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Abstract: The vermicompost is an ecologically sustainable, biological process that converts solid waste into valuable, stable, and nutrient-rich compost. This review synthesizes the current knowledge on microbial biology, metabolic transformation, enzyme activity, and earthworm- microbe interaction that drives the process of organic waste breakdown and stabilization.The effect of various waste substrates and earthworm species, including Eisenia fetida, Eudrilus eugeniae, Perionyx excavatus, and Lumbricus rubellus, on vermicomposting efficiency is highlighted along with microbial succession, nutrient mineralisation, and compost stabilization. Microbial consortia include bacterial and fungal strains that enhance decomposition, improve aeration, and proliferate in the earthworm gut, and enhance the quality of vermicompost, although the precise mechanism of earthworm facilitation remains incompletely understood. This review discusses the application of vermicompost in the management of industrial, agricultural, and municipal wastes, enhancing plant growth, soil fertility, and environmental sustainability. Despite significant progress, challenges remain in elucidating microbial functional pathways, optimising systems under stress conditions, and designing large-scale reactors. Future research must focus on advanced microbial characterization, species-specific interactions, and reactor efficiency to reinforce the vermicomposting role in sustainable waste management.
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1. Introduction: Solid waste is made up of materials that cannot be recycled after use, divided into organic and inorganic waste. Inorganic waste comes from building materials that emit pollutants such as carbon monoxide and sulfur oxides when they decompose, significantly adding to environmental hazards (Ratnasari et al., 2023). The surge in demand for construction materials from urban growth results in heightened pollution from non-biodegradable waste. The construction sector confronts inquiries about eco-friendly methods as material buildup increases (Ganguly & Chakraborty, 2018). On the other hand, agricultural waste, produced from food processing remnants and other origins such as crop residue and animal byproducts, holds potential industrial applications even though it is considered waste (Chang & Li, 2019). Rapid urban development and population increase worsen municipal waste challenges, with around 2.01 billion tons of waste







generated each year (Koul et al., 2021), 33% of which is not handled appropriately. There is an urgent need for sustainable waste management techniques (Khan et al., 2021).
Traditional waste management techniques such as landfilling, incineration and open burning are not sustainable accounting for 11% of worldwide methane emissions a powerful greenhouse gas detrimental to water and soil quality (Enebe & Erasmus, 2023). Although incineration decreases the amount of waste it emits substances that cause environmental contamination and pose health hazards (Duque-Acevedo et al., 2022). These methods emphasize the necessity, for localized eco- friendly waste management approaches that prioritize reuse, recycling and cutting-edge technologies. Implementing sustainable strategies is essential for minimizing greenhouse gas emissions, enhancing air quality, and fostering community involvement for a cleaner future (Castaldi, 2014).
Utilizing bioorganisms seems to be a viable approach to organic waste treatment. Vermicomposting is a bioremediation technology that uses earthworms to convert waste into practical and sustainable manure. The joint application of earthworms and decomposing bacteria facilitates the humification of waste material, yielding the valuable product known as “vermicompost” (Fonte et al., 2023). Earthworms are considered “ecosystem engineers”; their feeding, casting, and burrowing activities enhance the microbial population and soil fertility. The success of vermicomposting depends merely on the structure and function of the associated microbial community, including bacteria, fungi, and actinomycetes, which aid in enzymatic transformation processes during composting (Ransom, 2010).
The earthworm exhibits absorption phenomena and facilitates heavy metal detoxification via the body wall, but the precise role of these worms is still unknown (Nebert et al., 2011). Although several studies have documented the efficiency of vermicomposting across waste types, there is limited integration of microbial insights and applied waste management results. Existing reviews often focus on earthworm biology, physico-chemical properties of compost, or specific waste substrate, but lack a comprehensive analysis of microbial succession, enzymatic pathways, and interaction mechanisms governing the process. The review aims to explain the vermicomposting process by examining the functional role of different ecological categories of earthworms and the diverse communities of microbes associated with the gut of earthworms. It further evaluates the contribution of various earthworm species in solid waste bioconversion. Additionally, this review highlights the application of vermicompost in the management of different organic waste management, plant growth promotion, and suppression of pest and soil nematodes.


Figure 1: Conceptual overview of Vermicomposting as bio-mediated alternative for sustainable waste management
2. Review Methodology: A systematic search was conducted across databases such as ScienceDirect, Web of Science, PubMed, and Google Scholar, covering the period from 2000 to 2025. Keywords including “Vermicompost”, “Earthworm”, “Microbial ecology”, “Solid waste management”, “Bioconversion”, and “Environment sustainability” were combined using the Boolean operators “or”, “and”. A reference list was created from the selected articles and further screened to ensure comprehensive coverage of data. Studies were categorised by earthworm species (epigeic, anecic, endogeic) and by waste substrate type (industrial waste, municipal waste, garden waste, temple waste, household waste), Microbial communities associated with the gut of earthworms. Information on study designs, earthworm species used, the vermicomposting process, the waste substrate used in the composting process, and microbial succession and outcomes was systematically documented. The extracted data was organised in tables and figures to facilitate the knowledge insights and research gaps in the study
3. Role of Earthworm in Vermicomposting: Earthworm acts as the primary "biological reactors" of vermicomposting due to their several beneficial traits. The earthworm features a long, cylindrical, bilaterally symmetrical body with a dark brown pigmentation and thin cuticle, weighing 140 to 150 mg. As hermaphrodites, they have a life cycle of three to seven years, depending on the species. Their body composition consists of 3% ash, 14% lipids, 14% carbs, and 65% protein. The digestive system is a straight tube, terminating at the anus and linked to digestive glands. They occur in different habitats and exhibit effective burrowing activity, which leads to

physical and chemical changes in soil and improves soil quality and fertility. Earthworms consume soil, accelerate the breakdown of organic materials, and transform organic matter into humus (Nourbakhsh, 2007). Their remarkable ecological function of converting organic materials into humus through mechanical and chemical action has been proven by scientific experiments (Ermolov, 2022). This remarkable activity fosters plant growth and supports a diversified ecology by providing various microorganisms with a habitat. Thus, earthworms are critical to maintaining ecological balance and increasing agricultural output (Phillips et al., 2019). The behavior, development, reproduction and metabolic processes of earthworms are greatly affected by chemical factors including pH, temperature, moisture level, soil composition and organic content. Earthworms assist in decomposing material through their gut microbiota, which supports the breakdown of organic substances. They establish a setting for biodegradation by living alongside diverse microorganisms that also play a role, in this activity (Sofo et al. 2023). The composting procedure engages a variety of communities, such as bacteria and fungi which generate different substances including polysaccharides and cellulose (Huang et al., 2014).
Earthworms are vital in removing waste from the soil encompassing both inorganic matter through the use of their adapted digestive systems. Their mouth and pharynx have chemoreceptors that detect soil chemicals and their digestive tract includes glands, like the calciferous and salivary glands, which secrete enzymes to break down and liquefy the consumed material (Horn et al., 2003). Earthworms generate detoxifying chemicals like phytochelatin and metallothionein, which assist in managing heavy metal toxicity (Davidson & Stahl, 2008). These mechanisms not only protect earthworms but also enhance soil health and nutrient availability, highlighting their importance in ecological balance and plant growth promotion (Liebeke et al., 2013). Based on their ecological behavior and soil horizon, earthworms are essentially divided into three groups:

	Features
	Epigeic
	Endogeic
	Anecic
	References

	Common Name
	Litters Inhibitors
	Mineral Dwellers
	Verticsl burrowers
	(Karaban et al.,

	
	
	
	
	2025)

	Body Size
	Small,1-8cm
	Medium,2.5-30 cm
	Large,15cm –1.4m
	(Fattore et al.,

	
	
	
	
	2020).

	Ecological Habitat
	Lives on the soil surface
	Burrow in soil and
	Creates Semi-permanent to
	

	
	
	live within the topsoil
	permanent vertical deep burrow
	(Solako et al.,

	
	
	(down to 20 cm).
	
	2024).

	
Feeding Habits
	
Mostly consume
	
They ingest the
	
Travel to the topsoil in night
	

	
	decomposing organic
	mineral soil and
	collects the organic matter, pull
	(Jouni  et  al.,

	
	materials.
	organic matter
	the matter down into burrows
	2020).

	
	
	content.
	for feeding.
	

	Pigmentation
	dark red-brown
	Less Pigmented body
	The body is darkly pigmented
	(Gajalakshmi

	
	pigmented body, which
	than eoigeic and
	on the head, but their tail is
	et al., 2001)

	
	protects them from direct
	anecic worm, oftenl
	often pale in color.
	

	
	exposure to sunlight and
	pale in color
	
	

	
	also helps in better
	
	
	

	
	camouflage.
	
	
	

	Movement
	Active and quick moving
	Less active than
	Slower aand Sluggish
	(Ermolov,

	
	
	Epigeic
	
	2022)

	Burrowing
	They do not construct
	Through the topsoil,
	Worms create a permanent
	(Sofo et al.,

	
	permanent vertical
	they create horizontal,
	vertical tunnel in which they
	2023)

	
	burrows.
	transient burrows.
	absorb a significant amount of
	

	
	
	
	organic matter from the soil's
	

	
	
	
	surface.
	



Factors affecting Species Diversity
PH, Temperature, Food resources, Habitat type, and amount of organic matter in the soil.
PH, Soil moisture content, Clay and silt content
Precipitation, Soil moisture content, and Porosity
(Homa, 2018)
Examples
Eisenia	fetida	(Red wriggler),Lumbricus rubellus
Aporrectodea caliginosa (grey worm) and Aporrectodea rosea (pink worm).
Lumbricus terrestris (common night crawler)
(Bernard et al., 2011).

Table 1: Classification of Earthworm based on their ecological behaviour and soil horizon
4. Microbial Diversity associated with the Earthworm Gut: A microorganism associated with the gut of the earthworm acts as a “Biocatalyst”of the vermicomposting process. Bacteria, fungi, and actinomycetes inhabit the gut of worms and secrete enzymes such as lignocellulosic components. Their population enhances several while passing from the earthworm's gut, which results in "vermicast" enriched with beneficial groups such as Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes (Naik et al., 2008).
Earthworms and microorganisms shows mutualistic relationship, earthworms ingest microorganisms including Pseudomonas, Rhizobium, Bacillus, Azospirillum and Azotobacter which aid plant growth. The gut of earthworms offers a habitat for these microbes to flourish, enhancing soil quality and breaking down insoluble substances such as phosphatases. These bacteria boost plant growth using methods like phosphate deaminases and growth stimulants. For example Pseudomonas converts glucose into acids such, as gluconic acid. Earthworms and soil bacteria form a drilosphere, characterized by high carbon content and increased microbial activity due to earthworm burrowing (Rodriguez et al., 2000).
This association facilitates nitrogen cycling and enhances nutrient availability to plants. The drilosphere functions as a 'microbial hotspot' distinguished by elevated microbial biomass, proficient enzyme activities, and organic matter content (Pathma and Sakthivel, 2012). Anaerobic N2-fixing bacteria, including Clostridium butyricum, Clostridium beijerinckii, and Clostridium paraputrificum, are found in the gut of E. foetida. Earthworm excrement draws these decaying microorganisms out. Numerous microorganisms connected to a worm's stomach exhibit the capacity to chelate metal ions (Canellas et al., 2002). The number of bacteria and actinomycetes increases a thousandfold while passing through the gut of a worm (Edward and Fletcher, 1988). “Pseudomonas oxalaticus, an oxalate-degrading bacteria, was seen and isolated from the gut of Pheretima species” (Khambata and Bhat et al., 2018).
The guts of Lumbricus rubellus and Octolasium lacteum contain an abundance of aerobic and anaerobic bacteria. Earthworms increase the number of microorganisms by enhancing aeration through their burrowing activities (Singleton et al., 2003). The bacterial community shows the presence of dominant SAR groups, fungi, and metazoans in the gut of Aporrectodea, Allolobophora, and Lumbricus. The dominant bacterial community includes proteobacteria, acidobacteria, actinobacteria, and verrucomicrobiota (Sapkota et al., 2020). Vermicomposting modifies the microbial diversity in waste material. Compost contains an abundant amount of actinobacteria and gammaproteobacteria, and nitrobacteria, azotobacter, rhizobium, phosphate solubilizers, and actinomycetes are present in extended amounts in vermicompost (Tiquia, 2005). Numerous natural compounds, including polysaccharides, sugar, cellulose, chitin, starch, and

polylactic acid, are produced by these microbial populations and casts; when combined, these components hasten the breakdown of organic matter (Aira et al., 2007).
The gut of earthworms releases enzymes such cellulases, chitinase, proteases, lipases, and ureases. These enzymes speed up the breakdown of organic materials (Monroy et al., 2009). Chloroflexi, proteobacteria, firmicutes, and actinobacterial species effectively degrade the lignocellulases, a recalcitrant organic compound (DeAngelis et al., 2011; Wang et al.,2016). Chitin and cellulose are degraded by the bacteria of the Bacteroidetes genera, while cellulose, lignin, and lipids are degraded by the bacteria of the Bacteroidetes genera. Proteinaceous amino acids are degraded by the Firmicutes bacteria. These bacteria can degrade organic Material due to enzymes like proteases, lipases, and cellulases.For effective degradation of lignin, actinomycetes produce the enzyme lignin proxidases.Fungi like Basidomycetes also perform the oxidative biotransformation as they secrete lignin-degrading enzymes (Verma et al., 2017).

