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Abstract 
Pesticides and other agrochemicals are introduced into the soil through agricultural practices. Earthworms contribute to the ecosystem services, such as pedogenesis and soil aeration, water regulation, and bioremediation of pesticides and chemicals, act as a bioindicator of soil health, and microbial interactions, and produce casts which are nutrient-rich pellets of N, P, and K organic matter, climate change regulation, and biogeochemical cycling, reduce need of synthetic fertilizer, etc. Consequently, the health of plants is enhanced by the hormone-like substances that earthworms can produce. Therefore, the growth and development of earthworms are significantly influenced by climate, land use, and species types. Hence, the earthworms function as “Ecosystem Engineers” that help maintain the majority of the soil animal biomass. Consequently, agriculture could achieve greater sustainability by harnessing the services of earthworms in agroecology. In this mini-review, it is discussed for earthworm significance explored for their deployment and the exploration in terms of sustaining ecosystem functioning through soil health and fertility enhancement, the impact of biochar on earthworms for soil health, crop production, pesticide application, soil nutrient recycling, the effect of nanoparticles on earthworm and soil health, heavy metal remediation, etc. The earthworms can assist in sustainable agricultural practices and also for the preservation of healthy ecosystems. Therefore, the conservation of earthworms in the soil ecosystem is essential to protect these beneficial organisms. Furthermore, it is necessary to investigate various aspects of agricultural management, conservation, mining, etc., to maintain the ecological balance for sustainable agriculture.
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1 Introduction 
[bookmark: _Hlk199859294]Earthworms are invertebrates that inhabit a range of ecosystems, including agricultural fields, forests, grasslands, wetlands, and urban regions. They are mostly omnivores with diverse diets and serve as farmers' partners or "Ecosystem Engineers" [1]. Certain species of earthworms are more common in particular locations, whereas others have a broader distribution. Factors such as climate, soil type, and land use practices influence the diversity of earthworms [2, 3]. Soil is the most valuable and esteemed natural resource and sustainable agricultural practices are the driving force to protect the environment and bio-diversity. The main outcomes of earthworms' activity are tunnels, burrows, and middens; areas of soil are altered by their vigorous activity. Anecic, endogeic, and epigeic earthworms are the three most commonly found in India. Anecic earthworms eat mineral soil and partially decomposed organic material while enriching their casts, while endogeic earthworms reside in the soil and form horizontal tunnels. Epigeic earthworms dwell on the soil's surface and consume organic litter [4]. Earthworms are considered bio-indicators of soil health and fertility as their presence and activity in the soil can provide essential insights into the overall health and quality of the ground. They are crucial ecological mediators that influence soil functions and microbial activity by releasing energy-rich mucus. The symbiotic relationship between earthworms and soil microorganisms is referred to as the "sleeping beauty paradox" [5, 6] Earthworms aid in the formation and composition of soil by producing humus, weathering minerals, and integrating these elements to create stable aggregates, or organo-mineral complexes, which are either left on the soil surface or incorporated deeper into the soil profile [7]. A study conducted by[8] has revealed that earthworms exert various direct and indirect effects on ecosystem functions within the framework of ecological multifunctionality. Earthworms and bacteria may mineralize complex materials through the mesophilic composting process known as vermicomposting. It stabilizes organic carbon, creates metal-humus complexes, and transforms vital plant nutrients into bioavailable forms. A study assesses how well composting and vermicomposting work to mitigate the harmful effects of contaminants in municipal solid waste (MSW) [9]. It looks at the dynamics of pesticide, medication, and heavy metal removal in vermicomposting and composting systems based on MSW. The findings demonstrate that earthworms outnumber composting by two to three times and boost microbial biomass C&N, cation exchange, nitrogen, phosphorus, and potassium availability, and metabolic activity. They also reduce MSW-driven ecological threats by 60–90% and reduce heavy metals, pesticides, and medicines by 8–10 times. Pesticides are eliminated by earthworms more quickly than by medications and heavy metals.
[bookmark: _GoBack]As soil engineers, earthworms enhance soil structure by digging into the earth and establishing air and water pathways. Their existence in the soil may signify the improvement of the desirable soil structure necessary for optimal plant growth and increased nutrient absorption from the soil [6] They also alter the hydraulic and mechanical properties of the soil through their burrowing activities. Consequently, macro-pores are formed, which are vital for retaining moisture in the soil and have a considerable impact on water infiltration. By alleviating soil compaction and enhancing soil aeration for the microbial communities below, this burrowing behavior supports the improvement of soil structure. As earthworms travel through the soil, they mix organic and mineral soils, leading to a more consistent soil structure. This mixing action can help boost soil fertility and the availability of nutrients for plants. Earthworms form the upper layer of the soil profile by casting cement along with soil particles. Earthworm castings interact with soil particles, helping to hold moisture in the soil [10]. Earthworms produce casts, which are nutrient-rich pellets of N, P, and K organic matter ejected at the soil surface. These casts can enhance soil structure by improving soil aggregation and stability[11]. Biopores are created by living organisms, including earthworm burrows and castings. The bio pores enhance soil structure by increasing soil permeability, facilitating better water infiltration and nutrient absorption by crop plants. Earthworms play a crucial role in improving soil structure by decreasing soil compaction, promoting soil aeration, increasing soil fertility, and creating bio pores that enhance soil permeability [12].
This mini-review represents an effort to examine the literature analysis regarding the earthworm’s contributions in terms of: the role of earthworms in soil health and fertility, the impact of earthworms on microbes, the role of earthworms on biochar formation for soil health, the role of nitrogen (N) and phosphorous (P) in earthworm-enriched soil, earthworm role in crop production, earthworms role in pesticide degradation, Effect of nanoparticles on earthworms and soil health, and earthworm role in heavy metal remediation, etc. 
2 Literature analysis

