
	GLU
	3.770 ± 0.420a
	1.796 ± 0.199b
	1.353 ± 0.065c
	7.200
	2
	0.004

 
	Serine
	0.843 ± 0.070a
	0.503 ± 0.055b
	0.510 ± 0.060b
	5.422
	2
	0.071

 
	Glycine
	0.907 ± 0.067
	0.690 ± 0.205
	0.560 ± 0.026
	4.622
	2
	0.100

 
	Arginine
	1.343 ± 0.155a
	0.348 ± 0.003b
	0.303 ± 0.031c
	7.261
	2
	0.004

 
	Alanine
	1.010 ± 0.080a
	0.439 ± 0.102b
	0.450 ± 0.060b
	5.422
	2
	0.071

 
	Tyrosine
	0.783 ± 0.095a
	0.293 ± 0.076b
	0.193 ± 0.015b
	6.547
	2
	0.007

 
	Cystine
	0.407 ± 0.055a
	0.127 ± 0.029b
	0.427 ± 0.015a
	5.647
	2
	0.046

 
	Proline
	1.257 ± 0.055a
	0.435 ± 0.043b
	0.353 ± 0.029c
	7.261
	2
	0.004

 
	Total non-essential amino acids
	12.403 ± 1.08a
	5.253 ± 0.296b
	5.543 ± 0.047b
	6.252
	2
	0.025

 
	Amino acids index

 
	Total amino acids
	20.147 ± 1.70a
	8.066 ± 0.345b
	8.600 ± 0.197b
	6.489
	2
	0.011

 
	Essential amino acids, %
	38.445 ± 0.21a
	34.898 ± 0.95b
	35.527 ± 1.067b
	5.600
	2
	0.050

 
	Non-essential amino acids, %
	61.556 ± 0.21b
	65.102 ± 0.95a
	64.473 ± 1.067a
	5.600
	2
	0.050

 
	Essential/non-essential amino acids ratio
	0.625 ± 0.006a
	0.536 ± 0.023b
	0.551 ± 0.026b
	5.600
	2
	0.050



a, b, c indicates that within a row, different subscripts are significantly different at P-value <0.05.





3.3 Growth performance and survival rate

While no significant differences were observed among the groups in terms of body length, width, weight, mass index, and survival rate across all the substrate types on the first day of the experiment (day six of larval age), the data revealed that substrate type had a significant impact on the growth performance and survival rate of the BSF larvae at 12, 18, and 21 days of age (Table 3).

TABLE 3 Effect of different substrates on growth performance and survival rate of black soldier fly larvae of different ages, all values are expressed on dray matter (DM) basis.


	Parameters
	Substrate level %
	Chi-square
	DF
	P-value



	6 days
	PF 100% (Control)
	LF 100%
	Mix (PF 50% + LF 50%)
	
	
	





	Body Length (mm)
	1.477 ± 0.288
	1.437 ± 0.275
	1.473 ± 0.393
	0.342
	2
	0.843

 
	Body Width (mm)
	1.037 ± 0.247
	1.003 ± 0.236
	1.027 ± 0.272
	0.245
	2
	0.885

 
	Body Weight (mg)
	0.082 ± 0.008
	0.081 ± 0.007
	0.083 ± 0.002
	1.248
	2
	0.536

 
	Length/width ratio
	1.443 ± 0.160
	1.456 ± 0.206
	1.445 ± 0.176
	0.028
	2
	0.986

 
	BMI (mg/mm2)
	0.043 ± 0.022
	0.044 ± 0.020
	0.047 ± 0.026
	0.536
	2
	0.966

 
	Survival rate (%)
	100.000 ± 0.000
	100.000 ± 0.000
	100.000 ± 0.000
	0.000
	2
	1.000

 
	12 days

 
	Body Length (mm)
	16.063 ± 1.817b
	12.927 ± 2.093c
	21.053 ± 1.642a
	67.817
	2
	0.0001

 
	Body Width (mm)
	3.567 ± 0.727b
	2.790 ± 0.461c
	4.867 ± 0.371a
	63.203
	2
	0.0001

 
	Body Weight (mg)
	0.128 ± 0.012b
	0.098 ± 0.007c
	0.193 ± 0.003a
	80.100
	2
	0.0001

 
	Length/width ratio
	4.594 ± 0.468a, b
	4.640 ± 0.191a
	4.332 ± 0.220b
	19.892
	2
	0.0001

 
	BMI (mg/mm2)
	0.0005 ± 0.0001b
	0.0006 ± 0.0002a
	0.0004 ± 0.0001c
	17.846
	2
	0.0001

 
	Survival rate
	98.500 ± 0.719a
	96.167 ± 0.240b
	98.000 ± 0.719a
	61.869
	2
	0.0001

 
	18 days

 
	Body Length (mm)
	21.07 ± 1.890a
	15.990 ± 2.072b
	21.813 ± 1.439a
	53.572
	2
	0.0001

 
	Body Width (mm)
	3.593 ± 0.649a
	3.593 ± 0.827b
	4.943 ± 0.566a
	30.089
	2
	0.0001

 
	Body Weight (mg)
	0.119 ± 0.003b
	0.098 ± 0.007c
	0.192 ± 0.003a
	80.100
	2
	0.0001

 
	Length/width ratio
	4.629 ± 0.356
	4.554 ± 0.499
	4.445 ± 0.325
	3.534
	2
	0.171

 
	BMI (mg/mm2)
	0.0003 ± 0.000b
	0.0004 ± 0.0001a
	0.0004 ± 0.0001a
	45.545
	2
	0.0001

 
	Survival rate
	97.167 ± 0.959b
	95.667 ± 0.240c
	98.000 ± 0.000a
	65.579
	2
	0.0001

 
	21 days

 
	Body Length (mm)
	21.557 ± 1.83a
	16.073 ± 2.008b
	22.057 ± 1.512a
	55.200
	2
	0.0001

 
	Body Width (mm)
	4.730 ± 0.650a
	3.693 ± 0.779b
	4.990 ± 0.556a
	32.263
	2
	0.0001

 
	Body Weight (mg)
	0.298 ± 0.017a
	0.182 ± 0.013c
	0.291 ± 0.018b
	62.300
	2
	0.0001

 
	Length/width ratio
	4.600 ± 0.373
	4.435 ± 0.447
	4.452 ± 0.344
	4.482
	2
	0.106

 
	BMI (mg/mm2)
	0.0007 ± 0.0001a, b
	0.0007 ± 0.0002a
	0.0006 ± 0.0001b
	7.483
	2
	0.024

 
	Survival rate
	96.200 ± 0.466b
	94.667 ± 0.480c
	97.833 ± 0.959a
	75.906
	2
	0.0001



a, b, c indicates that within a row, different subscripts are significantly different at P-value <0.05.

