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Insect-Mediated Bioconversion of Food Wastes: Evaluating Growth and Efficiency of Zophobas morio Larvae

Abstract
The study of the Superworms (SW) (Zophobas morio) to bio-convert organic waste substrates such as carrot, cabbage, potato, mango, banana and kitchen waste, took place over a 90-day period. The goal was to measure the efficacy of SW in bio-converting organic substrates into biomass to contribute to sustainable waste management and ultimately environmental pollution reduction. Parameters measured included the percent gain biomass; biomass yield; bioconversion efficiency; percent reduction; waste reduction index; and feed conversion ratio (FCR). The results demonstrated that SW were capable of good bioconversion, with high biomass gain and waste reduction, with a few exceptions of banana and kitchen waste. In all groups except kitchen waste, there was a high rate of biomass gain and waste reduction. The worms in the kitchen waste group were all dead after three days and all were in an advanced stage of decay. This is likely due to too much moisture in the kitchen waste. Of the tested substrates, the highest bioconversion performance  was wheat bran (control), potato, and cabbage; while banana had the lowest biomass gain and mortality soon after feeding, due to rapid moisture reduction. Overall, this study demonstrates the potential of  SW to valorize selected organic wastes, while also showing the capability of these species to convert lower value waste into insect biomass. The conversion of low-value, nutrient-rich organic waste into insect biomass has the potential to help reduce landfill load, help manage food waste, or reduce environmental pollution.
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1. Introduction
In recent decades, food waste has emerged as a major global issue, both in terms of its volume and its overarching environmental impacts. As per the UNEP Food Waste Index Report 2024, the world wasted around 1.05 billion tonnes of food in 2022, which is about 132 kilograms per person, and is approximately 19% of all food available to consumers at retail, food service and household levels (UNEP 2024). This wavering level of wastage not only represents an enormous loss of resources including water, labor, and energy, but also contributes significantly to environmental degradation. When food waste ends up in landfills, it decomposes anaerobically and releases methane, a greenhouse gas that is over 25 times more potent than carbon dioxide in terms of global warming potential (Yusuf et al. 2016). In fact, food waste alone is responsible for about 10 -12% of global greenhouse gas emissions annually, making it a critical target for climate action. Beyond greenhouse gas emissions, food waste leads to the overburdening of landfills, leaching of nutrients into groundwater, and increased pressure on waste management systems (Porter et al. 2016). 
There are different natural mitigation techniques for food waste valorisation that have gained increasing attention in recent years as sustainable alternatives to landfilling and incineration. These techniques aim to convert food waste into valuable products using environmentally friendly and biologically inspired processes. Composting, converts food waste into nutrient-rich compost through aerobic microbial decomposition, enhancing soil fertility (Palaniveloo et al. 2020). Insect-Based Bioconversion is using insects like black soldier fly, meal worm and other larvae to transform food waste into high-protein biomass and organic fertilizer (frass) (Siddiqui et al. 2024). Anaerobic Digestion breaks down food waste in oxygen-free conditions to produce biogas for energy and digestate for agricultural use (Morales-Polo et al. 2018). Fungal Solid-State Fermentation (SSF) employs fungi to ferment solid food waste into valuable enzymes, animal feed, and bioactive compounds (Tian et al. 2018). Microbial Fermentation and Enzymatic Hydrolysis uses microbes or enzymes to ferment food waste into bioethanol, organic acids, and single-cell proteins (Demichelis et al. 2017). Biochar Production (Pyrolysis), it thermochemically converts food waste into biochar, a stable carbon-rich product that improves soil quality and stores carbon (Dunnigan et al. 2018).