[bookmark: _Hlk199847708][bookmark: _Hlk199847870][bookmark: _Hlk199884896]Recent developments in earthworm's role in agriculture research can be analyzed using bibliometric mapping, a data-driven technique that visualizes connections between key concepts in the field. This method uses a web-based VOSviewer software (https://www.vosviewer.com/) to generate co-occurrence maps based on keywords, helping to identify central themes [13]. While the software aids in mapping relationships, expert knowledge is necessary to interpret the findings accurately, as large datasets may introduce biases. With the use of various colors, circle sizes to indicate item counts, and the spacing between circles to demonstrate relationships, these maps graphically depict the thematic grouping of the objects[14]. This literature review employed two primary methods: bibliometric mapping through software and performance analysis, examining contributions from authors, countries, and institutions [14]. To investigate the many fields of knowledge about the usage or relativity of earthworms to agroecology, frequently used keywords were extracted. Analyzing keyword co-occurrence might reveal important information about the related field's research hotspots. From which important related keywords were selected for the basis of identifying the gaps and writing this review. The study created bibliographic coupling maps of authors, journals, nations, and organizations using the bibliometric analysis tool VOSviewer.  PubMed a free repository of biomedical and life sciences articles from the NIH/NLM (National Institutes of Health/ National Library of Medicine (USA) accessed through website https://www.nlm.nih.gov/) was chosen due to its broad literature coverage. A search for “use of earthworms in agriculture” returned 1,907 articles, and narrowing the focus to earthworm, bioremediation, and nanoparticles yielded 224 articles, including 24 reviews and the rest research papers. To our understanding, we found out that earthworms pesticide/ insecticides, and heavy metals are somehow related and hence we focused on the relationships between them. The network analysts predicted by VOS viewer are given in Fig. 1.
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Fig 1. The implications of earthworms in agriculture as evidenced by literature analysis by VOSviewer-based network analysis.

3 Role of earthworms in soil health and fertility
[bookmark: _Hlk199845310][bookmark: _Hlk199845549][bookmark: _Hlk199846173][bookmark: _Hlk199846414][bookmark: _Hlk199881327]As a vital part of healthy soil ecosystems, earthworm research is essential to comprehending and enhancing soil fertility and health. Their actions promote microbial activity, facilitate nutrient cycling, and improve soil structure—all of which support plant growth and the general health of ecosystems [15]. The earthworms are responsive to alterations in soil quality, they are adversely affected by the application of pesticides and soil compaction, and their existence in the soil may signify excellent soil health [16]. The lack of earthworms in the soil could signify unhealthy soil, which may reduce plant growth and yield [17]. Overall, the activity and presence of earthworms in the soil can serve as a reliable indicator of soil health and fertility due to their ability to enhance nitrogen mineralization through direct and indirect effects on the microbial community. As a result, soil nitrogen has been made available to plants due to earthworm activity, and the proportion of total nitrogen uptake in the form of inorganic and organic nitrogen has increased due to earthworm activity[18]. The presence of earthworms enhances total nitrogen uptake by plants when organic manure is added, compared to conditions without earthworms. Earthworms avoid acidic soil; therefore, earthworm castings are added to the soil to raise the pH and calcium levels. When the pH of the soil is increased from 4. 1 to 6. 7, the earthworm population shows abundance as most studies reported in  Singh et al; 2020 [19]. This indicates that by monitoring earthworm populations in different soil types and land use practices, we can gain a better understanding of how to improve soil quality and maintain healthy ecosystems[20]. Earthworms can enhance soil fertility by breaking down organic matter and releasing nutrients into the soil. Earthworms located in the soil can indicate good soil fertility, which is crucial for plant growth and agricultural production [21]. Due to their burrowing abilities, earthworms influence soil mechanical and hydraulic properties, significantly impacting water infiltration and efficient water delivery to plant roots [22]. The term vermitechnology is a vast field that includes using earthworms for plenty of applications, one such application is utilized for converting hazardous sludge into organic material for agricultural metal and harmful chemical removal and crop enhancement [23].  In a study by Devi et al; [24], Vermicomposting, as opposed to composting with simultaneous microbial augmentation, showed a substantially higher PAH( Polycyclic aromatic hydrocarbons) removal efficiency. When compared to E. fetida, E. eugeniae was an equally competitive PAH-accumulator. The investigation also discovered that earthworms significantly increased the proliferation of bacteria, fungi, and actinomycetes in PAH-spiked vermi-beds, thereby aiding in the immobilization of PAHs in decomposed feedstock. The key mechanism of PAH remediation under vermicomposting may be microbial enrichment and mineralization-humification balance driven by earthworms [24]. Fig. 2 illustrates the positive impact of earthworms on agriculture and the environment.


Fig. 2. The various beneficial effects of earthworms in agriculture and the  environment.

4 Impact of Earthworms on microbes
Earthworms have an important role in soil ecology through their interactions with soil microbes. How earthworms influence the physicochemical and biological characteristics of soil designates them as soil engineers. Their ongoing feeding and burrowing actions are essential in establishing and improving miniature soil ecosystems, which significantly impact both below and above-ground systems. The main physical changes caused by earthworms include enhanced soil aeration, improved water infiltration, increased soil permeability, and better root growth in plants. Earthworms consume organic materials found in the soil, which enhances the soil’s C and N-mineralization ratio by supplying nutrients for microorganisms [25]. As they digest organic materials, they break them down, rendering them more accessible to microbes for additional decomposition. By ingesting organic materials and producing nutrient-rich casts, earthworms contribute to the cycling of N and P nutrients within the soil [26]. Casts, which are essential compounds containing substances similar to auxin and cytokinin, are produced by the microbial community in the earthworm's stomach, accompanied by various hydraulic digestive enzymes [27]. Earthworms are capable of enhancing soil microbial diversity by forming microhabitats suitable for various bacteria. The passage of soil through the earthworm's stomach increases the prevalence of specific bacterial species like flavobacterium, actinobacterium, firmicutes, and proteobacteria in the soil [28].
[bookmark: _Hlk199857539][bookmark: _Hlk199881937]Earthworm mucus secretions can provide a safeguarded environment for certain types of bacteria and fungi, illustrating a symbiotic relationship with the earthworm. While soil microorganisms assist in breaking down organic matter and cycling nutrients, the activities of earthworms and their gut bacteria can enhance the proliferation and functioning of soil bacteria, thereby benefiting the soil ecosystem [29]. Earthworms consume organic material in the soil and discharge nutrient-dense castings. These castings can nourish soil microorganisms, fostering their growth and activity [30]. Earthworms produce mucus that can create a protective setting for particular microorganisms. The mucus might also supply nutrients that facilitate microbial proliferation. Earthworms release mucus, which can serve as a refuge for certain microbes. Mucus may also contain nutrients that support microbial growth [31]. In their digestive tracts, earthworms generate bicarbonate ions that can influence the soil's pH. Consequently, the makeup of the microbial community may change. This change occurs because different bacteria thrive at varying pH levels [32]. Earthworms can facilitate interactions between beneficial fungi and bacteria in the soil. For instance, earthworms have been shown to increase the populations of nitrogen-fixing bacteria, which can benefit plant growth [9]. Through various mechanisms, earthworms can significantly affect soil microbial communities. The interactions between earthworms and microorganisms in the soil are complex and can differ depending on soil conditions and the type of organic matter serving as a substrate. Nonetheless, comprehending these interactions is crucial for sustaining a healthy soil ecosystem [25]. Jouni described two endogeic earthworm species by examining the interaction of esterases and glutathione S-transferases enzymes[33]. The microbial community that inhabits the earthworm gut mitigates the stress from the pesticide chlordane [34], the effects of type I and type II pyrethroid pesticides in earthworms [35], the effects of lindane toxicity [36], and the impacts of propiconazole and Chlorantraniliprole [37], while two herbicides, diuron and fluazifop-p-butyl, influence avoidance responses and multi xenobiotic resistance activities for the earthworm Eisenia andrei [38]. The other study showed that the changes in the microbial population and functional components in vermicomposting and composting systems based on lignocellulosic waste. It was discovered that following vermicomposting, there were notable increases in nutrients and reductions in pH, organic C, and XRD-derived crystallinity in paddy straw-food waste combinations. Additionally, vermicomposting boosted microbial proliferation and activity [39]. According to the study, vermicompost has a higher gene volume and more genes linked to advantageous microbial activity. From the intestines of vermi-bed and earthworms, six multifaceted endophytic bacterial species that promote plant development were identified. This work demonstrates the usefulness of metagenomic analysis based on next-generation sequencing for separating commercially viable microbial species from vermicomposting systems.