Samples for growth performance and survival rate were collected from the measurement bowl replicates.



On day 12, the mean larval length, width, weight, and body mass index across all groups provided with the different substrates differed significantly (P = 0.0001, Table 3). Larvae fed on the LF 100% showed significantly lower mean length, width, and weight than those fed on the LF 50% and the PF 100%. Whereas larvae that fed on the LF 50% recorded a significantly higher mean than those fed on the PF 100%. The ratios of length to width were significantly decrease in the LF 50% group, compared to both LF 100% and LF 50% groups (P < 0.050).

On days 18 and 21, the larvae fed on the LF 50% showed a significantly greater mean length and width than those fed on the LF 100%, with no significant differences in the larvae fed on the PF 100%. However, there were no significant differences observed in the length/weight ratios across three different groups at day 18 and 21 (P = 0.171 and 0.106, respectively; Table 3). The mean body weight was significantly lower in the LF 100% group at day 18 and 21. The BMI was significantly higher in both the LF 100% and the LF 50% groups than the PF 100% at day 18, while there were slight significant differences found in BMI between the LF 100% and LF 50% groups at day 21 (P = 0.024, Table 3). Overall, the larvae reared on LF 50% demonstrated a significantly higher growth rate than those fed on the LF 100% across all ages (P < 0.0001, Table 3).

The survival rate also differed significantly among the groups at 18 and 21 days of age, with the larvae reared on the LF 50% substrate reaching the highest survival rate of 97.83% ± 0.959 by day 21 (P < 0.0001, Table 3). In contrast, the larval group fed on the LF 100% substrate exhibited significantly lower survival rates among the different groups at 18 and 21 days of age, which may reflect the effect of lower nutritional availability in this substrate.



3.4 Chemical composition and mineral profile of BSF larvae
 
3.4.1 Chemical composition

The chemical composition of the BSF larvae differed significantly among the different substrates (Table 4). The moisture values were 4.667% ± 0.252, significantly higher in the larvae reared on the PF 100% group than in the LF 50% group, with no significant differences in the LF 100% group (P = 0.096; Table 4). However, no significant differences were observed in the protein content of the larvae across the three substrates (P = 0.629, Table 4). The larvae fed on the LF 100% substrate showed the highest lipid content 42.480 ± 2.035, but it was not significant in the larvae fed on the LF 50% (P = 0.086, Table 4). In contrast, the fiber and ash levels were significantly higher in the LF 100% substrate group compared with the other groups (9.510 ± 0.506 and 10.930 ± 1.309, P = 0.0029 and P = 0.004, respectively; Table 4).

TABLE 4 Effect of different substrates on the chemical composition and mineral profile of black soldier fly larvae at 21 days of age, all values are expressed on dray matter (DM) basis.


	Traits
	Substrate level %
	Chi-Square
	DF
	P-value



	
	PF 100% (Control)
	LF 100%
	Mix (PF 50% + LF 50%)
	
	
	





	Chemical composition

 
	Moisture, %
	4.667 ± 0.252a
	4.100 ± 0.557a, b
	4.033 ± 0.153b
	4.504
	2
	0.096

 
	Crude protein, %
	35.667 ± 3.530
	33.133 ± 1.779
	34.467 ± 2.003
	1.156
	2
	0.629

 
	Lipids, %
	35.797 ± 4.932b
	42.480 ± 2.035a
	39.490 ± 1.292a, b
	5.067
	2
	0.086

 
	Crude fiber, %
	8.443 ± 0.631a, b
	9.510 ± 0.506a
	7.520 ± 0.441b
	5.689
	2
	0.029

 
	Ash, %
	7.960 ± 0.145b
	10.930 ± 1.309a
	7.413 ± 0.215c
	7.200
	2
	0.004

 
	Mineral profile

 
	Ca, %
	3.300 ± 0.520a
	2.987 ± 0.172a
	2.597 ± 0.061b
	5.600
	2
	0.050

 
	Inorganic P, %
	0.380 ± 0.105a
	0.120 ± 0.010c
	0.250 ± 0.010b
	7.200
	2
	0.004

 
	K, %
	0.873 ± 0.898
	0.550 ± 0.417
	0.637 ± 0.505
	1.277
	2
	0.575

 
	N, %
	0.983 ± 0.015a
	0.453 ± 0.015c
	0.830 ± 0.020b
	7.200
	2
	0.004

 
	Mg, %
	0.437 ± 0.032a
	0.360 ± 0.020b
	0.280 ± 0.010c
	7.200
	2
	0.004

 
	Na, %
	0.283 ± 0.025a
	0.350 ± 0.040a
	0.223 ± 0.015b
	6.880
	2
	0.007

 
	Trace elements

 
	Fe, ppm
	228.333 ± 17.559c
	1,699.60 ± 49.350a
	392.00 ± 8.000b
	7.200
	2
	0.004

 
	Zn, ppm
	88.493 ± 11.959a
	32.667 ± 12.897b
	74.177 ± 2.032a
	6.489
	2
	0.011

 
	Se, ppm
	0.350 ± 0.072
	0.277 ± 0.061
	0.320 ± 0.030
	1.554
	2
	0.496

 
	Mn, ppm
	124.233 ± 16.095a
	62.750 ± 18.645c
	85.580 ± 5.149b
	7.200
	2
	0.004

 
	Cr, ppm
	1.053 ± 0.102c
	2.310 ± 0.390a
	1.127 ± 0.220b
	5.535
	2
	0.054

 
	Boron, ppm
	0.110 ± 0.010b
	0.060 ± 0.010c
	2.860 ± 0.164a
	7.200
	2
	0.004

 
	Heavy metals

 
	As, ppm
	0.002 ± 0.001b
	0.006 ± 0.001a
	0.005 ± 0.001a
	6.056
	2
	0.025

 
	Cd, ppm
	0.003 ± 0.001b
	0.020 ± 0.001a
	0.009 ± 0.001b
	7.261
	2
	0.004

 
	Pb, ppm
	0.001 ± 0.001b
	0.009 ± 0.001a
	0.004 ± 0.002b
	6.938
	2
	0.007

 
	Hg, ppm
	0.000 ± 0.001
	0.002 ± 0.001
	0.001 ± 0.001
	4.667
	2
	0.121

 
	Ni, ppm
	0.247 ± 0.033c
	0.603 ± 0.081a
	0.450 ± 0.010b
	7.200
	2
	0.004



a, b, c indicates that within a row, different subscripts are significantly different at P-value <0.05.

Samples for chemical composition, mineral profile, trace elements, and heavy metal analyses were collected from the rearing box replicates.