	Vermicompost earthworm
	Bacteria
	Beneficial Role
	References

	Pheretima sp.
	Pseudomonas
	Phosphate
	(Santos et al., 2025)

	
	oxalaticus
	solubilization,promote	plant
	

	
	
	growth and perform biocontrol
	

	
	
	activities.
	

	Aporrectodea
	Rhizobium trifolii
	Enhaces  the  nodulation  in
	(Khalid et al., 2023)

	trapezoides
	
	legume plants and aids in N2
	

	
	
	fixation
	

	Lumbricus
	R.	japonicum,	P.
	Improves  rhizobial  survival
	(Neykova & Shilev, 2024)

	rubellus
	putida
	and,	nodulation	and	N
	

	
	
	uptake,induce	resistance
	

	
	
	toward diseases
	

	L. terrestris
	Bradyrhizobium
	Accelerated	nodulation,
	(Bitire et al., 2022)

	
	japonicum
	nitrogen	uptake,	and
	

	
	
	productivity
	

	Aporrectodea
	P. corrugata
	Biocontrol	agent	of
	(Gudeta et al., 2022)

	trapezoids,
	
	Gaeumannomyces	graminis
	

	A. rosea
	
	var. Tritd in wheat.
	

	A.	trapezoids,
	Rhizobium meliloti
	Enhanced nitrogen fixation and
	(Zhang et al., 2020)

	Microscolex
	
	root  nodulation  in  legumes
	

	dubius
	
	Oxalate degradation
	

	Eisenia foetida
	Bacillus	spp.,	B.
	Nutrient
	(Andleeb et al., 2022)

	
	megaterium,B.subtilis,
	mobilization,siderophore
	

	
	B. pumilus
	production,	production	of
	

	
	
	hydrolytic enzymes and stress
	

	
	
	mitigation
	

	L. terrestris
	Firmicutes,
	Accelerate mineralization of
	(Das & Osborne, 2017)

	
	Proteobacteria,	and
	organic	material,	improves
	

	
	Actinobacteria
	soil-microbe	interaction,
	

	
	Fluorescent
	bioremediation of lead from
	

	
	pseudomonads,
	soil
	

	
	Filamentous
	
	

	
	actinomycetes
	
	



Eudrilus sp.
Free-living N2 fixers, Aeromonas, Flavobacterium, Cellulomonas, Mizorhizobium, Ammonifying bacteria, Phosphate solubilizers
Degradation of Xenobiotics, Plant	growth	enhancement
(Alias et al., 2025)
through
nitrification,
phosphate solubilization and plant disease suppression
E. foetida
Firmicutes, Proteobacteria, Verrucomicrobia, Actinobacteria, Bacteroidetes
Pathogen antagonism, nutrient
(Medina-Sauza et al., 2019)
cycling, production
phytohormones

Table2:	Diversity	and	Functional	Characterization	of	Bacterial	Communities	in Vermicompost
5. Vermicomposting: Principles and Process: Vermicomposting is a bio-oxidative process in which earthworms and associated microorganisms mutually decompose organic matter into a stable, nutrient-rich product called vermicompost. The efficiency of this process depends on the earthworm's biological efficiency, enzymatic activities of microbes, and controlled environmental conditions such as temperature, pH, moisture, and aeration (Ahmed et al.,2021).
5.1 Mechanism of Vermicomposting
5.1.1 Selection of Vermicomposting Earthworm species: The selection of earthworm species is the first stage in the vermicomposting process. Because they can endure a variety of climates and proliferate rapidly, epigeic species are frequently found on the surface. Their effective digestive system aids in the creation of vermicompost, which is rich in nutrients. The most often utilised species are Perionyx excavatus (Indian blue worm), Eudrilus eugeniae (African night crawler), and Eisenia fetida (red wriggler) (Kaviraj & Sharma, 2003).
5.1.2 Predigestion Phase: Vermicomposting utilizes municipal waste, agricultural waste, kitchen waste, and animal manure as raw materials, which are collected and sorted. It is initially heaped and allowed to decompose for approximately two weeks. This process starts the microbial activity, softens the waste, and decreases harmful compounds like ammonia and free volatile fatty acids. The predigesting and pre composting phase aids in the maintenance of a low temperature prior to the introduction of earthworms, which cannot handle high temperatures and heat; hence, predigestion stabilizes the ecosystem. By consuming decomposed matter, they will facilitate its additional breakdown and enhance the compost with their nutrient-dense, soil-enhancing excretions.
5.1.3 Preparation of Vermibeds: It is a foundation layer in which the composting process takes place; the area is often shaded, cool, and protected from bright sunlight and rain (Lim et al., 2014).Vermibeds are made in cement containers, wooden boxes, earthen pots, and plastic