There are several studies on insect-based bioconversion using different insects. Black Soldier Fly Larvae (Hermetia illucens) converts a wide range of food waste into high-protein biomass and frass fertilizer (Mahmood et al. 2021). Housefly Larvae (Musca domestica) efficiently degrades food waste and slaughterhouse waste, producing maggot meal for poultry and fish feed (Hussein et al. 2017). Mealworms (Tenebrio molitor) feed on vegetable and cereal-based food waste, produce protein and can be used in food or feed (Hong et al. 2020). Lesser Mealworms (Alphitobius diaperinus) can digest starchy and fibrous food waste, producing larvae for feed and frass for soil amendment (Mazurek et al. 2023). 
Superworms (SW) (Gourgouta et al. 2024) are the larval stage of darkling beetle (Z. morio), which are often confused with mealworms (T. molitor). SW are much larger than mealworms, growing to nearly 5–6 cm in length, and are aggressive feeders and a resilient organisms. They are native to Central and South America, but now widely distributed across North America, Europe, and parts of Asia due to commercial breeding and use in the pet trade and research. They are naturally found in warm, humid environments, commonly in decaying wood, compost piles, or leaf litter areas where there is an abundance of organic matter (Rumbos and Athanassiou 2021). 
Many studies have been published in recent times displaying the incredible abilities of SW to degrade synthetic polymers which is primarily accomplished through their impressive gut microbiota . Polystyrene (PS), commonly found in disposable containers, cups, packaging foam (Styrofoam) (Sun et al. 2022), Expanded Polystyrene (EPS), a lightweight foam plastic variant used in packaging and insulation (Mapfumo et al. 2024), Polyethylene (PE) that is widely used in plastic bags, films, containers and bottles (Kim et al. 2023), Low-Density Polyethylene (LDPE) common in plastic bags and six-pack rings (Apollo et al. 2023), have all been used as substrates in these studies and demonstrated promising results in reducing the environmental pollution. However, limited research has focused on the use of SW for organic waste management, particularly in the bioconversion of a wide range of fruit and vegetable waste streams. This study intends to fill that gap with the aim of assessing the efficacy of SW and their gut microbial communities on degrading a range of mixed fruit and vegetable substrates. 
2. Material & Methods
2.1.  Raw Materials
Freshly hatched SW larvae (5–10 mm in length) were procured from a commercial insect farm, Promeal, located in Nasik, Maharashtra. Organic waste substrates including carrot, cabbage, potato, and mango were collected individually, while wheat bran was purchased from the local market in Thanjavur. Separate collection bins were installed near a fruit and vegetable store for gathering the specific fruit and vegetable wastes. Additionally, two separate bins were placed in the NIFTEM-T hostel mess to collect kitchen waste and banana waste, primarily consisting of peel.
2.2. Feeding rates
To ensure proper acclimatization and optimal health, SW were placed onto wheat bran (sole substrate) for 20 days after shipping, consistent with the procedures outlined by Harsanyi et al. (2020). Seven types of feed substrates (carrot, cabbage, potato, mango, banana, kitchen waste) were evaluated in this study. Each treatment was performed in triplicate using three uniformly sized containers (12 cm height × 16 cm diameter). At ten-day intervals (10d), the worms were provided feed substrates weighing three times their live body weight (Latney et al. 2017). Also, dead worms were removed at each 10d monitoring period and live worms were weighed to assess growth. The three containers were housed as mentioned earlier, in conditions where temperature was maintained at 25–30 °C, relative humidity was maintained at 60–70%, and worms were held under a 12h light and 12h dark cycle (Ribeiro et al. 2018). The experiment lasted for 90 days, until larvae reached the pre-pupal stage.
2.3. Evaluation of Growth and Bioconversion parameters
2.3.1. Survival rate
In insect rearing experiments, the survival rate percentage reflects the proportion of insects that reach adulthood or a specific life stage relative to the initial number introduced at the start of the experiment. It can be calculated using the following formula  (Ebeneezar et al. 2021)
 Survival rate (%) =  ×100  
2.3.2. Biomass gain Percentage
Biomass gain in insects is generally expressed as the percentage increase in their weight over a defined period, serving as a measurable indicator of their growth and development. It can be calculated using the following formula (Ebeneezar et al. 2021)
Biomass gain per larva (%)  =  ×100 