[bookmark: _Hlk199846736]5  Role of earthworms on biochar formation for soil health
Plant organic matter generates biochar through pyrolysis, which is mineral-rich and beneficial for microorganisms, serving as soil supplements to enhance soil fertility, water retention, and overall soil health [40]. Earthworm charcoal is rich in diverse microorganisms, including proteobacteria, arbuscular mycorrhizae, pseudomonas, flavobacterium spp., chitin, and cellulose degraders [41]. The combination of earthworms and biochar offers several benefits compared to conventional biochar, impacting pesticide behavior in the soil ecosystem [42,43]. Earthworm-derived biochar is abundant in nitrogen, phosphorus, and potassium, essential for plant growth. Beneficial microbes found in the organic material utilized as earthworm feed contribute to soil fertility and overall health. Due to its porous structure, earthworm biochar enhances both soil aeration and water retention. The production process of earthworm biochar results in reduced greenhouse gas emissions compared to standard biochar production techniques. Han et al; 2021 examined the influence of the earthworm Eisenia fetida on rice straw biochar [44]. Nano-biochar possesses significant potential in agricultural sustainability, carbon sequestration, and soil nutrient cycling, as noted in a review by [45]; likewise, nano-fertilizer plays a role in agriculture [46].
Biochar can be extensively applied for carbon sequestration in soil, soil amendment, and remediation of soil pollution [47,48] due to its significant stability, porosity, large specific surface area, alkalinity, oxygen-containing functional groups, nutritional value, and mineral abundance [49]. Earthworm biochar serves as a sustainable and environmentally beneficial additive for soil, which can be produced from various organic waste materials, such as food waste and agricultural by-products . In summary, earthworm biochar represents a promising amendment for soil that can enhance soil health and fertility while fostering sustainability and lowering greenhouse gas emissions. Earthworm biochar is capable of bonding with heavy metals through precipitation complexation and ionic exchange [50]. Recent studies by [51] have demonstrated that the integration of earthworms and biochar enhanced soil fertility and produced synergistic effects on the metal uptake by the plants present. Biochar removes environmental pollutants through sorption and microbial degradation, while earthworms facilitate the access of toxins to microorganisms, thus supporting the proliferation of contaminant degraders [52,53]. Earthworms and biochar may serve as potential enhancers for the restoration of degraded soils [54,55]. The negative impacts of biochar on the soil ecosystem are also documented [56].
6 Role of N and P in earthworm-enriched soil
[bookmark: _Hlk199883915]The soil holds N and P  as nutrients essential for the growth of plants. Earthworms are beneficial for soil health and plant growth because their availability has an impact on the cycle and availability of certain nutrients in the soil.  To increase plant production and agrosystem sustainability, Organic amendments performance must be improved. As ecosystem engineers, earthworms are essential to the turnover of nutrients. The fertilizer performance of Organic amendments’  may be enhanced by inoculating earthworms. Earthworms enhanced the availability of P and Mg, which is probably how they boosted the performance of high-quality organic amendments [57]. According to The NSW (New South Wales) Department of Primary Industries which asserts that earthworms enhance the mineralization of organic materials, increasing nitrogen availability and their castings are more readily able to release phosphorus than surface soil  [https://www.dpi.nsw.gov.au/]. The castings produced by earthworms are an excellent source of P and nitrogen N for plants. The levels of N and P found in earthworm castings differ based on factors such as the type of feedstock consumed by the earthworms, the species of earthworms, and the conditions under which the castings are formed. In contrast, studies have shown that earthworm castings contain significantly higher amounts of N and P than the surrounding soil. For example, one study revealed that earthworm castings had 2–7 times more N and P compared to soil. Another research found that earthworm castings had 1. 5-2 times more N and P than other forms of compost. Several experimental investigations suggest that earthworms might negatively affect studies on N-fertilizer retention. Depending on the characteristics of the species and the quality of the substrate, the interactions between earthworm species and their microorganisms significantly influence nitrogen mineralization and crop productivity, resulting in increased nitrogen immobilization or mineralization. Vermi-filtration has been applied in technologies for water treatment for environmental remediation [58] improving wheat drought resistance with vermicompost [59] and promoting plant growth using earthworms [60]. 
6.1 Nitrogen cycling
Earthworms ingest organic soil materials that are rich in nitrogen. During the process of digestion, nitrogen is transformed into ammonia, which is subsequently excreted as castings. Since earthworm castings exhibit enhanced nitrification, earthworms facilitate the mineralization of soil organic matter, leading to increased nitrogen levels. These castings serve as a source of slow-release fertilizer for plants due to their high nitrogen and nutrient content. Earthworms also assist in breaking down organic matter, which releases nitrogen into the soil, making it more available for plant uptake. The concentration of mineral N in earthworm gut and soil is generally greater than in the surrounding soil; on average, it is 241 % higher in castings [61].
Earthworm biomass may directly influence terrestrial ecosystems by providing up to 60–70 kg of nitrogen per hectare, which is then reincorporated into the soil as decayed tissue. This may be attributed to mucus, dead tissue of earthworms, organic N mineralization, or the urine of earthworms. Various factors such as earthworm species, food sources, soil types, and agricultural practices all impact the amount of N-mineralization produced by earthworms. Nitrogen mineralizes and decomposes rapidly within earthworm tissues. The intestines and castings of earthworms contain nitrogen-fixing bacteria that enhance nitrogen fixation by increasing the activity of the nitrogenase enzyme. Earthworms exhibit a 10–30% absorption efficiency, indicating that they partially absorb the mineral N that is generated. Conversely, earthworms can increase N leaching in cultivated soils, particularly if traditional farming practices are employed. By enhancing the uptake of nitrogen in soils, earthworms can assist rice and cotton crops in coping with drought [62]. This is attributed to greater leaf water content, improved photosynthesis, increased antioxidant activity, and reduced graminoid density, which may lower plants' vulnerability to drier conditions. According to [62]  the nitrogen present in earthworm mucus can be readily taken up by plants as organic nitrogen. However, the significance of this transfer remains unclear. A substantial quantity of mineral nitrogen is mineralized, absorbed, immobilized, trapped, or leached from casts, indicating a temporary hotspot for this element.
6.2 Phosphorus cycling
One vital mineral for plants, P- is crucial for energy storage and transmission during cellular metabolism. It encourages early vegetative growth [63], resulting in earlier maturation of grain harvests. P is the second most crucial nutrient for plant growth following nitrogen, despite being a necessary component [64]. Due to its lower solubility in water, it is less mobile and therefore less accessible to plants compared to other essential nutrients in the soil [65]. The level of available P-in earthworm castings exceeds that found in soil lacking earthworms. Earthworm castings contain more available P due to increased phosphatase activity present in the castings [66].
As a key structural element of biomolecules like nucleic acids and a vital participant in energy transfer processes, phosphorus (P) is one of the macronutrients necessary for plant growth [67]. Orthophosphate (PO4), which typically exists as HPO42− or H2PO− depending on soil pH, is the P form that plants take up from the soil solution. Earthworms also contribute to phosphorus cycling within the soil. They consume soil and organic matter, releasing phosphorus in the form of phosphate during digestion. This phosphate is later deposited in castings, serving as an important phosphorus source for plants [68]. Earthworms can decompose organic materials, which releases phosphorus and other nutrients into the soil. Ultimately, earthworms can greatly influence the availability and cycling of nitrogen and phosphorus in soil. The mechanisms of the C and N cycles in ecosystems are significantly affected by earthworm management and handling methods [69]. By being less influenced by human activity and maintaining a low organic content status, earthworms enhance nutrient availability in soil ecosystems. An old notion, recently recognized and integrated through various experimental studies, is the role of earthworms in enhancing soil fertility. Research in this vital area of study has a direct effect on the social welfare of the entire community.
Plant growth is reliant on P availability and earthworm castings can provide more P than the adjacent soil. The anecic earthworm Lumbricus terrestris significantly improved grass yield and P uptake in a greenhouse pot trial using annual ryegrass. The presence of the earthworm also altered the chemistry of the water extracts, increasing levels of calcium, pH, and dissolved inorganic phosphorus. The quantity of dissolved organic carbon also rose. Surface complexation modeling indicates that one of the main reasons for the enhanced release of orthophosphate (PO4) through competitive adsorption and desorption is the improved interaction of dissolved organic matter with the reactive surface of metal oxides. Another way that earthworms can enhance soil is through this competition for adsorption sites [70] .
[bookmark: _Hlk199847368]Through various metabolic processes, earthworms can influence the accessibility of P in plants. They improve the availability of P by stimulating the production of phosphatases, which are enzymes that specialize in the mineralization of P. Cao et al. [68] indicate that earthworm stomachs and soil or organic wastes contain higher concentrations of phosphatase, which temporarily increases the quantity of P that is available. This effect on P accessibility and N cycling is crucial for plant health [69,70, 71, 72,]  Since earthworms enhance soil microbial activity through mineralization, and their secretion of mucus, they can elevate the levels of dissolved organic carbon (DOC) in the soil. Agronomy relies on the temporal desorption of P, which may be supported by this increase in DOC levels. A novel mechanism for the improved P availability induced by earthworms is the reduction of the reactive surface area of metal-hydro)oxides in soils that are rich in iron(Fe)-hydroxides [73]. This process, initiated by the generation of Fe2+ in anoxic conditions, is more significant than the effects of pH or competitive desorption with DOC. For soils that exhibit a high concentration of Fe-(hydro)oxide and substantial phosphorus retention, this mechanism is extremely important.