containers. Coarse organic debris such as coconut husk, rice straws, and dried leaves are utilized as bedding. Bedding is vital because it avoids compaction, promotes aeration, and creates a soft substrate for earthworm movement. Predigested material is loaded to a thickness of 15-29 cm. To help maintain the C:N ratio, organic waste is combined with dung (Majlessi et al., 2012). This mixture encourages beneficial microbial activity and improves the overall quality of the vermicompost produced.
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Figure 2: Schematic Representation of Vermicomposting process showing decomposition of organic waste by Earthworm
5.1.4 Inoculation and Environmental Regulation: Earthworms are introduced over the waste surface in vermibeds. Worm density ranges from 1000 to 2000 per square meter. The worm gradually burrows into garbage and begins feasting. The worm's existence and activity are ensured by maintaining optimum environmental conditions. The moisture content is maintained at 60%. If the temperature is too low, the worm dies; if it is too high, anaerobic conditions occur. Moisture is maintained by spraying water or using moist bags to cover. The optimal temperature range is 20-30°C; temperatures exceeding 35°C promote worm mortality. The pH is kept slightly alkaline (6.5–7.0). A healthy worm population is dependent on these variables being in balance. To maximize the effectiveness of the waste conversion process and support healthy composting, constant monitoring and modifications are necessary.
5.1.5 Core phase of vermicomposting: The core phase of vermicomposting involves decomposition and vermicast formation; organic matter ingested with soil particles is crushed by the muscular gizzard of the earthworm.The earthworm gut shows a symbiotic relationship with microorganisms and secretes enzymes, which facilitate the breakdown of organic compounds, and soluble material is released and assimilated by worms. Undigested material is excreted out as cast, which is rich in nutrients and shows an enhanced microbial population. NPK, micronutrients, and microbes are abundant in vermicompost. By improving porosity and water-holding capacity, these substances enhance soil quality and facilitate plant uptake of nutrients (Lal, 2021)
5.1.6 Maturation, Harvesting, and Storage: Harvesting of vermicompost usually takes place after 45-60 days. Waste material is converted into a dark brown and odorless substance. Compost

is sieved to segregate undecomposed material and reintroduced into a fresh bed. The final step involves air drying for 2-3 days in the shade and storing in plastic bags or gunny bags in cool, dry places (Schmidt-Danner, 2016).

6. Role of Vermicomposting in Waste Management:
60% of all pollution comes from organic waste, making it a major source of pollution. Organic waste includes garden debris, fruit waste, vegetable waste, temple waste, and municipal waste.
A) Municipal waste (MSW) is waste produced by everyday household operations. Vegetable and fruit material, as well as non-biodegradable waste, like plastic bottles and other waste, are major components of MSW. It is primarily categorised as non-biodegradable (15%) and compostable (85%) (Alourani et al., 2025). Dumping and incineration of this waste pose a serious environmental threat and may invite rats, fleas, and vermin, which cause great nuisance.
B) Fruit waste is divided into two categories: liquid waste and solid trash. Fruit stones, peels, and seeds are examples of solid waste. Bananas, mangoes, pineapples, and oranges generate a significant amount of solid waste that is thrown away. Fruit waste is acidic in nature due to the presence of a high amount of citric acid. Therefore, it consists of a large amount of biodegradable organic waste.
C) Temple waste consists of waste of flowers, leaves, coconuts, and grain. These are biodegradable in nature, and mismanagement of this waste causes environmental pollution and water contamination as these are released into water bodies or landfills (Ali et al., 2020).
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Figure 3: Global waste Composition
6.1 Vermicompost in management of Industrial Waste:
· Textile Mill Waste such as paper sludge is dumped directly onto agricultural land, water bodies, and landfills, posing major health risks. The employment of earthworms in sludge management is known as 'vermistabilization.' The Perionyx excavatus earthworm showed

positive results in the mitigation of paper sludge when combined with cow dung (Kaushik et.al., 2007).
· Paper sludge vermicompost (PSV) showed positive results in root growth and ginsenoside content increment when employed in ginseng root. The root yield increased by 40 tons per hectare in soil with (PSV) treatment compared to untreated soil (Eo & Park, 2019).
· Palm oil mill waste is biologically converted into a valuable product by vermicomposting effluent released from palm oil mill (POME) and palm pressed fibre (PPF) for 45 days using Lumbricus rubellus. In the vermicomposting process, a better NPK ratio was noted. and a sharp decline in the C/N ratio. The VC demonstrated that mung bean (Vigna radiata) seed germination was successful (Rupali et.al.,2017).
· Coir pith (CP) is a waste produced by the coconut industry. It is made of spongy, lightweight coconut husk. It has a high C/N ratio and contains an excessive amount of lignin. The high C:N ratio makes it difficult to break down rapidly and poses a serious risk to the environment. A large number of phenolic chemicals are generated from CP waste, which could potentially contaminate water bodies. CP is composted with Eisenia eugeniae and cow manure. The use of the green manure plant Sesbania sesban L., CD, and CP results in highly valued and beneficial organic manure. It produced a low C:N ratio and little phytotoxicity. Employing these green manure plants enhances the nitrogenous organic matter in soil (Karmegam et.al., 2020).
· Tanneries generate animal flesh waste, which is one of the most underutilized resources. It possesses a high protein content, which is produced during leather processing when the skin is mechanically scraped out and waste is disposed of, resulting in water contamination and air pollution. by generating an unpleasant odor. The tannery waste can be converted into useful VC, and findings suggest that it helps in increments of 10% in plant height, 14% in leaf count, and 8.9% in stem girth in tomatoes (Ravindran et al., 2019).
· Poultry manure if untreated causes eutrophication and phytotoxicity in the environment due to its high organic nutrient content. Vermicomposting is an alternative method that uses earthworms to stabilise these organic waste ingredients into useful goods in order to reduce these environmental risks. Tectona grandis (teak) leaf waste, cow manure, and chicken waste are utilised as substrates for composting in the presence of Drawida sulcata during the bioconversion process. When T. foenum-gracium (fenugreek) was used to examine the nutritional efficacy of VC, the plant's root and shoot length, development, and seed germination all showed positive results. It resulted in increased worm biomass, cocoon production, total nitrogen content, and increased NPK value. Elevated micronutrient content was also observed in the predigested material (Yuvaraj et al., 2018).
6.2 Vermicomposting's Role in Agricultural Waste Management
Agricultural and forestry wastes are classified as lignocellulosic waste, or plant waste residues. Eisenia fetida earthworms were successfully used to vermicompost lignocellulosic wastes, turning them into superior organic fertilisers. The vermicompost showed a notable rise in NPK content and a drop in the C/N ratio. (Sharma & Garg, 2019).
· Wheat and Rice are among the staple crops in the world. Grains of these crops are consumed, as these are the edible parts of the crops, and straw generated from the crops is considered waste. A huge amount of straw waste is produced while harvesting the crops.