3.4.2 Mineral profile

As for the mineral profile, no significant differences were observed in the K in the larvae fed different substrates (P = 0.575; Table 4). However, there were differences found in the inorganic P and N levels, with the highest concentration recorded in the larvae reared on the PF 100% substrate, followed by the LF 50% group, and the lowest in the LF 100% substrate group. Meanwhile, the Ca and Na values in the larvae fed on the PF 100% and the LF 100% substrates were affected significantly, showing the highest values, compared with the LF 50% substrate group (P = 0.05 and 0.007, respectively; Table 4). The level of Mg was significantly lowest in the LF 50% substrate (P < 0.004, Table 4).



3.4.3 Trace elements

Regarding trace elements, the Fe and Cr concentrations in larvae that fed on the LF 100% substrate were 1,699.60 ppm ± 49.350 and 2.310 ppm ± 0.390, respectively, which were significantly higher than those of the LF 50% and the LF 100% substrate groups (P = 0.004 and 0.054, respectively; Table 4). There were significant differences found in Zn levels, where the highest concentrations were significantly recorded in larvae reared on both the PF 100% and the LF 100% substrates (88.493 ppm ± 11.959 and 74.177 ppm ± 2.032, respectively), followed by the LF 50% (32.667 ppm ± 12.897, P = 0.011, Table 4). No significant differences were recorded in the levels of Se in the larvae among all substrate groups (P = 0.496, Table 4). However, significant differences were found in the Mn and B levels, with the highest Mn value in the larvae that fed on PF 100% substrate, whereas Cr was the highest in the group fed on LF 50% (P = 0.004, Table 4).



3.4.4 Heavy metals

The heavy metal accumulation in the larvae differed significantly only and clearly in Ni levels, which were the highest at 0.603 ppm ± 0.081 in the fed group (LF 100%), followed by the LF 50% group (0.450 ppm ± 0.010), and the lowest (0.247 ppm ± 0.033) in the PF 100% group (P = 0.004, Table 4). However, no significant difference was detected in the levels of Hg in the larvae across the different substrates (P = 0.121, Table 4). The values of As, Cd, and Pb in the larvae fed on the LF 100% substrate were affected significantly, showing the highest values compared with the other groups (Table 4).




3.5 Amino acid composition of BSF larvae

The percentage of essential non-essential amino acid compositions and their ratios showed no significant differences in larvae reared among the different groups. However, the type of substrate significantly influenced the total essential amino acids of BSF larvae (Table 5). The concentrations of threonine, isoleucine, and lysine were the highest in the larvae fed the PF 100% and the LF 100% substrate groups, whereas methionine levels were the highest in the larvae reared on the LF 100% substrate, reaching 0.487% ± 0.021 (P = 0.004, Table 5). No significant differences were observed in the valine levels among the larvae reared on the different substrates (P = 0.121, Table 5).

TABLE 5 Effect of different substrates on the amino acid composition of black soldier fly larvae at 21 days of age, all values are expressed on dray matter (DM) basis.


	Traits
	Substrate level %
	Chi-Square
	DF
	P- value



	
	PF 100% (Control)
	LF 100%
	Mix (PF 50% + LF 50%)
	
	
	





	Essential amino acids, %

 
	Threonine
	1.357 ± 0.047a
	1.237 ± 0.112a
	1.027 ± 0.045b
	5.956
	2
	0.025

 
	Histidine
	1.067 ± 0.068a
	0.880 ± 0.105b
	0.770 ± 0.046b
	5.956
	2
	0.025

 
	Valine
	2.043 ± 0.060a
	1.933 ± 0.136a, b
	1.833 ± 0.045b
	4.235
	2
	0.121

 
	Methionine
	0.353 ± 0.021b
	0.487 ± 0.021a
	0.247 ± 0.025c
	7.200
	2
	0.004

 
	Phenylalanine
	2.433 ± 0.132a
	1.597 ± 0.403b
	1.757 ± 0.050b
	5.600
	2
	0.050

 
	Isoleucine
	1.550 ± 0.125a
	1.383 ± 0.155a, b
	1.213 ± 0.045b
	5.085
	2
	0.082

 
	Leucine
	2.567 ± 0.140a
	1.770 ± 0.229b
	1.880 ± 0.030b
	5.600
	2
	0.050

 
	Lysine
	2.017 ± 0.038a
	1.870 ± 0.111a
	1.540 ± 0.040b
	6.880
	2
	0.007

 
	Total essential amino acids
	13.387 ± 0.264a
	11.157 ± 0.528b
	10.267 ± 0.021c
	7.200
	2
	0.004

 
	Non-essential amino acids, %

 
	ASP
	3.057 ± 0.100a
	2.917 ± 0.0126a
	2.250 ± 0.079b
	6.252
	2
	0.014

 
	GLU
	4.127 ± 0.095a
	3.360 ± 0.681b
	3.053 ± 0.067b
	5.600
	2
	0.050

 
	Serine
	1.353 ± 0.078a
	1.110 ± 0.104b
	1.040 ± 0.072b
	5.956
	2
	0.025

 
	Glycine
	2.030 ± 0.080a
	1.323 ± 0.023c
	1.497 ± 0.050b
	7.261
	2
	0.004

 
	Arginine
	1.600 ± 0.151a
	1.453 ± 0.121a, b
	1.330 ± 0.036b
	5.085
	2
	0.082

 
	Alanine
	2.057 ± 0.117a
	2.197 ± 0.103a
	1.783 ± 0.146b
	5.956
	2
	0.025

 
	Tyrosine
	2.353 ± 0.544a
	1.973 ± 0.101a
	1.467 ± 0.080b
	5.956
	2
	0.025

 
	Cystine
	0.203 ± 0.012c
	0.420 ± 0.044a
	0.263 ± 0.031b
	7.261
	2
	0.004

 
	Proline
	2.067 ± 0.051a
	1.947 ± 0.238a, b
	1.713 ± 0.067b
	3.822
	2
	0.168

 
	Total non-essential amino acids
	18.847 ± 0.610a
	16.700 ± 1.291b
	14.397 ± 0.401c
	7.200
	2
	0.004

 
	Amino acids index

 
	Total amino acids
	32.233 ± 0.475a
	27.857 ± 1.536b
	24.663 ± 0.393c
	7.200
	2
	0.004

 
	Essential amino acids, %
	41.539 ± 1.152
	40.090 ± 1.813
	41.635 ± 0.694
	1.689
	2
	0.511

 
	Non-Essential amino acids, %
	56.461 ± 1.152
	59.91 ± 1.813
	58.365 ± 0.694
	1.689
	2
	0.511

 
	Essential/non-essential amino acids ratio
	0.711 ± 0.033
	0670 ± 0.050
	0.714 ± 0.020
	1.689
	2
	0.511



a, b, c indicates that within a row, different subscripts are significantly different at P-value <0.05.

Samples for amino acid analyses were collected from the rearing box replicates.