6.3 Earthworm role in crop production 
Earthworms play a crucial role in soil composition and for the balance of ecosystems [74]. The five possible ways by which earthworms might aids in plant growth were proposed by Le Bayon et al. [75]: (i) pest and disease biocontrol; (ii) enhancement of microbial plant symbionts; (iii) generation of substances that influence plant growth; (iv) alterations in soil structure; and (v) increased availability of nutrients. 
[bookmark: _Hlk199882363]Further research indicated that earthworms may also influence plant defense mechanisms [76]. By modifying soil porosity and aggregation, which impacts plants' access to water and oxygen, and  by improving SOM mineralization, which increases nutrient availability for plants, earthworms boost crop yield and plant development [77]. In terms of interactions with other species, there are three fundamental approaches: Biocontrol of pests and parasites, stimulation of symbionts, and the generation of plant growth regulators through enhanced microbial activity to complete the group of five [78]. By accelerating the initial decomposition of organic wastes into simpler compounds that plants can readily absorb, vermicomposting improves the effectiveness of organic nutrients in the soil [31]. Vermicompost treatment raised the total nitrogen content of the soil, according to the study [79], with E. fetida-mediated vermicomposted (VCA)-(T5) having the maximum level after two years. The higher nitrogen recovery efficiency of the VCA (T4) treatment indicated the concentration and biodegradability of soil organic matter. These are key components. As the trial progressed, vermicompost treatment raised the soil's phosphate and potassium availability while also dramatically lowering the C: N ratio. Over two years of growth, the bioavailable levels rose, and the application of vermicompost boosted the number and variety of microbial communities that solubilized these nutrients, which in turn promoted the release of a variety of endogenous and exogenous enzymes in the soil.
Key nutrients such as N, P, and K - macronutrients, are prevalent in earthworm vermicast, known as worm castings, that are easily absorbed by plants and enhance agricultural yields [80]. These castings result from earthworms digesting organic matter and function as soil enhancers and plant nutrition (https://www.chelseagreen.com). Coelomic fluid from the earthworm Eudrilus eugeniae contains enzymes that support the growth and development of the Vigna radiata crop [81]. In a related study, the coelomic fluid-associated bacteria of the earthworm Aporrectodea molleri were examined for various plant growth-promoting characteristics on maize germination [82]. Earthworms could be beneficial for insect biocontrol [83]. For instance, Aporrectodea rosea, A. trapezoides, and R. omodeoi mitigated the impact of soil-borne fungal diseases and the harm inflicted by plant-parasitic nematodes, respectively. This was observed in rice plants that experienced rainfall, specifically Heterodera sacchari.  The relationships between earthworms and other soil organisms have not been extensively studied. Nonetheless, crop yields improved due to the redistribution of mycorrhizae or Rhizobium in the soil facilitated by earthworms. These bacteria produce auxin or indole acetic acid, which fosters plant growth and productivity. By introducing greater amounts of organic matter, the incorporation of wheat waste into the soil significantly boosts the earthworm population [84]. The role of earthworms in crop production and agriculture sustainability is explained in Fig. 3.
[image: C:\Users\Hunter\OneDrive\Desktop\Discover Agriculture\Revision 1 Final files\Revision 2\Fig 3 revised.jpg]