2.3.3. Biomass Yield (g/g)
Biomass yield is the quantity of larval mass produced per unit of feed supply (Ebeneezar et al. 2021). 
Biomass yield (g/g) =    
2.3.4. Bioconversion efficiency 
The bioconversion efficiency of the larvae fed with different waste was determined (Ebeneezar et al. 2021).
BE  (%)=     ×100  
Where, 
D is the quantity of diet provided (g, wet basis)
WF is final larval weight (g, as wet basis)
WI is initial larva weight (g, as wet basis)
2.3.5. Substrate reduction Percentage Or Waste reduction Percentage
 Substrate reduction refers to the proportion of the original feed material that is consumed and transformed by insects during the rearing process. Substrate reduction is calculated based on the following formula (Ebeneezar et al. 2021).
Substrate reduction (%) =  
2.3.6. Waste reduction index (%)
This WRI value can be calculated using the following (Ayu et al. 2023)
WRI (%) = 
            D = 
WRI = Waste reduction index (%)
D = Total waste reduction
t = Total time the larvae eat the litter (days)
W = The initial weight of the litter before degradation (gr)
R = The final weight of the litter after a specific time (gr)


2.3.7. Feed conversion rate (FCR) 
It is calculated using the formula (Ebeneezar et al. 2021)
Feed conversion rate (FCR) =  

3. Results & Discussions
3.1.  Survival Rate 
The survival rates of SW (Z. morio) fed on different fruit and vegetable substrates across a 90-day period showed substantial variability among substrates (Table. 1). SW fed on wheat bran (control) had the highest survival rate at 68.33 ± 0.88% followed by carrot (61.78 ± 1.35%) and mango (58.58 ± 0.84%), while cabbage (57.44 ± 1.02%) and potato (56.22 ± 0.70%) facilitated moderate survival. Banana peel had a seemingly low survival rate at only 1.22 ± 0.39%, where worms in the banana peel group had total mortality by the 60th day. 



The significant variation in survival rates among different fruit and vegetable substrates points to the critical role of diet composition in super worm viability. Diet can impact the survival of insects but also the insect's growth rates, and development time, as well as affect the overall bioconversion efficiency (van Huis 2020). The extremely poor survival of the banana peel group might be due to the quick drying nature of the substrate. Because the banana peels were chopped into smaller pieces, the surface area increased which would cause moisture to be lost more quickly over the 10-day feeding. SW require a moist environment to feed and hydrate optimally, and the quick drop in moisture likely stressed the worms and caused cannibalism, which has been described under less than optimal rearing conditions (Morales-Ramos et al. 2012) (Hausmann et al. 2022). Conversely, substrates like carrot and mango with bigger substrate size led to optimal conditions which resulted in better survival. This illustrates the role of the size, feeding rate, environmental conditions, moisture content and particularly moisture retention, that play in the success of insect rearing systems
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3.2. Biomass gain Percentage 
Significant differences among treatments were observed for biomass gain (BG) percentages (Table.1) of super worms reared on various substrates during a 90-day period. SW fed on wheat bran (control), carrot, cabbage, potato, and mango substrates had high and statistically similar biomass gains (91.41 ± 0.67% to 95.55 ± 1.55%).
The results gained from the biomass gain of super worms fed on different food waste substrates demonstrate their potential as a viable option for organic waste bioconversion. The super worms had good biomass gain percentiles for wheat bran, carrot, cabbage, potato, and mango indicating that super worms can effectively bio-convert these food wastes into insect biomass, validating previous studies of their potential to adapt while reducing waste (Harsanyi et al. 2020). Z. morio can comfortably utilize many organic substrates and positively highlight their inclusion for the biotransformation of low-cost organic substrates like food waste into high-protein biomass for animal feed or other uses, creating a bio-circular economy (Jung et al. 2023). The negative biomass gain of the banana peel group clearly illustrates how not all food wastes are equal, the substrate properties concerning moisture content and nutrient quantity and quality are critical determinants of  Z. morio larval growth and survival.