The concentrations of non-essential amino acids in the BSF larvae varied significantly among the different substrates (Table 5). The highest concentrations were observed in the larvae fed on the PF 100% substrate, except for cystine, which showed the significantly lowest value of 0.203 ± 0.012 in larvae fed on PF 100% (Table 5). The highest total amino acid content was found in the larvae reared on the control substrate (PF 100%), whereas the lowest content was recorded in the larvae fed on the LF 50% substrate (32.233 ± 0.475 and 24.663 ± 0.393, respectively; P = 0.004; Table 5).



3.6 Chemical composition and mineral profile in residual frass
 
3.6.1 Chemical composition

The data in Table 6 indicates that there were significant variations in the chemical composition and mineral profile of the residual the frass across the different substrates. The moisture value in the residual frass was significantly higher in the PF 100% substrate, which reacted at 11.80% ± 0.265 than in the LF 100% and LF 50% substrates, with values of 9.733% ± 1.002 and 8.800% ± 0.265, respectively (P = 0.003, Table 6). The lipid content in the residual frass was affected significantly across the different substrates (P < 0.0001, Table 6), reaching the highest level of 22.397% ± 1.480 in the LF 100% group, followed by the LF 50% group (9.607% ± 0.546), with the lowest levels of 3.663% ± 0.126 in the PF 100% group. The fiber values in the residual frass were significantly higher in the PF 100% and LF 100% substrate groups (P < 0.0001, Table 6). Meanwhile, ash values changed significantly in the residual frass across all of the groups, reaching the highest at 12.163% ± 0.071 the PF 100% substrate group (P < 0.0001, Table 6).

TABLE 6 Effect of different substrates on chemical composition and mineral profile in residual frass obtained at the end of black soldier fly larvae at 21 days of age, all values are expressed on dray matter (DM) basis.


	Traits
	Substrate level %
	Chi-square
	DF
	P-value



	
	PF 100% (Control)
	LF 100%
	Mix (PF 50% + LF 50%)
	
	
	





	Chemical composition

 
	Moisture, %
	11.800 ± 0.265a
	9.733 ± 1.002b
	8.800 ± 0.265b
	6.252
	2
	0.003

 
	Lipids, %
	3.663 ± 0.126c
	9.607 ± 0.546b
	22.397 ± 1.480a
	7.200
	2
	<0.0001

 
	Crude fiber, %
	9.423 ± 0.647a
	9.897 ± 0.327a
	5.840 ± 0.359b
	5.956
	2
	<0.0001

 
	Ash, %
	12.163 ± 0.071a
	12.670 ± 0.304b
	10.867 ± 0.153c
	7.200
	2
	<0.0001

 
	Mineral profile

 
	Ca, %
	1.623 ± 0.495a
	1.107 ± 0.348a
	0.920 ± 0.066b
	4.356
	2
	0.112

 
	Inorganic P, %
	0.570 ± 0.161a
	0.180 ± 0.010c
	0.380 ± 0.010b
	7.200
	2
	0.006

 
	K, %
	1.853 ± 0.707
	1.493 ± 0.340
	1.320 ± 0.115
	3.294
	2
	0.404

 
	N, %
	1.490 ± 0.554a, b
	0.840 ± 0.010b
	1.533 ± 0.031a
	4.997
	2
	0.067

 
	Mg, %
	0.403 ± 0.025a
	0.260 ± 0.020b
	0.153 ± 0.025c
	7.200
	2
	<0.0001

 
	Na, %
	0.640 ± 0.092c
	1.233 ± 0.153a
	0.950 ± 0.056b
	7.200
	2
	0.002

 
	Trace elements

 
	Fe, ppm
	149.667 ± 21.22c
	1,075.00 ± 25.00a
	252.00 ± 18.00b
	7.200
	2
	<0.0001

 
	Zn, ppm
	90.667 ± 8.083a
	30.00 ± 11.000c
	76.003 ± 2.494b
	7.200
	2
	<0.0001

 
	Se, ppm
	1.327 ± 0.130a
	1.083 ± 0.047b
	1.143 ± 0.116b
	4.235
	2
	0.066

 
	Mn, ppm
	58.967 ± 8.658b
	85.240 ± 4.648a
	53.580 ± 4.162b
	5.956
	2
	0.002

 
	Cr, ppm
	9.043 ± 1.799a, b
	9.563 ± 1.085a
	6.737 ± 0.983b
	4.356
	2
	0.086

 
	Boron, ppm
	61.877 ± 2.210a
	36.693 ± 2.538b
	23.407 ± 2.815c
	7.200
	2
	<0.0001

 
	Heavy metals

 
	As, ppm
	0.002 ± 0.001b
	0.007 ± 0.001a
	0.003 ± 0.001b
	6.056
	2
	0.002

 
	Cd, ppm
	0.001 ± 0.000c
	0.008 ± 0.001a
	0.004 ± 0.001b
	7.261
	2
	<0.0001

 
	Pb, ppm
	0.001 ± 0.001c
	0.019 ± 0.001a
	0.007 ± 0.00b
	7.261
	2
	<0.0001

 
	Hg, ppm
	0.000 ± 0.001b
	0.009 ± 0.001a
	0.006 ± 0.004a
	6.214
	2
	0.009

 
	Ni, ppm
	2.120 ± 0.139b
	3.563 ± 0.511a
	1.940 ± 0.050b
	6.489
	2
	0.001



a, b, c indicates that within a row, different subscripts are significantly different at P-value <0.05.

Samples for chemical composition, mineral profile, trace elements, and heavy metal analyses were collected from the rearing box replicates.





3.6.2 Mineral profile

The mineral concentration in the residual frass differed significantly among the substrates. Although the K levels were not significantly different in the residual frass among all of the substrates (P = 0.404, Table 6), the Ca, inorganic P, and Mg levels were significantly higher in the control group (PF 100%) (Table 6). Meanwhile, the Na content in the residual frass was significantly higher in the LF 100% substrate, followed by the LF 50% substrate, with the lowest content recorded in the PF 100% substrate (P = 0.002; Table 6). The nitrogen value in the residual frass was the highest in the LF 50% and the PF 100% groups.



3.6.3 Trace elements

The trace element analysis showed that the Fe, Mn, and Cr contents in the residual frass were significantly higher in the LF 100% substrate compared with the other substrates. However, the Zn content showed the lowest value of 30.00% ± 11.00 in the LF 100% substrate (Table 6). There were no significant differences in the Se level in the residual frass between the LF 100% and the LF 50% substrates but reaching the highest level in the PF 100% group (P = 0.066, Table 6). Meanwhile, the B levels in the residual frass were the highest in the PF 100% substrate, followed by the LF 100% substrate, with the lowest levels in the LF 50% substrate.