Fig. 3. Role of earthworms in crop production and agriculture sustainability.

7 Earthworms role in pesticide degradation
The production of food and the sustainability of the ecosystem relies on pesticides, but the excessive use of these chemicals has contaminated the environment and diminished the diversity of earthworms and soil biota [85] These substances harm organisms at higher trophic levels due to their bioaccumulation and slow breakdown [86]. Pesticides are chemicals used on crops to manage pests and diseases, yet they can also have adverse effects on the environment and human health [87]. When applied to soil, pesticides can accumulate and persist for extended periods [88]. Pesticides impact earthworms both acutely and sub-lethally, leading to significant mortality and morbidity [89, 90]. DNA damage, growth, reproduction, and enzyme activity are types of biomarkers that can assess the overall impacts of pesticides [91]. This approach can provide reliable and effective methods for assessing pesticide toxicity, highlighting early indicators of pesticide stress and risk for non-target species. By incorporating these endpoints in ecotoxicological studies, it is possible to estimate real-field impacts on earthworms and soil biota and measure pesticide effects. Earthworms are vital to terrestrial ecosystems as they enhance soil. The effects of three pesticides were investigated in the earthworm Lumbricus terrestris [92].
Choosing the right species and the correct application of physical conditions is vital. The types of niches that earthworms occupy vary based on the soil type, pollutants, and environmental factors. Possible methods of bioremediation using earthworms include direct application, co-application with organic media like compost, or feeding on contaminated substrates. Various earthworm species have been evaluated as potential agents for remediation, and studies have been conducted on their behavior, fate, and loss. Earthworms can play a role in breaking down pesticides in the soil and can aid in their degradation in several ways. Earthworms may decompose pesticides in two ways: directly, by releasing enzymes in their digestive system that detoxify the pesticides [93], or indirectly, by stimulating and dispersing microorganisms that degrade the pesticides [94]. Nonetheless, earthworms can only decompose pesticides in their gastrointestinal tract and in worm-altered soil, such as casts and burrows. Thus, based on their ecological classifications, different species of earthworms will have different impacts on pesticide degradation [88] Firstly, they can physically eliminate pesticides and heavy metals from the soil by consuming contaminated soil particles and excreting them as castings (worm feces) on the surface (Fig. 4).
[image: Untitled (10)]

[bookmark: _Hlk182638386]Fig. 4. Bio-remediation of pesticides and heavy metals by the microbial community and earthworms.

 This mechanism can lower pesticide levels by utilizing glycolytic enzymes produced by gut symbionts, which aid in breaking down the organic components of ingested soil [95]. Secondly, earthworms can degrade pesticides through biotransformation, converting a chemical into a less toxic substance by releasing enzymes that detoxify pesticides. Earthworms possess enzymes in their gut that can convert pesticides into simpler organic compounds that are less harmful to the environment. Thirdly, earthworms can enhance microbial activity in the soil, facilitating pesticide degradation [96]. Earthworms secrete mucus and enzymes that promote the growth of beneficial microorganisms in the soil, which in turn enhances agriculture [97]. A vital process in degrading organic pollutants involves the collaboration between earthworms and gastrointestinal bacteria [96]. The bacterial strain Rhodococcus MTCC, isolated from the digestive tract of Metaphire posthuma, was able to transform/degrade the organochlorine insecticide endosulfan, While not all species of earthworms will degrade pesticides equally, these microorganisms can achieve this through biological mechanisms [88]. Overall, soil earthworms can assist in reducing pesticide concentrations and improving their performance. This has environmental advantages, and several species of earthworms have been documented to promote soil pesticide degradation and assist in environmental restoration. The earthworm genera known for their beneficial characteristics are listed under the headings below:
7.1 Eisenia fetida
It is also known as the red wiggler; this earthworm species is commonly used in vermicomposting and has been shown to have the ability to break down various types of pesticides. This earthworm species has been shown to degrade several types of pesticides [98], including organophosphates, carbamates, and pyrethroids. Studies have demonstrated that E. fetida can break down pesticides such as chlorpyrifos, malathion, carbaryl, and cypermethrin, phenantherene [99].