If not managed properly, it becomes a serious pollutant in the environment. A high amount of lignin, cellulose, and hemicellulose makes it indigestible for decomposers. The majority of the hay residue is burned off, resulting in poor air quality and pollution. vermicomposting of wheat and rice straws combined with animal manure in a 2:1 ratio, respectively. Aspergillus terreus and Azolla pinnata were used to enhance aerobic composting, which led to notable waste breakdown and compaction (Arora & Kaur, 2018).
· Banana plants produce 86 tons of agricultural waste per hectare. Only the fruit of the banana plant is edible, but the entire plant (leaf, stem, and rhizome) is considered waste. Banana plant waste takes a long time to degrade organically. Vermicompost, a nutrient- rich compost with a significant increase in nitrogen content, a decrease in polysaccharides, and complete mineralisation, is created when E. fetida earthworms combined banana stem as a raw material with cow manure. The C:N ratio reached the optimal range by the 60th day of VC treatment (Khatua et al., 2018).
· Water hyacinth (Eichhornia crassipes) is an alien aquatic weed that generates massive volumes of solid waste. It possesses phytoremediation properties for heavy metals such as lead, arsenic, and cadmium. A practical method is the bioconversion of water hyacinth waste into nutrient-rich VC using E. fetida. Soil treated with water hyacinth vermicompost had a lower heavy metal level of 23.9±1.55 mg/kg than control soil, which had 134.64±2.47 mg/kg of arsenic. This processed compost, ameliorated as valuable organic fertilizer, enhances the plant growth and productivity in coriander, tomato, chili, and chickpea (Majumdar et.al., 2018).
· Garden Waste: The high lignin concentration of garden waste can inhibit the growth of microorganisms and earthworms during the vermicomposting process. With the aid of E. fetida earthworms, garden waste combined with cow manure and wasted mushroom substrate (SMS) is bioconverted in VC. The use of SMS in VC improves the overall health of earthworms, such as survival rate, cocoon production, and juvenile number. These SMS and CD assays enhance the activity of hydrolytic enzymes such as dehydrogenases, alkaline phosphatases, and cellulases as compared to the control. It facilitates the decomposition rate, organic content, and polysaccharide degradation. Elevated NPK content and nitrification were observed in VC. The treatment of compost with Chinese cabbage and tomato seeds showed the highest seed germination index (Gong et al., 2019).
· Microalgae (seaweeds) are the primary producers in the aquatic ecosystem. In coastal regions, washup material made from these weeds has been used as a source of fertilizer for many years. They have the property of soil health and fertility improvement and contain plant growth promoters. Seaweeds that are effectively bioconverted into nutrient-rich VC when combined with cow dung in a 1:1 ratio utilising Perionynx excavatus include Halimeda gracilis, Gracilaria corticata, Sargassum wightii, and Sargassum swartzii. The C:N ratio and total organic carbon (TOC) content of the produced compost decreased, ranging from -3.78 to 50.97%. The final compost had a higher microbial population than the predigestive material. (Ananthavali et al., 2018).
6.3 Vermicompost's Role in Biomedical Solid Management:
Sewage sludge, biosolids, and biomedical wastes are all infectious because they include a variety of bacteria, germs, and harmful heavy metals. If the waste is not managed properly, it causes environmental damage. Therefore, it is important to disinfect the waste before disposing of it. Bio composting of this waste entails biological transformation and stability of the organic waste, as

well as minimizing the potential pathogen dangers (Hassan et al., 2001). These biosolids contain Salmonella bacteria, which are potential infectious agents in humans. Composting is an appealing alternative to conventional waste management practices for mitigating the effects of these diseases. Recycling these biosolids produces nutrient-rich manure and dramatically reduces the development rate of salmonella infections. The indigenous microbes in the earthworm intestinal tract serve to limit the growth of salmonella bacteria (Sidhu, 2001).
The enteric pathogen concentrations of Salmonella and Escherichia species in biosolids range from 15-18 ×104 cfu/g and 11-12 ×104 cfu/g, respectively. Bioconversion and stabilization of these biowastes with Lampito mauritii earthworms resulted in the reduction of these enteric pathogens from biosolids. The gut analysis studies of L. mauritii showed the complete eradication of pathogens during the 60-day stabilization period of vermicompost (Sekaran & Ganeshan, 2005). The earthworm also promotes the growth and survival of 'beneficial decomposer bacteria' and serves as “aerator, grinder, crusher, chemical degrader, and biological stimulant” in waste biomass. The gizzard and intestine of an earthworm act as a “bioreactor” as enzymatic action on waste takes place in the intestine. Intestine is capable of biochemical conversion of organic wastes into granular vermicompost aggregates (Vyas et al., 2022).Worms create aerobic conditions for inhibition of the obligate anaerobic bacteria in municipal solid waste (MSW), as these bacteria are responsible for the foul smell in MSW because they produce substances like hydrogen sulfide and mercaptans (Sinha, 2002). The worm shows the granulating process of clay and silt particles; by doing so, it enhances the hydraulic conductivity and natural aeration. These processes enhance the absorption of nutrients from the waste.
The earthworm body acts as the "biofilter" and efficiently removes “90% of the biological oxygen demand (BOD), 80-90% of the chemical oxygen demand (COD), 88% of the total dissolved solids (TDS), and 95% of the suspended solids from wastewater with the help of 'ingestion' and 'biodegradation' mechanisms” (Sinha et al., 2008). They mitigate the heavy metals and organic waste through their body wall with the help of 'absorption' phenomena. Vermicomposting effectively reduced Escherichia coli, Salmonella enteriditis, fecal coliforms, helminth ova, and human viruses. The vermicomposting species E. fetida, E. andrei, L. rubellus, and E. eugeniae totally eliminate pathogens such as Enterobacter aerogenes and Enterobacter cloacae (Edward et al., 2010).
7. Significance and Applications of Vermicompost: Vermicompost contributes to sustainable waste management and significantly enhances soil quality, promotes plant development, stimulates microbial activity in the soil, and supports environmental sustainability, hence improving overall plant health, productivity, and resilience against pests and diseases.
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Figure 4: Overview of Multifaceted role of Vermicompost in enhancing Plant growth, Productivity and Environment Sustainability
7.1 Vermicomposting in Soil Fertility and Structure Improvement
· Vermicomposting improves soil structure, increases nutrient availability, and promotes beneficial microbial activity in soil. It contains nutrients like NPK, magnesium, and calcium. Its burrowing activity promotes soil porosity, aeration, and water-holding capacity, while additionally improving root expansion, microbial activity, the cycling of nitrogen, and decomposition efficiency (Patra & Parihar, 2023).
· Vermicompost elevates soil mineral content and functions as a gradual releaser of fertilisers, improves soil texture (such as bulk density and electrical conductivity), and promotes N-fixing bacteria growth. VC inhibits nitrogen loss by converting it to mucoproteins by microbial activity. VC distributes organic nutrients into the soil, providing nourishment for microorganisms and aiding in the conversion of organic phosphates to inorganic molecules. Moisture concentration in VC improves root weight and pepper plant health (Sivasakthivelan et al., 2021).
· VC has a major impact on soil biological properties; it promotes bacterial growth in soil. Enzymes, including dehydrogenases, ureases, and alkaline phosphates, are more active when exposed to VC or organic additions. Increased dehydrogenase levels aid in the growth of mesophilic bacteria (Uz & Tavali, 2014).
· VC supports carbon sequestration, as the use of mineral fertilisers in agriculture is a major source of pollution, contaminating water with nitrate concentrations and forming hypoxic waters (Poblete et al., 2021). VC promotes carbon sequestration with values ranging from
-25.75 to -88.73 tons per hectare, compared to traditional farming of 26.49 t C ha⁻¹, thereby reducing carbon footprints. According to (Panda et al. 2022), VC improves soil carbon content and promotes sustainable agriculture by effectively absorbing CO₂ from the atmosphere.
7.2 Vermicompost mediated improvement in Plant growth and Productivity:
· Vermicompost is an organic manure that promotes improved agricultural plant development and output. Without affecting the environment, it enhances agricultural