3.6.4 Heavy metals

Finally, the heavy metal values in the residual frass differ significantly among the different substrates, with the highest values in the LF 100% substrate, followed by the LF 50% substrate (Table 6). Meanwhile the Ni was significantly higher in the LF 100% substrate (3.563 ppm ± 0.511), compared with the other groups (P = 0.001; Table 6).




3.7 Amino acid composition in residual frass

The findings in Table 7 indicate the variations in the residual frass of the BSF larvae in terms of both the essential and non-essential amino acid content across the different substrate types. The levels of essential amino acids such as histidine and valine did not differ significantly in the residual frass obtained from the larvae reared on the three different substrates. However, the methionine content was significantly higher in the frass from the larvae fed on both the LF 100% and the LF 50% substrates, whereas isoleucine, leucine, and lysine were the highest in the PF 100% substrate (Table 7). The highest levels of threonine were observed in the LF 100% substrate, compared with the PF 100% and LF 50% substrates. Phenylalanine concentration was significantly highest in the residual frass obtained from larvae fed on both the PF 100% and the LF 100% substrates, followed by the LF 50% substrate. The highest total amino acid content was found in the residual frass gained from the LF 100% and the PF 100% substrate groups (Table 7).

TABLE 7 Effect of different substrates on amino acid composition and mineral profile in residual frass obtained at the end of black soldier fly larvae at 21 days of age, all values are expressed on dray matter (DM) basis.


	Traits
	Substrate level %
	Chi-square
	DF
	P-value



	
	PF 100% (Control)
	LF 100%
	Mix (PF 50% + LF 50%)
	
	
	





	Essential amino acids, %

 
	Threonine
	0.577 ± 0.035b
	1.750 ± 0.157a
	0.507 ± 0.025c
	7.200
	2
	0.004

 
	Histidine
	0.277 ± 0.050
	0.270 ± 0.044
	0.243 ± 0.045
	0.829
	2
	0.714

 
	Valine
	0.643 ± 0.055
	0.590 ± 0.044
	0.613 ± 0.055
	1.650
	2
	0.479

 
	Methionine
	0.163 ± 0.021b
	0.243 ± 0.107a, b
	0.243 ± 0.035a
	3.467
	2
	0.196

 
	Phenylalanine
	1.020 ± 0.075a
	0.923 ± 0.076a
	0.707 ± 0.040b
	6.252
	2
	0.014

 
	Isoleucine
	0.577 ± 0.045a
	0.280 ± 0.056c
	0.460 ± 0.020b
	7.200
	2
	0.004

 
	Leucine
	1.043 ± 0.067a
	0.567 ± 0.137c
	0.820 ± 0.046b
	7.200
	2
	0.004

 
	Lysine
	0.750 ± 0.060a
	0.583 ± 0.059b
	0.603 ± 0.021b
	5.600
	2
	0.050

 
	Total essential amino acids
	5.050 ± 0.151a
	5.206 ± 0.336a
	4.197 ± 0.042b
	5.600
	2
	0.050

 
	Non-essential amino acids, %

 
	ASP
	1.417 ± 0.137a
	1.147 ± 0.006b
	1.130 ± 0.066b
	5.647
	2
	0.039

 
	GLU
	2.490 ± 0.095a
	2.030 ± 0.104b
	2.120 ± 0.07b
	6.006
	2
	0.021

 
	Serine
	0.597 ± 0.021a
	0.577 ± 0.006a
	0.507 ± 0.015b
	6.713
	2
	0.011

 
	Glycine
	0.730 ± 0.108b
	1.200 ± 0.100a
	1.160 ± 0.061a
	5.422
	2
	0.071

 
	Arginine
	0.507 ± 0.021b
	0.413 ± 0.038c
	0.617 ± 0.038a
	7.200
	2
	0.004

 
	Alanine
	1.060 ± 0.050b
	1.770 ± 0.182a
	1.070 ± 0.036b
	5.422
	2
	0.071

 
	Tyrosine
	0.417 ± 0.031
	0.490 ± 0.070
	0.407 ± 0.015
	3.897
	2
	0.157

 
	Cystine
	0.160 ± 0.010b
	0.227 ± 0.015a
	0.210 ± 0.010a
	6.252
	2
	0.014

 
	Proline
	0.723 ± 0.080b
	0.773 ± 0.101a, b
	0.873 ± 0.031a
	3.467
	2
	0.196

 
	Total non-essential amino acids
	8.100 ± 0.270b
	8.627 ± 0.207a
	8.093 ± 0.035b
	5.600
	2
	0.050

 
	Amino acids index

 
	Total amino acids
	13.150 ± 0.335a
	13.833 ± 0.416a
	12.290 ± 0.070b
	6.489
	2
	0.011

 
	Essential amino acids, %
	38.47 ± 0.935a
	37.616 ± 1.532a
	34.147 ± 0.175b
	5.956
	2
	0.025

 
	Non-Essential amino acids, %
	61.593 ± 0.935a
	62.384 ± 1.532a
	65.854 ± 0.175b
	5.956
	2
	0.025

 
	Essential/non-essential amino acids ratio
	0.624 ± 0.025b
	0.604 ± 0.040b
	0.519 ± 0.004a
	5.956
	2
	0.025



a, b, c indicates that within a row, different subscripts are significantly different at P-value <0.05.

Samples for amino acid analyses were collected from the rearing box replicates.



Among the non-essential amino acids in the residual frass obtained from the BSF larvae, significant differences were observed across the different substrates (Table 7). The composition of the ASP, GLU, and serine levels was significantly higher in the residual frass obtained from the PF 100% substrate than the other substrate groups. Meanwhile, the concentrations of glycine and cystine were significantly higher in the LF 100% group (Table 7). The proline composition was 0.773% ± 0.101 and 0.873 ± 0.031 in the residual frass from the BSF larvae fed the LF 100% and LF 50% substrate groups, respectively, with no significant differences between both of them (P = 0.196; Table 7). No significant differences were observed in tyrosine levels among the residual frass obtained from the BSF larvae fed on all of the different substrates (P = 0.157, Table 7). The highest concentrations of alanine were observed in the residual frass from the LF 100% group, except for arginine, which showed a significantly lower value of 0.413 ± 0.038 in the same group (LF 100%, Table 5).

The total amino acid content in the residual frass differed significantly across the three substrates, with the highest value of 13.833 ± 0.416 in the LF 100% and 13.150 ± 0.335 in the PF 100% substrate groups, compared with 12.290 ± 0.070 in the LF 50% substrate group (P = 0.011; Table 7). The percentage of essential amino acids was the highest in both the PF 100% and the LF 100% groups, while the percentage of non-essential amino acids was the highest in the LF 50% group. Thus, the ratio of essential to non-essential amino acids was significantly different between the LF 100% and the LF 50% substrate groups (P = 0.025, Table 7).