3.3. Biomass Yield %
Biomass yield (BY) values (Table.1) once again indicate how well super worms converted each food waste substrate into usable biomass. The biomass yield of wheat bran (control) was highest, at 0.73 ± 0.04, was significantly higher than any of the experimental diets. Among the vegetable and fruit-based substrates, cabbage, mango, banana, carrot, and potato produced lower and statistically similar biomass yields (0.30 ± 0.01 – 0.40 ± 0.01).
Biomass yield is a key metric when suggesting values for conversion of organic waste through insect farming. Although biomass yields were lower than wheat bran control values, super worms have grown on diverse food waste types which demonstrates their ability to serve as biological waste converters and decomposers. These results also support other studies which have identified different insects as effective decomposers of nutrient rich organic residues (Gold et al. 2018). In the context of moderate biomass yield, the environmental value is in diverting out of the waste stream, large quantities of food waste in ways that otherwise would have contributed to methane emissions and pollution if left to rot in a landfill (Parodi et al. 2018). Super worm rearing is an ecological way to engage with common substrates with currently underutilized waste streams (cabbage trimming, mango peels, banana skins) which can result in insects with substantial propagation.
Table.1 Bioconversion parameters of the SW after feeding on different waste substrates for 90 days

	Feeds
	SR%
	BG%
	BY (g/g)
	BE
	W Red%
	WRI%
	FCR

	WB (C)
	68.33 ± 0.88a
	91.41 ± 0.67a
	0.73 ± 0.04a
	7.85 ± 0.15b
	10.44 ± 0.84b
	0.32 ± 0.02c
	8.62 ± 0.90b

	Carrot
	61.78 ± 1.35b
	92.81 ± 0.01a
	0.33 ± 0.01ab
	8.03 ± 0.03ab
	 22.42 ± 0.17a
	1.04 ± 0b
	8.14 ± 0.32b

	Cabbage
	57.44 ± 1.02cd
	95.55 ± 1.55a
	0.40 ± 0.01ab
	8.04 ± 0.85ab
	 22.32 ± 0.30a
	1.05 ± 0b
	6.87 ± 0.15b

	Potato
	56.22 ± 0.70d
	94.87 ± 1.30a
	0.30 ± 0.01b
	8.13 ± 0.10a
	 22.42 ± 0.20a
	1.03 ± 0.01b
	8.81 ± 0.15b

	Mango
	58.58 ± 0.84c
	94.36 ± 1.16a
	0.32 ± 0.01ab
	8.03 ± 0.09ab
	22.90 ± 0.33a
	1.05 ± 0b
	8.09 ± 0.34b

	Banana
	1.22 ± 0.39e
	-310.24 ± 50.83b
	0.37 ± 0.37ab
	-3.07 ± 0.02c
	11.85 ± 7.03b
	1.28 ± 0.02a
	27.80 ± 15.56a



All the values are represented as mean ± standard deviation of replicates. 
The values which do not share common letter within the row are significantly different at (P<0.05).







3.4. Bioconversion Efficiency 
The bioconversion efficiency (BE) (Table.1) of super worms given various types of organic waste substrates was significantly variable. The highest BE was indicated by worms that were provided with potato peels (8.13 ± 0.10), demonstrating a more efficient conversion of feed to biomass. Cabbage (8.04 ± 0.85), mangoes (8.03 ± 0.09) and carrots (8.03 ± 0.03) diets indicate that these vegetable feeds support a better metabolism during larval development. The wheat bran control group (7.85 ± 0.15) BE results were not significantly different but was comparatively lower for BE. 
The conversion efficiency is an important metric for evaluating the capacity of insects to convert waste substrates into biomass. In this study, SW were able to bio-convert several vegetable waste substrates successfully demonstrated a bioconversion ability across a variety of vegetable waste substrates, with the highest bioconversion efficiency on potato skins. Previous studies have demonstrated that insects such as T. molitor and H. illucens are able to utilise agro-waste to produce protein enriched biomass. Specifically, bioconversion efficiency (BE) values between 6%–10% depending on the feed composition and moisture content were reported by (Oonincx et al. 2015) and (Nyakeri et al. 2017). The super worms were unable to bio-convert banana skins because they lost their moisture quickly, consequently making the substrate unsuitable for larval development and resulting in cannibalism or starvation.
Overall, the results from this experiment reaffirm that super worms have potential as agents for biowaste conversion. Their ability to bio-convert readily available organic waste into biomass provides a solution to sustainably manage food waste and relieve environmental pollution. The addition of insects in waste conversion could greatly reduce organic waste in landfills, lower greenhouse gas emissions, and create a stronger circular economy in agriculture and food production as a whole.