productivity and safeguards them from pest infestation. It improves fruit harvest, seed purity, chlorophyll content, root width and extent, stem length, leaf count and area, protein and carbohydrate content (Joshi et al., 2014).
· The application of VC in cereal crops has shown positive results in growth and yield in maize, barley, and buckwheat (Oyege & Bhasker, 2023). VC treatment in rapeseed (oilseed) showed the highest effects on morpho-physiological indexes like height, dry weight of aerial and root organs, and seed yields (Hemati et al., 2022).
· Vermicompost has also been demonstrated to benefit medicinal, aromatic, and forest tree species like acacia, eucalyptus, and pine trees. Vermi-compost derived from desert plant species such as Prosopis cineraria and combined with farmyard manure boosted maize crop growth, yield, and photosynthetic activity. When P. cineraria was applied to grain crops, the plant heights increased by 75.33 cm, the width of the stem increased by 32.66 cm, and yield output increased by about 3.20 t/ha. Macronutrient absorption was higher (91.0% N, 22.7% P, and 80.41% K), but micronutrients such as Fe and Zn were taken in at
19.07 ppm and 40.05 ppm, respectively. Chlorophyll fluorescence is 335.1 mole of photons m⁻²s⁻¹, and photosynthetic production is 0.42 mole C/mole of photons (Younas et al., 2021). VC of MSW showed a positive result in Phaseolus vulgaris (common bean), with green beans grown in 45%.
· Vermicompost derived from MSW resulted in improved fruit weight up to 89% and enhances the nutrient content of NPK, plant growth regulators, and plant growth hormones (Soobhany et al., 2017).
· Vermicompost enhances the diversity of beneficial microorganisms in soil; these microbes release the plant growth regulatory hormones, the growth hormones, and phytohormones. These enzymes promote development of plants along with controlling nematodes, insect pests, and plant diseases(Patma & Sakthivel, 2012).
· VC leachate (VCL) treatment in Rosmarinus officinalis and Mentha spicata showed a positive effect on the root extension (74 cm) as compared to plants receiving inorganic fertilizers. VCL foliar applications in pomegranate showed enhancement in leaf area, biomass accumulation in root, shoot and showed tolerance to salt stress. VCL accelerates antioxidant enzymes, which reduces the oxidative stress (Rehman et al., 2023). During the vermicomposting process, bacteria and earthworm engagement behaviour release hormones such auxins, gibberellins, and cytokinins.
· Tea VC and humic acid showed the highest concentration of cytokinin and indole-3-acetic acid (auxin), about 7.37 and 2.8 mg/kg, respectively. Phytohormones in garden waste VC show the presence of cytokinin, auxin, gibberellin, and brassinosteroids.
· Brassinosteroids are vital plant steroid growth hormones that enhance cell division and reproductive organ development (Li & He, 2020). Phytohormones are crucial in tomato crop development and increased yield of lettuce in hydroponic systems (Arancon et al., 2019).
· Humic acid compounds isolated from VC can stimulate pH and H+-ATPase activity and induce lateral root development in maize plants, producing actions similar to auxin (Trevisan et al., 2009). Indole compounds have been found in the tissue of Aporrectodea caliginosa, Lumbricus rubellus, and Eisenia fetida, indicating that earthworms, not bacteria, are responsible for their production (Nielson, 1965). Crude extraction of indole from earthworm Lumbricus terrestris showed root stimulation in soybean seed (Zhu et al., 2024).
7.3 Vermicompost-Mediated Management of Plant Diseases:

· Excessive fertilizer and pesticide usage in agriculture endangers ecosystems by destroying soil fertility, reducing beneficial microorganisms, and weakening plants' natural resilience to disease. Thus, vermicompost and vermiwash are environmentally beneficial solutions to the challenges. VC contains nutrients, plant growth hormones (PGH), and microorganisms, which aid in the control of pests, illnesses, and nematodes (Yatoo et al., 2021).
7.4 Role of vermicompost in Nematode control: Nematodes are tiny, colorless creatures that mostly serve as parasites in plants and animals. Plant nematodes are soil-dwelling parasites that feed on plant tissue. Parasite adaption in these species includes a hypodermic needle-like'stylet,' which is utilized to pierce the plant cell wall and consume plant cell contents. Their feeding habits cause serious damage to the plant. A few nematodes, such as foliar nematodes, are considered migratory because they feed on the leaves and buds of strawberries, chrysanthemums, and ferns, causing buds to die, leaves to distort, and lesions to form in leaf veins (Gives, 2022).The sustainable management of nematodes is important, and VC constitutes a potential biochemical that boosts the plant defense mechanism and suppresses the nematode infection as compared to the conventional chemical nematicide treatment. It enhances the content of sugar, lipid, and protein in plants, which shows high efficacy towards the mitigation of nematode infection (Kumar et al., 2021).
· VC effectively mitigates the root knot nematode (Meloidogyne incognita) and Meloidogyne hapla in tomato crops (Singh & Sharma, 2002). Nematicidal compounds such nitrite, ammonia, and hydrogen sulphide are released by VC and exhibit a high mortality rate against soil nematodes. It also consists of nematode predatory fungi, which kill the nematodes in their cyst stage and help in the suppression of the nematode population (Edward et al., 2009).
· The VC of arugula (the rocket plant) demonstrated possible reduction of M. javanica activity in the tomato plant because the plant contains a high amount of glucosinolate substance, which is the most toxic to the nematode population. Gene expression study revealed an increase in LOX1 (lipoxygenases-1) on the 2nd and 7th day of nematode integration, while NPR1 (non-expressor of pathogenesis-related -1) decreased; hence, systemic resistance to root knot disease was induced. It also shown a high suppression rate for Meloidogyne incognita in tobacco, pepper, and strawberry (Arancon et al., 2002).
· Vermicompost helps in the proliferation of nematode predatory fungus and bacteria such as Arthrobotrys oligospora, Arthrobotrys musiformis, and A. thaumasia. These fungi are capable of switching themselves from the saprophyte to the predatory stage in their life cycle in the presence of nematodes. They built a specialized trapping device to trap and eat the nematode, and it acts as a biocontrol agent. During their predatory stage, these fungi generate metabolites that demonstrate nematicidal qualities, including peptides, siderophores, fatty acids, and fatty acid amides (Kuo et al., 2020).
7.5 Vermicompost role in pathogen control: Major diseases of plants are caused by pathogenic organisms that involve fungi, viruses, protozoa, and insects, which also have a negative effect on plant growth and yield. These viruses can compromise plant health by infiltrating innate cellular immunity (Nazarov et al., 2020). Plant root infections thrive in soils with minimal organic substances and considerable microbial activity (Stone et al., 2004). The addition of organic amendments in soil greatly suppresses the plant diseases due to the thermophilic property of compost (Islam et al., 2024).