7.2 Lumbricus terrestris
Lumbricus terrestris is found all over the world and demonstrated to break down pesticides, including atrazine, carbaryl, and chlorpyrifos. Additionally, studies have shown that Lumbricus     rubellus may break down herbicides more effectively in soil than in water [95].
7. 3 Aporrectodea caliginosa
Also known as the grey worm, is a species commonly found in agricultural fields and can degrade certain types of pesticides [99]. This earthworm species has been shown to degrade certain herbicides [100], such as glyphosate, and pesticides, such as atrazine and metachlor [101].
7.4 Amynthas cortices
Also known as the Asian jumping worm, this earthworm species is a recent invasive species in North America and has been shown to have the ability to break down the pesticide Bifenthrin, which is commonly used to control insect pests in agricultural fields [99]. The amount of pesticide degradation by earthworms depends on various parameters, type of pesticide, their concentration in the soil, earthworm species deployed, etc [98].
7.5 Effect of nanoparticles on earthworms and soil health
The preservation of soil structure, nutrient cycles, carbon transformations, and controlling pests in crops are the four fundamental processes that determine soil health. Through a range of biological processes supplied by interacting soil organisms, these functions which are impacted by abiotic soil environments are made visible. One may evaluate the health of soil by combining its physical, chemical, and biological characteristics. Chemical characteristics such as total C and N, mineral nutrients, organic matter, bulk density, porosity, moisture content, and cation exchange capacity are some of these [101]. Microbial biomass and microbial activity are examples of biological markers that are essential for soil health because they affect the physical and chemical characteristics of the soil [102]. In emerging economies, where 60% of the population depends on horticulture, agriculture farming is essential. Overall plant and living creature well-being, water and air quality, and the effectiveness of plant and living systems depend on healthy soil. Further soil health depends on several factors, including the N-cycle, insect management, soil structure maintenance, and carbon transformations. An estimated 4 tonnes of nanoparticles (NPs) are employed annually in biology and medicine, with a 2011 valuation of $17.5 billion [103]. Problems with ecology, toxicity, agriculture, health and security, strategy, and administration arise [104]. In their implementation intentional cooperation is required. Metal nanoparticles in biosolids have the potential to impact soil microbial communities; some nanoparticles have been shown to alter microbial activity and reduce microbial biomass. The addition of biosolids may have an impact on earthworms' development and survival, although the effects of nanoparticles on these organisms are not well known [105]. Earthworms are frequently employed as markers of soil health, and research has found that nanoparticles do not influence their development and survival. Earthworms' ability to reproduce may be diminished by nanomaterials. Whether these investigations are carried out using nanoparticles in biosolids is unknown, though. In mine tailing soil treated with biosolids, the research found that all earthworms died, but it was unable to pinpoint the harmful ingredient [106].
Much research has been conducted on the characteristics and uses of engineered nanomaterials have been conducted but this has further raised questions about nanomaterial toxicity. Nanomaterials may find industrial uses in agriculture as recent research indicates that they benefit biological systems and crops. Types, exposure duration, concentration, type of soil, organism type, and biotic and abiotic interactions are some of the variables that affect the NMs impact. For each circumstance, specific testing is required to prevent compromises in sustainable development and the health of people and the environment [107]. Particularly when it comes to soil fertility and health, earthworms are vital to ecosystem function. By eating and burrowing, they contribute to the cycling of nutrients and the breakdown of organic matter, which creates stable soil aggregates and improves soil structure [108]. Earthworms are frequently employed in terrestrial ecotoxicology studies to quantify pollution levels and are a typical bio-indicator of soil quality. However, research on the behaviour and biological effects of nanoparticles in the environment has become more important as worries about their possible negative effects on the pedo ecosystem have grown. Although there is increasing interest in researching the potential applications of nanotechnology, there is a dearth of assessment about the possible risks to earthworms [109].  The unique physicochemical features of engineered nanoparticles have led to their widespread application in a variety of sectors in recent years. Because of their widespread use, NPs have a higher chance of entering the environment. A common NP, nanoscale NiO (NiO-NPs) is well-known for its positive catalytic qualities, strong adsorption capabilities, high specific surface area, and stable chemical properties. Because of these characteristics, NiO-NPs are very adaptable in industrial settings, such as solar cells, biosensors, and catalysts. Through the food chain, NiO-NPs may be harmful to human health and inadvertently find their way into the soil during usage. Nanoparticles and pesticides may coexist in soil, but it is yet unknown how the nanoparticles affect the build-up of pesticides in terrestrial organisms. The purpose of the study is to examine how metal oxide nanoparticles (nano-ZnO and nano-CuO) affect pentachloronitrobenzene (PCNB) accumulation in earthworms and the toxicity of these particles when combined [108]. 
It has been shown that metal nanoparticles have harmful impacts on the soil environment, influencing the community as a whole and perhaps endangering both human and environmental health [110]. Earthworms bio-magnify the soil contaminants, frequently having detrimental effects on delicate vertebrate species. They are also frequent prey for other biota [111]. By boosting the number of helpful microbes, earthworms alter the structure of the soil, stabilize soil carbon, and enhance crop yields [112, 113]. They may help with bioremediation since they may also bioaccumulate or change organic or inorganic materials. Another important function of earthworms is to fix carbon dioxide and lower greenhouse gas emissions from agriculture. Since earthworms are model organisms in soil ecotoxicology and suggested test subjects, this study focuses on the possible adverse effects of these nanoparticles on these creatures [114, 115].
Metal nanoparticles (MNOs) in soil are regulated by their physiochemical properties and soil parameters, with pH and organic matter having the biggest influence on toxicity. Other features of the pore water and other soil properties are also important. The degradation of metal and metal oxide-based MNOs in soils might release potentially harmful ions that can harm nanoscale organisms. Metal MNOs can enhance lethality, oxidative stress, avoidance response, and subcellular damage while decreasing respiration, growth rates, and reproduction in adults and juveniles. The effects of oxidized metal oxides may differ from those of pure metal particles of the same element; for example, zero-valent Fe NPs may be less harmful to earthworms E. fetida [116] and L. rubellus [115] than FeOx NPs. TiO2-NPs and other materials' toxicity is influenced by their size, purity, surface coating, crystallinity, shape, and solubility. Fig 4 explains the impact of NPs on earthworm and soil health.
[bookmark: _Hlk182638286][bookmark: _Hlk182638930]Al2O3-NPs are only hazardous at extremely high concentrations [117], which are unlikely to occur in the environment. NiO-NPs impair the microbial community and soil enzymes, hinder reproduction, impact embryo development, and cause oxidative stress [118,119]. CeO2-NPs have little influence on reproduction or survival [120, 121], but Ag-NPs are frequently more harmful than Ag ions [98]. NP's fate is mostly determined by their interactions with organic materials, which intensify particle toxicity through transformation mechanisms [122, 123, 124, 125, 126, 127, 128]. Few studies have examined the toxicity of rare-earth-based MNOs to earthworms, revealing gaps in our understanding of the fate and impacts of various elements. Further research is required to investigate how carbon-based MNOs affect TTF and bioaccumulation from soil biota to upper food chain levels. The impacts of several nanoparticles on earthworms are explained in Table 1.