3.5. Waste Reduction Percentage 
The waste reduction (W Red) percentages (Table.1)  in super worms (Z morio) fed various fruit and vegetables as substrate were statistically different. The highest W Red values were eaten from mango (22.90 ± 0.33), potato (22.42 ± 0.20), carrot (22.42 ± 0.17), and cabbage (21.32 ± 0.30). However, banana peel (11.85 ± 7.03) and wheat bran (10.44 ± 0.84)  had much lower W Red  percentages.

Waste reduction is a crucial indicator in evaluating the environmental benefit of insect-based bioconversion systems. The WR values obtained from vegetable-based substrates were very high, indicating the efficacy of super worms to consume and process organic material. This trend of W Red values are consistent with those of (Parodi et al. 2018) who reported waste reduction values greater than 90% with super worms fed fibrous vegetable residues, and was indicative of their ability to feed on higher cellulose diets. In comparison, H. illucens studies have reported WR values spanning from 50% to 80% dependent on substrate and moisture content (Gold et al. 2018). The relatively low W Red for wheat bran and banana peels could be attributed to limited moisture or nutrient imbalance, reducing larval activity and feed degradation rates.

3.6. Waste Reduction Index 
The Waste Reduction Index (WRI) (Table.1) varies across the diets from the extent of reduction and time taken to achieve this reduction. The most WRI of banana peels (1.28 ± 0.02) showed the fastest substrate reduction relative to the experimental period, even with the very poor survivability with banana peels and low growth performance. Wheat bran had the least WRI (0.32 ± 0.02) with statistically lower efficiency (p < 0.05), as reflected by the efficiency per day of reducing the substrate. The carrot, cabbage, potato, and mango substrates had statistically equivalent WRI (1.03 ± 0.01 to 1.05 ± 0), which indicated that a consistent and balanced reduction performance was observed over the 90-day period.
The higher WRI from banana peels suggests that SW can effectively degrade certain organic wastes in quick periods. Note that fast degradation does not mean it is the best substrate for larval nutrition and/or survivorship. Fast degraded substrates may not provide adequate nutrition or, due to the properties of the substrates (e.g., moisture content), could create conditions that result in other negative outcomes, such as increased mortality and/or reduced biomass gain. For example, the banana peels were high in moisture and degraded quickly, possibly detrimentally affecting larval development.
Conversely, carrot, cabbage, potato, and mango provided a blend of substrate reduction and relative health of the larvae as indicated by their moderate WRI and overall uniform performance of the larvae. Therefore, the potential of SW to convert various organic waste substrates into quality biomass, and to reduce waste and contribute to environmental sustainability is demonstrated.
3.7. Feed Conversion Ratio 
The feed conversion ratio (FCR) is a measure of biological efficiency, how well an organism converts feed into body mass. A lower FCR indicates higher efficiency (Davison et al. 2023). In this experiment, SW  converted feed to body mass the best when fed cabbage (6.87 ± 0.15), followed by mango (8.09 ± 0.34), carrot (8.14 ± 0.32), wheat bran (control, 8.62 ± 0.90), and potato (8.81 ± 0.15). The FCR for larvae fed banana was much larger (27.80 ± 15.56) and illustrates much less conversion efficiency of feed to biomass. The lower case a and b statically indicates the banana peel was significantly different (p < 0.05) from all other treatments while the cluster of other treatments did not differ significantly amongst one another.
Feed conversion ratio (FCR) is a serious indicator of insect bioconversion system performance. The significantly lower FCR values associated with the groups of cabbage, mango, carrot, and potato indicate a relative ability to support superworm growth in these substrates with efficient conversion from feed to biomass. Similar patterns in FCR have been reported for other insect species. For example, H illucens have been reported to have FCRs between 2.0 and 8.0, depending on the substrate and rearing conditions (Gold et al. 2018; van Huis 2020).
 