· Tomato root rot pathogen contamination is significantly reduced by applying VC of cow dung (Ma et al., 2023).caused by Phytophthora nicotianae var. nicotianae (Szczech and Smolinska, 2000). Trichoderma spp. in VC mitigates the disease impacts in radish and cucumber caused by Rhizotonia and Pythium, respectively. It also suppresses the disease rate in grapes and strawberries caused by the fungi Verticillium Phomopsis, and Sphaerotheca fuliginea, respectively (Chaoui et al., 2002).
· The use of dairy solid waste VC in lowering the incidence of tomato wilt disease caused by Fusarium oxysporum achieved positive results (Kannangara et al., 2000). Vermi-cast treatment for control of Phytophthora brassicae, P. nicotianae, and Rhizoctonia solani showed the successful outcome (Ersahin et al., 2009). Vermiwash is a nutrient-rich liquid vermicompost product that shows a higher amount of nutrients, vitamins, and PGH, which strongly suppresses the pest outbreak in agricultural crops. Vermiwash combined with the other biocontrol agents and applied to crops; it minimizes the infestation of mites and thrips (Gudeta et al., 2021).
7.6 The significance of vermicompost in controlling Insect Pest: Pests are the harmful organisms that are responsible for the crop damage and crop yield. They reduce the quality of agricultural products and hamper food supplies. Chemical control methods employed for pest control are not feasible, as they pose serious environmental hazards (Kumari et al., 2022).
· VC acts as an organic pesticide in defeating the pest population and pest-borne diseases. VC provides the systemic resistance in plants when mixed and applied with cow dung. The resulting biomass acts as a bio-pesticide and reduces the severity of the pest infestation (Thakur & Sood, 2019). VC releases toxic compounds that contribute to the elimination of the insect pest (Sulaiman & Mohammad, 2019).

· Phaseolus vulgaris L. (bean) treated with vermiwash demonstrated repellent action against the Acarina pest (Tetranychus urticae) (Aghamohammadi et al., 2016). VC application suppressed the insect pest infestation up to 20-40%, such as aphids, Myzus persicae, mealybugs, and cabbage white catterpillar (Sinha et al., 2010).

· VC application can reduce insect pest infection in crop plants by 20-40%, including aphids (Myzus persicae), mealybugs (Pseudococcus spp.), and cabbage whitefly (caterpillar). VC in ladyfinger culminated in a considerable reduction of disease incidence of "powdery mildew," "yellow vein mosaic," and "colour rot," as well as pathogen attack in asparagus (Asparagus officinalis), eggplant (Solanum melongena), and tomato (Solanum lycopersicum) (Agarwal et al., 2010).
· VC possesses phenolic components such as anthocyanin and flavonoids, which can suppress arthropod pests. The addition of VC to groundnuts diminishes the infection rate of Spodoptera litura, Helicoverpa armigera, leaf miners, jassids, aphids, and spider mites (Gebrehana et al., 2025).
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(Majumdar et.al., 2018)



	
	
	metal detoxification
	
	
	

	Biomedical
	Bioconversion of
	Minimizes the
	These waste are
	Molecular
	(Sekaran &

	waste/Sewage
	Biowaste with
	potential pathogen
	pathogenic due to
	analysis on
	Ganeshan,

	waste
	Lampito mauritii
	risk; safe nutrient-
	their composition
	vermicompost
	2005);

	
	earthworms → ↓
	rich manure;
	of various
	efficiency in
	(Vyas et al.,

	
	enteric pathogen
	promotes the
	bacteria,
	suppression of
	2022);

	
	concentrations of
	growth and
	pathogens, and
	pathogens;more
	(Sinha et al.,

	
	Salmonella and
	survival of
	toxic heavy
	insights on heavy
	2008)

	
	E.coli; reduce
	'beneficial
	metals,making
	metal
	

	
	BOD,COD, TDS,
	decomposer
	them difficult and
	accumulations
	

	
	suspended
	bacteria'
	risky to process
	during
	

	
	solids;supports
	
	through
	vermicomposting
	

	
	beneficial
	
	vermicomposting.
	to ensure final
	

	
	microbes
	
	Improper waste
	product is safe
	

	
	
	
	management
	
	

	
	
	
	results in
	
	

	
	
	
	environmental
	
	

	
	
	
	degradation and
	
	

	
	
	
	health hazards
	
	

	Soil Fertility
	improves soil
	Sustains sil
	Variable
	Quantitive
	(Patra &

	and
	structure,
	health,gradual
	outcomes
	analyses on lomg
	Parihar,

	Structure
	increases nutrient
	nutrient release;
	depends on
	term soil
	2023);

	Improvement
	availability(↑
	supports carbon
	substrate type;
	health;examine
	(Panda et al.