Table 1. Effect of NPs on earthworms.

	S.
No,

	Name of Pesticide
	Types of 
Nanoparticles
application 
	Effect on earthworm
	Reference

	1.
	Atrazine (ATZ)
	Nickel 
Oxide Nanoparticles
(NiO-NPs)
	NiO-NPs  
markedly affected the
accumulation of 
ATZ in earthworms
	[129]

	2
	
	TiO2 NPs
	No harmful effects of TiO2 NPs were detected 
at the cellular level.
	[130] [129]

	3.
	Pentachloronitrobenzene 

(PCNB)
	ZnO and CuO
	PCNB and nanoparticles 
caused serious 
oxidative damage to earthworm 
coelomocytes, thus 
leading to the 
damage of cell membranes
and cell death.
	[131] [130]

	4.
	Chlordane and 
dichlorodiphenyl-
dichloroethylene + 
metabolites (DDX)
	Ag NPs
	Exposed earthworms 
Ag particle size does 
significantly impact 
accumulation 
of the element itself, as well 
as that of coexisting weathered pesticides
	[132] [131]

	5.
	Chlorpyrifos
	ZnO-NPs
	synergistic effects and 
significantly reduced the number of 
juveniles in both gener-
ations
	[133] [132]

	6.
	Chlorpyrifos
	nanopesticides (chlorpyrifos and tebuconazole loaded on polymeric and lipid nanocarriers)
	The study found that nanoformulations significantly affect the bioaccumulation of
 pesticides in 
plants, although the patterns were not uniform, indicating their 
potential to 
significantly alter their 
bioavailability 
and fate.
	[134] [133]

	7.
	NA
	Metal NPs ( Ag NPs and CuO)
	The earthworm gut microbiome is 
largely resilient to exposure to
metal NPs.
	[135]  [134]

	8.
	Cloransulam-methyl
	TiO2NPs
	The toxicity of 
cloransulam-methyl to 
E. fetida is increased by TiO2NPs.

	[136] [135]






8	Earthworm roles in heavy metal remediation
[bookmark: _Hlk199882632]Earthworms can help to clean up contaminated areas since they bio-accumulate considerable amounts of heavy metals like Cd, Hg, Zn, Pb, Cu, Mn, and Fe in their body tissue [136, 137]. Earthworms' capacity to bind large amounts of heavy metals in their tissues is another reason why they are known to flourish in soils polluted with metals. The contaminated soil restoration has been done by using many in-situ and ex-situ approaches [138]. Phytoremediation, microbiological, and animal remediation are three of the most efficient methods for cleaning contaminated soil earthworms impact heavy metal levels and mobility in the soil through bio-accumulation during feeding [51]. By ingesting metals or absorbing them through their skin, earthworms can accumulate metal in their bodies [139]. The mechanism of heavy metal and pesticide degradation is given in Fig.4. and also shown in Fig. 5. One recent innovative method for contaminated soil remediation is vermi-remediation using vermi-extraction [140, 141]. Some examples of earthworm species acquiring heavy metals from polluted soil in their tissues in their tissues. They store the metals in a less dangerous form to themselves, allowing them to live in contaminated surroundings. It is widely known that the tissues of earthworms like Eisenia fetida and Lumbricus rubellus accumulate heavy metals. Vermicomposting systems based on metal-enriched green waste (GW) had few differences in earthworm gut metabolomes. In one study, Pb-Cr-Cu (1:1:1)-mixed solutions were added to aerobic composting and vermicomposting systems mediated by Eisenia fetida.  The metal-spiked vermi-beds had a metal removal effectiveness that was 1.2–3.0 times greater than that of unspiked composts. Pb, Cr, and Cu bioaccumulation was much greater in earthworms cultivated on spiked GW feedstocks. The study also showed that earthworms carrying metal-rich feedstock have increased levels of metabolites from the phenylpropanoid pathway [142].
Arsenic is a common element in soils that may be found in a variety of forms, including organic (methylated As, arsenobetaine (AsB), and aresnocholine (AsC)) and inorganic (arsenate [As(V)], arsenite [As(III)). In general, earthworms absorb inorganic As slowly, with observed increases in As content occurring gradually [143]. However, when the elimination rate is high enough, a steady-state level might be achieved [144]. Because of their unique toxicity, soil as a species also affects how well earthworms absorb and get rid of them. As an illustration, Eisenia fetida's level peaked on day 8 for both the monomethylarsonate (MMA) and dimethylarsinate (DMA) treatments, but both the arsenite [As(III)] and arsenate [As(V)] treatments showed a modest but steady increase in As with increasing exposure time as found in [145] The gut microbiota mostly converts the most prevalent As(V) in dry-land soils to As(III) after ingestion, while inorganic As is partially converted into organo-arsenic fractions [146]. As concentrations are low. Is mostly found in tissue, cell membranes, and intact cell fraction; it is less common in the cytosolic fraction because sulphur binds to glutathione after absorption and replaces phosphate in the cell membrane [143]. According to a recent study, earthworms absorb 30% of Cd from polluted soil in 28 days [147]. In a similar experiment, Metaphire guillelmi and Eisenia fetida accumulated around 7% of Cd after 14 days of exposure to cd-contaminated soil (1mg kg-1) [147]. With its great mobility, toxicity to living [Low rates of absorption] allow earthworms to collect cadmium, which is mostly retained in the cytosolic fraction and slightly dispersed in the tissue-cell membrane, organelles, and granular fractions. Cadmium an 11-day depuration interval, Eisenia fetida removes less than 10% of the earthworms' restricted excretion of cadmium. Cd removal is influenced by worm species and the amount of Cd collected in earthworms; Lumbricus rubellus [148] and Eisenia Andrei have been observed to eliminate Cd at varying rates [143].
[image: ]
[bookmark: _Hlk193622523][bookmark: _Hlk194728121]Fig 5. Impact of nanoparticles on earthworm and soil health.