4 Discussion

This study demonstrates that use of BSF larvae is a promising and efficient strategy for managing food waste. In Saudi Arabia, Bukhari Restaurants are a significant source of food waste due to their substantial volume of rice-based meals. Preliminary estimates indicate that these restaurants may generate up to 406,000 tons of waste annually. The method proposed by this study offers both environmental and economic benefits due to the ease of BSF cultivation and the absence of any known pathogen transmission associated with these larvae (Choi et al., 2009). The present study, therefore provided a sustainable solution for managing the high-fat food waste generated by these restaurants. The findings illustrated the presence of a significant growth rate in BSF larvae fed with 100% LF. Furthermore, the results revealed that substrate variation affects the growth performance, survival rate, chemical composition, mineral profile, amino acid concentration, and toxic elements in BSF larvae and their residual frass. Thus, the substrate type employed plays a crucial role in larval development, nutrient accumulation, and residual frass composition, demonstrating the importance of substrate optimization for improving BSF productivity and for enhancing by-product quality. This supports the potential for efficient waste management solutions that can convert organic waste into valuable resources, such as feed and organic fertilizers (Fischer et al., 2021).

This study found that the composition of the substrate influenced the growth performance and survival rate of the BSF larvae significantly. By day 21, the larvae reared on the 50% LF substrate demonstrated the highest survival rates and optimal growth, emphasizing the importance of selecting an appropriate substrate in order to optimize BSF biomass production. This suggests that mixed substrates may enhance larval growth, potentially due to greater nutrient diversity. This growth rate may be attributed to a moderate level of lipids, proteins, and carbohydrates in the 50% LF substrate, which likely contribute to increased body weight and size. It was noted by previous researchers that an increase in body size is associated with higher amounts of carbohydrate and especially a higher protein content in the larval diet (Sentinella et al., 2013). Moreover, lipid content plays a crucial role in larval growth, with moderate lipid levels supporting maximum weight gain, whereas a significant decline in larval weight gain occurs when the lipid content of the substrate is too low (Kieβling et al., 2023; Addeo et al., 2021). These findings provided valuable insights for enhancing the efficiency of waste-to-protein conversion in insect farming systems. Therefore, the selection of a nutrient-rich substrate is fundamental to BSF larval production, as higher protein feed engenders a greater biomass yield and impacts larval development significantly (Addeo et al., 2021; Somarny et al., 2023). In the current study, it was noticed that the fat content of BSF larvae was influenced by the nutrient composition of the substrate utilized. Previous studies have revealed that larvae reared on lipid-rich substrates tend to exhibit fatty acid profiles that reflect the composition of the ingested feed, further confirming the strong link between substrate quality and larval fat (Ewald, 2019). According to (Barragan-Fonseca et al., 2018), larval crude fat content increases with higher nutrient concentrations in substrate and larval densities, and the findings of their study suggested that while larval protein levels remain relatively stable within narrow limits, crude fat content is more susceptible to variations in nutrient concentration and population density. These observations were consistent with the findings of the present study, in which the substrate composition and lipid content played a significant role in determining the fat accumulation of the BSF larvae. In particular, the larvae reared on the LF 100% accumulated higher fat levels, which can be explained by the fact that foods rich in fatty foods and containing fat may reduce the efficiency of protein yield for feed purposes, it also highlights the potential of such larvae as a source of high-energy feed ingredients or as raw material for biodiesel production. However, several studies have reported that too much dietary fat may negatively affect larval performance. For instance, (Knudsen et al., 2021; Kröncke et al., 2023) observed that high-fat substrates reduced specific growth rates and either increased mortality or lowered weight gain, indicating a trade-off between fat accumulation and overall larval fitness. These reports align with the results of the present study, where larvae reared on the LF %100 showed significantly lower survival rates and body weight by day 21. Thus, the implications of high fat content extend beyond larval growth performance, offering alternative valorization pathways in bath sectors of feed and bioenergy. The fatty acid composition is critical for assessing nutritional quality, future studies should include detailed about a fatty acid profile of the larvae to better evaluate the suitability of BSF larvae as a feed ingredient for animals. Similarly, proteins and fats are important for meeting the requirements to support the metabolic processes and to promote growth, whereas minerals are essential for bone development, enzyme activation, and eggshell formation in laying hens (Attia et al., 2022).

In terms of amino acids, the total amino acid composition was higher in the larvae than in their frass, reflecting the fact that the protein content in the larvae ranged from 31.50% to 35%. The total amino acid content of the larvae harvested varied significantly across the different substrates. When formulating diets for aquatic and terrestrial animals, it is crucial to consider not only the amount but also the quality of the protein in the BSF larvae. This is significant because methionine and lysine often limit the nutritional value of animal diets (Attia et al., 2022; Scieuzo et al., 2023; Saviane et al., 2021; Candian et al., 2023; Bosch et al., 2024; Kim et al., 2025; Carroll et al., 2023; Wedwitschka et al., 2023; Mohan et al., 2023; St-Hilaire et al., 2007; Nguyen et al., 2015; Tinder et al., 2017; Clissold and Simpson, 2015; Van Huis, 2020; Meneguz et al., 2018; Oonincx et al., 2015; Proc et al., 2020; Onsongo et al., 2018; Barragan-Fonseca et al., 2017; Purschke et al., 2017; Boafo et al., 2023; Addeo et al., 2024; Diener et al., 2015; Booth and Sheppard, 1984; Association of Official Analytical Chemists (AOAC), 2005; Choi et al., 2009; Fischer et al., 2021). Previous research indicated that substrate could affect these limiting amino acids, although the variations are typically minor but significant. For instance, slight differences were observed in the amino acid profiles of BSF larvae fed chicken feed, vegetable waste, biogas digestate, or restaurant waste (Spranghers et al., 2017). Similarly, certain notable differences were identified in BSF larvae fed various waste products, although these differences were also numerically small (Fischer et al., 2021; Lalander et al., 2019; Fischer and Romano, 2021). Amino acids play crucial roles in the metabolic processes, and are essential for the health, development, and reproduction of organisms (Pagliaro et al., 2022). They optimize nutrient absorption and transport, contribute to vitamin biosynthesis, stimulate growth, and increase tolerance to environmental stress (Mosa et al., 2021).

