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Alterations of soil characteristics that result in reduction in ecosystem services invariably cause soil quality degradation. Such changes could be caused due to a variety of stressors, which might be physical, chemical, or biological and come from both anthropogenic and natural causes. Out of the wide variety of soil pollutants, agrochemicals contaminate soil biota the most. Numerous research’ findings have confirmed that soil has been the most preferred site for the disposal of xenobiotics and therefore is likely to be the source of contamination for other natural resources like ground and surface waters. The ecological risk associated with contaminated soils depends on many physicochemical and biological processes that govern the transport and transformation of pesticides. Nevertheless, the persistence of pesticides in soil is a serious threat to both below and above ground organisms which play key roles in sustaining soil functions. One of the viable methods to decontaminate soil is by utilizing living soil biota selectively. This process called. Bioremediation has traditionally been employed to remove chemical residues from soil or to lessen their toxicity levels. Although microbes have been extensively used for bioremediation, chemical breakdown and remediation are significantly aided by certain dominant soil fauna, such as earthworms. Since they modify soil quality, earthworms are regarded as soil engineers. Earthworms can participate in the degradation of pesticide residues, either directly through the release of detoxifying enzymes in their gut or indirectly through their positive influence on microbial populations which could degrade pesticides. The earthworm supported pesticide degradation is largely confined to the gut microenvironment and the soil processed by the worms. The impact of earthworm species on pesticide degradation is widely variable which could be related to their feeding habits and microhabitats. Molecular docking studies have provided evidence in support of binding of organic molecules with agrochemicals. High level of organic matter in soil is expected to increase the binding of hydrophobic pesticides to organic ligands with consequent reduction in their bioavailability to microorganisms and increasing their persistence. Activities of earthworms is likely to induce growth of aerobic microbes capable of pesticide degradation. Among the various earthworm species, Lumbricus terrestris, Perionyx excavatus and Metaphire posthuma have shown promising results as remediating agents of pesticides contaminating farm soils. The present article focuses on the remediation process of hazardous pesticide polluted soil using biological agent like earthworm. This approach may be both efficient and environmentally beneficial.
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INTRODUCTION
It has been well established through long term research that there is significant reduction in ecosystem services due to soil quality degradation (Palm et al., 2007). Pesticide application for protection of agricultural crops is a very common practice. However, due to the long half life of majority of these chemicals, there is always a risk of residual accumulation which could impact the soil biota and consequently the fertility of agricultural soils (Aktar et al., 2009; Leong et al., 2020). The environmental risk associated with contaminated soils depends on many physicochemical and biological processes that modulate the transport and transformation of pesticides (Gavrilescu, 2005; Arias-Estévez et al., 2008; Mirsal, 2008; Köhne et al., 2009; Odukkathil and Vasudevan, 2013). The pesticide residues accumulating in soil pose serious threat to both below and above ground organisms, vital for various soil functions (Sanchez-Hernandez, 2019; Mandal et al., 2020).
In recent years, bioremediation has been used for removal of pesticide residues from soil with an objective to down scale the deleterious impact on the soil organisms. This process involves the degradation or immobilization of the contaminants (Masciandaro et al., 2013). In comparison to conventional chemical and mechanical methods, bioremediation is an eco-friendly, effective and economically viable technology (Cummings, 2010). In majority of bioremediation methods, bacteria and fungi are used as remediating agents. However, this process is beset with a number of challenges such as metabolic adaptation of the microbes to specific contaminants such as organophosphate pesticides (Springael and Top, 2004; Singh and Walker, 2006). Degradation of chlorpyriphos, an organophosphate by hydrolysis and microbial activity generates compounds like chlorpyrifosoxon and 3,5,6-trichloro-2-pyridinol (Racke, 1993). These compounds are potentially toxic to microbes in soil (Singh and Walker, 2006; Fang et al., 2009; John and Shaike, 2015). Similarly, certain physicochemical properties of soil such as pH may interfere in the metabolic adaptation of microbes to degrade pesticides (Singh et al., 2003).
In some cases, diverse groups of organics are added to contaminated soils as nutrient source and bio stimulants. However, the addition of organics to contaminated soils may lead to adsorption of pesticides on to dissolved organic matter, thereby increasing the mobility of the pesticides (Bolan and Baskaran, 1996; Song et al., 2008; Bolan et al., 2011). Interactions between microbial populations such as competition and predation, might adversely influence the efficiency of bioremediation (Zhang et al., 2020). The use of pure preparations of detoxifying enzymes derived from microorganisms is a novel technique for preventing the negative impacts of ecological interactions on bioremediation (Sutherland et al., 2004; Nair and Jayachandran, 2017; Sharma et al., 2018). However, this strategy has some drawbacks, including the high cost of cell-free enzyme manufacturing, enzyme breakdown, and pesticide accessibility to the active region of enzymes (Sutherland et al., 2004; Scott et al., 2011).
Many authors have systematically addressed bioremediation of contaminated soils from various perspectives, ranging from technological and innovative perspectives to more ecological visions (Megharaj et al., 2011; Tyagi et al., 2011; Bharagava, 2017). However, there has not been a comprehensive analysis of the use of earthworms in vermiremediation. Hence, the purpose of this review is to explores and offers thorough insights into the applicability of earthworms as possible candidates for bioremediation of pesticide-contaminated soils.