An endogeic species known as Eisenia fetida has been shown to accumulate and remove heavy metals like lead [149], cadmium, copper, zinc, and chromium [146]. The absorption rate of lead (Pb) is similar to that of cadmium (Cd), whereas the elimination rate is lower [150, 151]. Because Pb is not readily available or mobile in polluted soils, its amount in earthworms can be stable with extended exposure, although it does increase with absorption and depuration rates. Eisenia fetida exhibits a reduction in Pb subcellular accumulation in cytosols, granules, and cell debris. Metaphire californica [146], Aporrectodea rosea, Aporrectodea trapezoids [149] and Lumbricus rubellus [152] also showed similar results. For human health, monomethylmercury (MeHg) is the most dangerous form of mercury (Hg), which is mostly found in soils as elemental mercury (Hg0) [153, 154, 155]. The methyl-Hg accumulation is significantly higher in Pheretima guillemi and Lumbricus terrestris earthworms, although the Hg level increases linearly with exposure time. The fewer research explains the buildup and removal of Cr, Ni, and Hg. Eisenia fetida probably had rapid Ni accumulation before stabilizing [153].
[bookmark: _Hlk199883069][bookmark: _Hlk199883004]     Eisenia. fetida has been utilized in polluted soil rehabilitation and has been demonstrated to be useful in lowering heavy metal concentrations in contaminated soil. It has been demonstrated that Bacillus megatherium effectively lowers the level of heavy metals in soil and has been employed in rehabilitating contaminated soils. Due to its affordability, sustainability, and environmental friendliness, earthworm-assisted bioremediation techniques have been proposed for metal-contaminated soils [156]. According to Zhang [149], earthworms can enhance plant growth, improve metal bioavailability, and tolerate relatively high pollution levels as phytoremediation catalysts. Therefore, the earthworm may be the most excellent alternative to address issues with soil health. Therefore, the key health problem linked to issues in the soil is explained in Table 2. Earthworms use metallothionein (MT), a tiny cysteine-rich metal binding protein, to neutralize harmful metals. According to research on the earthworm species Eisenia fetida and Lampito mauritii, metal-rich tea factory coal ashes (TFCA) have the ability to both collect and detoxify metal [157]. Gut proteins with a molecular mass more than 100 kDa were found by fluorescence probing of copper and zinc as well as cow dung, indicating metal binding. Toxic metals such as Cr, Cd, Pb, and Zn were converted from exchangeable to refractory fractions by vermicomposting, which also enhanced the amount of humified organic carbon and the degree of humification. High removal efficiency was achieved in lowering total metal concentrations. Nevertheless, there is a poor correlation between the rate of metal buildup and MT expression[158]. This work shows that this discrepancy can be caused by proteins that are not MT metal-induced. After exposing the earthworms to cadmium for 60 days, the researchers discovered a considerable buildup of cadmium in their intestines and identified a 150 kDa metal induced protein (MIP). Paper chromatography and continuous variation studies were used to further validate the MIP, which is most likely a new cadmium binding protein that is rich in glutamic acid. This is the first proof that earthworm intestines contain a non-metallothionein cadmium binding protein in vivo.

[bookmark: _Hlk182638303]Table 2. Agricultural and soil health-related issues and the mechanisms that earthworms use during bioremediation.
	S. No. 
	Agricultural and soil heath related issues
	 Mechanism involved

	1
	Degradation of the 
cultivated soils'
structure
	Earthworms continuously burrow and live in
the soil, which increases soil macro-porosity 
and particle aggregation.

	2
	Low levels of organic 
matter in 
farmed soil
	Through their castings, earthworms
 frequently
 maintain the organic content of the three
primary macronutrients (N, P, and K) [159]

	3
	Acidic and infertile land 
soil-related 
problems
	Earthworms are rich in alkaline and
incorporates 
the basic salt of calcium.

	4
	Reduced dryness and
 vitamin and mineral 
losses are required.
	Earthworms hasten the mineralization of 
nutrients over a short period. Promotion 
of plant development bi-mineral fertilizers 
and the impact of earthworm castings on 
harmoney [160]

	5
	Increase of pesticide use 
and a focus on 
environmentally friendly 
methods of disease and pest control
	Earthworms reduce the harmful effects of 
some illnesses and pests (Nematodes, Fungi)
[88]

	
	
	


[bookmark: _Toc178745409]Conclusions
Earthworms are “Ecosystem Engineer” known for contributing to ecological processes such as soil formation, N and P-cycling, and plant development. They have a role in influencing the microbial communities in the soil, either directly by eating or indirectly by acting as a prime mover by increasing the availability of labile substances. Studies have shown that earthworm-microorganism interactions for soil nutrient cycling, particularly N and P cycling or signal molecules to understand the mechanism involved in soil functioning. Hence earthworms influence nutrient cycling and plant development is a direct effect mediated indirectly by the changes in nutrient cycling and plant development. The use of earthworms in agroecology offers a promising approach to achieving agricultural sustainability. By promoting earthworm populations and activity, farmers can improve soil health, increase crop productivity, and reduce environmental impacts. As a sustainable and eco-friendly practice, earthworm-based agroecology can contribute to food security, climate change mitigation, and rural development. Further research and adoption of earthworm-friendly practices can help unlock the full potential of earthworms in promoting sustainable agriculture and ensuring a healthier planet for future generations. Also, the usage of NPs and biochar in industry and consumer items has a big effect on the environment. Their toxicity and possible effects on ecosystems and ultimately on earthworm species are complicated, even though they can improve product performance, lower energy usage, and encourage cleaner settings. Further promoting earthworm populations includes organic amendments, reduced tillage, crop selection, soil moisture management, etc. Future research directions include the efforts needed in the area of: (a)  research and development for better earthworm strains understanding of the involved microorganisms (b) farmer education and training to adopt for better agronomic practices (c) policy support and (d)  scaling up the earthworm-based agroecology practices to achieve broader impacts. Therefore, to meet the combined achievement in the fields we need to adopt an all-inclusive approach where integrated approaches are beneficial to fulfill the better environment-friendly agriculture that maintains the human health and ecology protection. By promoting earthworm populations and activity, we can unlock the potential of earthworms to contribute to sustainable agriculture, improve food security, and mitigate climate change.
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