	
	NPK,
	sequestration
	some soil
	interaction
	2022)

	
	magnesium, and
	thereby reducing
	requires repeated
	between
	

	
	calcium);
	carbon footprints;
	application
	vermicompost
	

	
	promotes
	reduce
	
	derived microbes
	

	
	beneficial
	dependance on
	
	and soil
	

	
	microbial activity
	synthetic
	
	microorganism
	

	
	in soil; promotes
	fertilisers
	
	
	

	
	soil porosity,
	
	
	
	

	
	aeration, and
	
	
	
	

	
	water-holding
	
	
	
	

	
	capacity
	
	
	
	



	Plant growth and Productivity
	Improves chlorophyll content,root/shoot lenght,yield and photosythesis
	improved fruit weight; enhances content of NPK, plant growth regulators, and plant growth hormones
	Crop response changes due to variations in vermicompost hormone levels determined by substrate, microbial communities, and earthworm species.
	Research on the mechanisms that elucidate the paths by which hormones derived from vermicompost influence fruit yield, seed purity, chlorophyll concentration, root width and depth, stem length, leaf quantity and surface area, as well as protein and carbohydrate levels.
	(Joshi et al., 2014)

	Nematode & pathogen control
	Mitigates the root knot nematode,plant pathogen Fusarium, Phytophthora; promote predatory fungi (Arthrobotrys oligospora) & bacteria
	Acts as Biocontrol agent toward pest &pathogen; Suppresses the insect pest infestation
	Variable biological suppression results from the persistence of some nematodes and diseases if VC is immature.
	Genetic study for understanding the mechanisms of
vermicompost- associated microbes in the suppression of pests and pathogens; dose- dependent studies to determine the ideal dosage required for active suppression without adversely affecting
beneficial microbes
	(Arancon et al., 2002);
(Kannangara et al., 2000)

	Insect Pest control
	Reduces aphids, thrips, mealybugs,
	bio-pesticide, provides the systemic
	Crop and environmental conditions can
	Standardising
vermicompost and vermiwash
	(Gebrehana et al., 2025);



	cabbage white catterpillar & spider mites; releases phenolic components (anthocyanin & flavonoids)
	resistance in plants; ecofriendly
	affect pest suppression.
	formulation, identifying and characterising bioactive components, and comprehending their molecular and biochemical mechanisms of action
	(Sinha et al., 2010)


Table 3: Critical Overview of Vermicomposting Studies
8. Discussion: Vermicomposting has emerged as a sustainable, cost-effective strategy for managing various solid waste and enhancing soil fertility, holistic plant development, and environmental sustainability. The reviewed studies consistently highlighted the synergistic activity of earthworms and microorganisms in converting organic, industrial, agricultural, and biowaste into nutrient-rich soil, whichcompost.Vc improves soil physical properties such as porosity, water- holding capacity, and aeration, and enhances biochemical processes such as N-cycling and carbon sequestration (reduces carbon footprint).VC application have demonstrated increased crop productivity, mitigation of phytotoxicity, pathogen control, reduce heavy metal stress and organic contaminant via biocontrol of biomedical waste.VC acts as biocontrol agent against nematode, plant pathogen and Pest. Presence of phytohormones, bioactive compounds, beneficial organisms in VC and vermiwash contribute systemic resistance, nematode suppression and pest management, reducing the dependence on chemical fertisers and pesticides.despite its efficacy results may vary depending on substrate compositions,earthworm species,environment conditions. High lignocellulose and phenolic content in certain residues(coir pith,rice straw) can potentially inhibits the microbial and earthworm activity, prolonged decomposition process, indicating need for substrate optimisation.Overall literature confirms multifaceted role of VC with significant environmental, agricultural and economic advantages,standardisation of process,large scale applications and molecular insights of microbial interaction with earthworm species remain area requires attention.
9. Future Research Directions: Although vermicomposting has shown great promise in improving soil fertility, plant productivity, and sustainable waste management, further research is needed in a few areas to maximise its use and guarantee environmental safety:
· Molecular Characterization of Microbial Communities: Comprehensive metagenomic, transcriptomic, and metabolomic investigations of earthworm gut microbiota are necessary to understand microbial succession, enzymatic activity, and functional functions during vermicomposting.
· Heavy Metal Mitigation and Safety Assessment: Systematic study is required to monitor and minimise the accumulation of heavy metals in vermicompost and soil, as well as to evaluate the long-term impacts on plant health and food safety.

· Optimization of Mixed Waste Substrates: Research on the most effective substrate combinations, C:N ratios, and pre-treatment methods will increase the nutrient content and breakdown  efficiency  of  lignocellulosic,  industrial,  and  biomedical  wastes.
· Standardization for Crop-Specific Applications: Crop-specific experiments are needed to discover the optimal dosages, treatment methods, and timing in order to optimise plant development, productivity, and resistance to pests and diseases.

· Large-Scale and Field-Level Implementation: The operational effectiveness, economic viability, and environmental sustainability of vermicomposting under various environmental and soil conditions should be the main focus of pilot and commercial-scale research.

· Integration with Biocontrol and Phytohormone Studies: Pest control and crop resilience can be enhanced by examining the synergistic effects of vermicompost with beneficial bacteria, nematode-predatory fungi, and phytohormones.

· Long-Term Soil and Environmental Impact: Vermicomposting will be validated as a sustainable agricultural method by tracking soil enzyme activity, microbial diversity, carbon sequestration, and nutrient cycling throughout several cropping cycles.

10. CONCLUSION: This review emphasised the relevance of vermicomposting, which is a sustainable, eco-friendly, and cost-effective method of managing solid waste and transforms it into more valuable, nutrient-rich products that are tremendously effective in plant development and production. The synergistic impact of earthworms and microorganisms produces vermicompost, which has physiochemical properties such as increased NPK content, a lower C:N ratio, and humic substances, which facilitate the release of nutritional compounds and phytohormones, thereby improving soil quality and crop productivity. The studies reviewed the environmental conservation and sustainable techniques to reduce the global waste burden, which have been increasingly significant in recent years; thus, vermicomposting covers all these prerequisites, but certain limitations are still present there. More research is needed on the molecular analysis of earthworm gut bacteria, including metagenomics, transcriptomics, and metabolomics, as their exact relevance and molecular network in the vermicomposting process are still unknown. Further research is required to elucidate molecular diversity of these microbes, optimize large-scale operations, and improve compost quality because vermicomposting organic waste can sometimes leave heavy metals in the soil, which eventually harms the plant by hindering its growth. The incorporation of interdisciplinary studies such as soil biology, microbiology, environmental science, and molecular biology would strengthen the vermicomposting process and emphasize its importance as a green technology for the future.
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