Regarding the residual frass in the present study, the amino acid composition presented alanine with a concentration ranging from 1.060 to 1.770%, with the highest concentration in the LF 100% group and no significant differences recorded between the other groups, whereas it was observed at 0.88% in the by-product of the fish oil extraction, which is called AnchoisFert (Pagliaro et al., 2022), a novel organic fertilizer produced as a by-product in a single process that combines fish oil extraction with limonene from leftover anchovy filets (Muscolo et al., 2022). Alanine constitutes a vital amino acid and accumulates as a general stress response molecule that protects plants from extreme temperatures, hypoxia, drought, and chemical and biological stresses (Parthasarathy et al., 2019). Moreover, proline plays a crucial role in aiding plant recovery from stress, thus accumulating proline in various plant species in response to environmental stress (Szabados and Savouré, 2010). The present study revealed excellent results in terms of high concentrations of threonine, aspartic acid, methionine, and phenylalanine. These findings highlighted the significance of threonine, as it plays an essential role in plant growth, seed development, metabolism, and gene expression (Ghazanfari et al., 2024), and aspartic acid also helps plants to endure adverse environmental conditions, such as drought, salinity, and heavy metal toxicity (Alfosea-Simón et al., 2021). Methionine also regulates plant evolutionary processes and plays a pivotal role in metabolic ecosystem responses, helping plants to adapt to different environmental conditions (Alfosea-Simón et al., 2020). Meanwhile, phenylalanine plays an important role in plant growth and development, especially in roots (Alfosea-Simón et al., 2020). Black soldier fly frass has also been shown to improve soil fertility and crop productivity in diverse settings, from field and greenhouse to soilless systems (Anedo et al., 2025). When applied frass in limited and known amounts, leading to increase nitrogen availability, improve both levels of phosphorus and potassium, and enhance biological activity (Boudabbous et al., 2023). In addition to serving as a direct source of organic nitrogen, it is important for crop production. For example, potatoes increased by 34–72%, while tomatoes, kale, and beans yielded 2.4–5.4 times more than with standard fertilizers (Anedo et al., 2025). Also, lettuce maintained higher CO2 assimilation and achieved yields up to 30.4 g under drought stress (Sawińska et al., 2024). Although the amino acid effect was not isolated, the natural amino acid content of frass is inferred to enhance nutrient efficiency, crude protein in crops, and overall plant nutrition (Anyega et al., 2021). This suggests that BSF frass could be applied not only as a nutrient input but also as a functional soil amendment capable of improving crop resilience and productivity under challenging environmental conditions. Hence, the amino acid composition found in the residual frass of larvae emphasizes their critical role in plant health, growth, and adaptation to environmental stresses. The results of the current study highlighted the potential of BSF larvae as a valuable organic fertilizer for enhancing agricultural sustainability and promoting plant resilience under various environmental conditions.

It is vital to consider macro- and micro-minerals for utilizing insect products in humans, animals, and plants to meet their requirements. Additionally, heavy metals are considered the main source of contamination for food supplements and have been shown to be a serious environmental issue (Korish and Attia, 2020; Mehar et al., 2023). Chronic exposure to toxic elements poses serious health risks to both humans and animals, potentially causing nephrotoxicity, neurotoxicity, hepatotoxicity, and dermatological and cardiovascular disorders (Mitra et al., 2022). Furthermore, the accumulation of toxic elements in residual frass used as a soil amendment may be facilitated. Their entry into the food chain increases the risk of prolonged exposure in humans and exerts direct adverse effects on plant physiology. Heavy metal toxicity is recognized as a critical abiotic stressor in plants that affects their growth, development, and metabolic processes negatively (Saxena and Shekhawat, 2013).

In the current study, the levels of Cd in the residual frass and larvae were observed to be lower than those observed in other studies concerning edible insects (Truzzi et al., 2019; Bessa et al., 2021). This was probably due to its low concentration in larval substrates. Cadmium is recognized as an element that is highly toxic to humans and animals, with prolonged oral exposure linked to several adverse health effects on many organs, including the liver, kidney, lungs, bones, and blood, as well as being linked to the induction of cancerous growth (Huff et al., 2007). In the present study, elevated concentrations of Pb were detected in the harvested BSF larvae, despite the absence or low levels of lead in the corresponding substrates. This observation was consistent with the findings reported by (Proc et al., 2020) but raised important questions regarding the potential sources of contamination. The presence of Pb in insects is likely due to external contamination, as insects cannot biosynthesize heavy metals. This contamination can potentially occur from various sources, from the rearing equipment or process, environmental exposure, or the breeding facility itself (Meyer et al., 2021). Thus, the results of the present study underscore the necessity for accurate traceability and control of all input and materials used in BSF production systems to ensure contamination-free biomass.

The Hg measured in the harvested BSF larvae was below 1 mg/kg, indicating a negligible amount and no associated toxicological risk. Although the Hg levels were minimal in the present trial, future research should account for the substrate origin, particularly when marine- or fish-based materials are used, due to their higher propensity for Hg contamination (Bespalova and Mousavi, 2013). Moreover, arsenic accumulation was observed in the harvested larvae in all of the groups, which was related to their substrates and was consistent with the study conducted by (Biancarosa et al., 2018). Although the Ni levels were less than 0.5 mg/kg in the larvae of all three groups, their level in the frass was higher than 1.88 mg/kg. This meant that the Ni did not accumulate in the larvae (Truzzi et al., 2020). Therefore, the Ni concentration in the frass varied significantly in the range 1.94–4.42 ppm. Thus, the levels of heavy metals reported in the present study were below the maximum permissible limits established by the European Commission for animal feed materials (Directive 2002/32/EC), which specify thresholds of 2.5 mg/kg for Pb, 1.0 mg/kg for Cd, 0.1 mg/kg for Hg and 2.0 mg/kg for As. The findings indicated that the BSF larvae and frass produced by this study were within the safety limits for potential use in feed and agricultural applications.