4. [bookmark: _GoBack]Conclusion and Future Study : 
The results of this study demonstrate the capacity of SW to contribute to the conversion of food waste (fruit and vegetable waste), presenting the potential to help reduce food waste and, in turn, environmental pollution. SW responses were recorded that varied across the substrate types (wheat bran, carrot , cabbage, potato, mango and banana peels) tested, and these included average survival rate, average biomass gain, average yield, average efficiency of bioconversion, average feed conversion rate,  percentage waste reduction, and average waste reduction index. Each of these indicators provides some information on the ability of SW to rapidly convert organic waste into biomass under some dietary conditions.
Specifically, the substrates cabbage, carrot, mango and potato, showed high survival rates (greater than 56%) and high biomass gains (greater than 91%), in addition to high waste digesting efficiencies (greater than 96%). The substrates enabled low FCR (6.87 and 8.81), which is remarkable, and a good conversion of feed to biomass. The Bioconversion Efficiency (BE) for these substrates amounted to 8.03-8.13% and indicate a rational diet for mass rearing of SW on plant-based wastes. This indication that SW can thrive on these substrates provides significant evidence that means the streams of fruit and vegetable waste often sent to the landfill or incineration can instead be repurposed within a circular bioeconomy where the biomass waste can be transformed into insect protein, chitin and frass that can have agricultural or industrial uses. 
On the other hand, banana peels were not a good substrate as demonstrated by the low survival (1.22%), negative biomass gain and bioconversion efficiency, and very high FCR (27.80). The high FCR could possibly be explained by a rapid rate of dehydration and physical breakdown of the banana peels over time, leading to a lack of nutritional availability, and excess cannibalization by larvae. While banana peels had the highest WRI value (1.28), it exhibited poor conversion metrics overall suggesting that this substrate was not consistent and nutritionally sufficient for the larvae to grow properly, and therefore has limited value in waste valorisation without preprocessing or supplementation.
Furthermore, kitchen waste was tested as an alternate feeding substrate. Unfortunately, all of the SW died within three days of exposure likely due to the kitchen waste being too wet and requiring microbial spoilage, which could have produced an unsuitable habitat. This demonstrates the necessity of thinking carefully about substrate selection and pretreatment when designing diets for SW bioconversion systems.
 From an environmental perspective, effective conversion of organic residues into insect biomass addresses global goals relating to sustainable waste management. Traditional practices involving landfilling and open dumping create significant greenhouse gas emissions and contamination of groundwater, and using arable land for these activities is a problem noting. Insects such as SW provide a biogenic and lower-footprint substitute for reducing both the volume and impact of food waste. In addition, frass could be utilized as a soil amendment, which is complementary to regenerative agriculture practices and nutrient cycling.
The scalable adoption of insect-based bioconversion schemes can have a significant impact on the environmental burden of food waste primarily occurring in urban and peri-urban environments concentrated with waste. This study adds to the evidence base supporting the use of Z. morio in more sustainable organic waste treatment systems. However, there needs to be further attention paid to developing improved or consistent substrate formulations, reducing excess moisture, and consistently managing the size of the feed particles. Future studies should consider refining the composition of the diets, evaluating the assimilation pathway of nutrients through the use of stable isotopes and NMR techniques, and exploring the integration of SW -based schemes into decentralized organic waste management challenges to promote their ecological and economic benefits.
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