However, macro- and micro-minerals have structural, physiological, and regulatory functions in the bodies of animals (Andrieu, 2008; Suttle, 2010). The levels of Ca and P are the most abundant in the body and are functionally related because of their roles in eggshell and bone formation (Li et al., 2017; Zotte et al., 2019). In the current study, the calcium levels in the larvae across the different groups were generally higher than those in their frass. Ca is a vital element in the body of animals (Andrieu, 2008; Suttle, 2010). Moreover, Ca, P, K, Na, and Mg varied in the larval accumulation across the three groups, depending on the substrate composition, which was consistent with the findings of (Addeo et al., 2024; Diener et al., 2015; Booth and Sheppard, 1984; Association of Official Analytical Chemists (AOAC), 2005; Choi et al., 2009; Fischer et al., 2021; Sentinella et al., 2013; Kieβling et al., 2023; Addeo et al., 2021; Somarny et al., 2023; Ewald, 2019; Barragan-Fonseca et al., 2018; Knudsen et al., 2021; Kröncke et al., 2023; Spranghers et al., 2017; Lalander et al., 2019; Fischer and Romano, 2021; Pagliaro et al., 2022; Mosa et al., 2021; Muscolo et al., 2022; Parthasarathy et al., 2019; Szabados and Savouré, 2010; Ghazanfari et al., 2024; Alfosea-Simón et al., 2021, 2020; Jiao et al., 2017; Anedo et al., 2025; Boudabbous et al., 2023; Sawińska et al., 2024; Anyega et al., 2021; Korish and Attia, 2020; Mehar et al., 2023; Mitra et al., 2022; Saxena and Shekhawat, 2013; Truzzi et al., 2019; Bessa et al., 2021; Huff et al., 2007; Meyer et al., 2021; Bespalova and Mousavi, 2013; Biancarosa et al., 2018; Truzzi et al., 2020; Andrieu, 2008; Suttle, 2010; Li et al., 2017; Zotte et al., 2019; Chia et al., 2020). However, the P, Na, Mg, and K concentrations in the larvae were lower than those in their frass. Currently, there are various commercially available BSF larvae frass products used as organic fertilizers and soil amendments because of their high nitrogen-phosphorous-potassium (NPK) content, which is similar to, or even surpasses, that of other organic fertilizers (Choi et al., 2009). The NPK balance of BSF larval frass can be manipulated by adjusting the composition of the feed and amending it with additional carbon. Optimal NPK ratios can be achieved by using a standardized diet for BSF larvae, which includes 50% wheat bran, 30% alfalfa meal, and 20% corn meal (Setti et al., 2019). Additionally, increasing the carbon-to-nitrogen ratio to 15 via sawdust addition enhances N and P retention and accelerates composting (Beesigamukama et al., 2021). The amount of phosphorus in frass promotes the development and growth of roots and improves the formation of flowers, fruits, and seeds (Vance et al., 2003). Potassium is essential for numerous biochemical and physiological functions that contribute to plant growth and development (Hasanuzzaman et al., 2018). It also plays a role in protein synthesis, carbohydrate metabolism, and enzyme activation (Wang et al., 2013). Moreover, the Mg in frass is crucial because it contributes to increasing chlorophyll production and facilitates the metabolism of phosphorus and potassium (Marschner, 2012).

In addition, some elements are essential nutrients, albeit in limited amounts, because they can act as toxins in high concentrations. For instance, Fe is stored in insect bodies via ferritin, and contributes to larval pigmentation (Janssen et al., 2019). As (Nairuti et al., 2021) revealed, BSF larvae can accumulate high levels of Fe, depending on its concentration in the substrate. They observed high Fe concentrations in larvae in the LF 100% and LF 50% groups in their study, but the frass in these groups contained more than double the amount of Fe found in the larvae, suggesting limited Fe ingestion. These findings suggested that the accumulation of Fe in frass is influenced by the substrate source, which affects the bioavailability of Fe in BSF larvae. Meanwhile, Zn was found in elevated concentrations in the BSF larvae in their study, despite its relatively low levels in their substrate. This observation was consistent with the findings of (Diener et al., 2015), who reported that Zn uptake in insects is subject to active regulatory mechanisms. As an essential mineral for insect metabolism, Zn is tightly regulated and BSF larvae are capable of increasing Zn absorption under conditions of limited dietary availability (Böhm et al., 2022). Additionally, the presence of Zn in frass plays a crucial role in enhancing seedling growth and promoting their resistance to diseases (Alloway, 2008). Therefore, nutrients essential for fortifying plants, such as Mg, Fe, Mn, and Zn, can potentially improve their nutritional value for human consumption (Jiao et al., 2017). Meanwhile, Se plays a critical role in enzymatic function in animals and humans (Attia et al., 2010; Adadi et al., 2019), although there are limited studies concerning its accumulation in BSF larvae and their frass; therefore, further research is required to determine whether Se bioavailability varies across different substrates.

In all, three active processes can be identified that influence the concentration of certain minerals in insect frass: first, the concentration of a specific mineral, due to the reduction of water and other nutrients; second, the decrease of the mineral as it accumulates in the insect's body; and third, the increase of a specific mineral, due to its expulsion through insect excrement and exuviae (Addeo et al., 2024). The interplay of these three factors can elucidate the varying behaviors of a specific mineral in relation to its concentration in feed, larvae, and their frass.

Furthermore, several previous studies demonstrated the benefits of chitin content in BSF larvae frass for soil, highlighting its effectiveness for mitigating erosion, preventing plant diseases, and treating root sepsis (Ahmed et al., 2021). Chitin not only influences the carbon-to-nitrogen (C:N) ratio, but its degradation product, chitosan, can also offer overlooked advantages for plant health, including enhanced pathogen resistance, pest reduction, and improved plant growth (Tharanathan and Kittur, 2003; Sharp, 2013). The C:N ratio is a vital consideration when deciding whether to use frass as a soil amendment or co-substrate in processes such as anaerobic digestion or composting (Dioha et al., 2013; Wang et al., 2019). The role of chitin in insects is often associated with chitinolytic gut symbionts (Borkott and Insam, 1990), a topic that requires further exploration, particularly in the context of BSF larvae. Fertilizers containing chitin have been identified as an excellent source of nitrogen (Wang et al., 2019). Therefore, the chitin content of BSF larvae frass shows promise for pest management and for enhancing plant growth and health (Fischer et al., 2021), underscoring the need for further research in these areas to promote sustainable agricultural practices.



5 Conclusions

This study highlighted the potential of using BSF larvae as an effective and sustainable solution for managing food waste, particularly for addressing the substantial waste generated by Bukhari restaurants in Saudi Arabia. The BSF larvae efficiently transform organic waste into high-value biomass and nutrient-rich residual frass, supporting environmental sustainability and circular economic principles. The composition of the rearing substrate influences the key biological parameters of the BSF larvae significantly, including their growth performance, survival rate, proximate composition, mineral profile, amino acid content, and toxic elements, accumulation. Notably, the LF 50% substrate produced the highest larval body weight and survival rate, which was attributed to its rich lipid and protein content. These nutrients are important for supporting larval metabolism and development, with downstream implications for feed and fertilizer quality. Both larvae and residual frass contained high levels of essential amino acids and beneficial minerals, whereas the toxic elements remained below hazardous thresholds, confirming the safety of the resulting products. These findings highlighted the novel evidence on the valorization of high-fat restaurant leftover food waste, a largely underexplored substrate in the region. By demonstrating that BSF larvae can safely and efficiently process such organic waste into protein-rich feed and organic fertilizer, this work contributes new insights into sustainable waste management strategies under the Saudi Green Initiative. These results have broader implications for policy, as supporting the integration of insect bioconversion into national food waste reduction targets, and for agricultural practice, where BSF-derived products can serve as cost-effective feed alternatives and biofertilizer to enhance soil health. substrates to enhance the nutritional value and safety of BSF-derived feed and fertilizer. Overall, this study demonstrated that BSF larvae bioconversion is a viable and sustainable approach for organic waste management, with strong potential to support food security and environmental goals under the SGI. Future research should focus on the long-term field applications of BSF frass, the scalability of BSF systems using various waste streams, and the refining of feed formulations to optimize insect nutrient profiles for specific agricultural uses.
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