Pesticide consumption on a global scale
The statistical data provided by the Organisation for Economic Co-operation and Development (OECD, 2013) indicated high pesticide consumption in many countries during the past decade. Certain countries in the European Union (EU) such as Spain, France, Italy, Germany, and Poland have the highest pesticide consumption rates. Few of these countries have significantly reduced their pesticide use since 2011, others have remained unchanged (Sanchez-Hernandez, 2019). Organophosphate (OP) insecticides are widely used in agriculture (Aktar et al., 2009; Sanchez-Hernandez, 2019). In the years 2010–2014, pesticide use decreased in African countries like Congo and Mauritius, while it increased significantly in Sudan, Malawi, Togo, and Rwanda (Sharma et al., 2019). According to the Pesticide Risk Reduction Programme, 160 of the 302 pesticides registered in Ethiopia included active components designated as WHO class II (moderately hazardous) compounds (Sanchez-Hernandez, 2019). Lack of awareness about pesticide use has led to the use of pesticides that come within the WHO risk classification system in Africa. Pesticide production in India began in 1952 with the production of benzene hexachloride, which was followed by DDT (Sharma et al., 2019). Pesticide synthesis since then has grown dramatically. India produced around 5,000 metric tonnes of pesticides in 1958, which increased to 85,000 metric tonnes in the mid-1990s with the registration of 145 chemicals, with insecticides being the most common pesticides produced. India is one of Asia’s main pesticide producers, generating 90,000 tonnes annually and ranking 12th in the world for pesticide output. In 2018, Brazil used 549,280 tonnes of pesticides. The three crops (soybean, corn, and sugar cane) that require the most pesticides to grow are widely cultivated throughout India (Hilbeck et al., 2015; Kumar et al., 2016; Atwood and Paisley-Jones, 2017; Disner et al., 2021). Consumption of OPs is also high in India and China. Insecticides were first used in Pakistan in 1954, when 250 metric tonnes of pesticides were imported. According to the Department of Agriculture’s Plant Protection Division, Nepal uses about 55.8 metric tonnes of pesticides per year. Pesticides are mostly used in the agriculture industry in Sri Lanka. After World War II, Sri Lanka was the first country to utilise DDT as a pesticide. In the United States, 500 million kg of pesticides are used annually at a cost of $10 billion. According to a report by Atwood and Paisley-Jones (2017), the United States spends about 16–18% of total global pesticide spending (Nyirenda et al., 2011; Abong’o et al., 2014; Schreinemachers et al., 2015; Herrero-Hernández et al., 2017; Menchen et al., 2017; Sharma et al., 2019). Gomes et al. (2020) examined the pesticide content of 172 samples of bananas, 59.3% of which were collected from Europe, 32.5% from Asia, and 8.1% from South America. According to the Brazilian, European, and Codex regulations, a total of 79.1%, 32.4%, and 42.6% of the samples were unacceptable and included pesticide residues. Brazil ranks second in the world for soybean production and is a significant producer and exporter of a number of other commodity crops. Brazil has risen to become one of the top four countries in the world for pesticide consumption as the usage of pesticides has significantly expanded along with significant increases in grain output (together with the US, EU, and China) (Paumgartten, 2020). Herbicides (56.1% of total sales pesticides) were the most popular in 1996, followed by insecticides (26%), and fungicides (15.4 percent) (Sanchez-Hernandez, 2019).
Pesticide contamination and soil health
Pesticides have become an environmental issue since these are difficult to store and dispose off safely. When these are applied at a larger scale, they pollute soil and water, harming the microflora and microfauna, and preventing plants from absorbing critical mineral nutrients. The contamination of water bodies is also caused by pesticide leaching. Pesticides contaminate drinking water and drain into the groundwater. A survey in the United States revealed, that the herbicides atrazine, simazine, prometon and metolachlor were the most frequently used pesticides (53% of a total of 2,542 samples), Another report from similar survey performed in Catalonia (Spain), showed that the herbicides simazine, atrazine and diuron were the most frequently detected pesticides. The organophosphorus diazinon (0.32–30.8 ng/l,min–max concentrations), dimethoate (0.24–2,277 ng/l), fenitrothion (8.15–19.5 ng/l) and malathion (2.57–86.6 ng/l) were detected in 51%, 10%, 3% and 7% of groundwater samples respectively (Köck-Schulmeyer et al., 2014; Toccalino et al., 2014).
Pesticides may harm soil’s indigenous microorganisms and disrupt the soil ecology, contaminating the food chain and endangering human health. Pesticides are now widely acknowledged to pose a severe threat to non-target creatures in the agroecosystems, such as earthworms, pollinators (bees), and natural pest adversaries.
Functional role of soil invertebrates and impact of pesticides
Soil invertebrates provide a wide range of ecosystem services that are critical for agricultural sustainability. Soil biodiversity supports self-sustaining ecosystem activities that power specialised processes including soil structure preservation, nutrient cycling, carbon transformations, and pest and disease regulation (Perrings et al., 2006; Kibblewhite et al., 2008; Chagnon et al., 2015). Soil porosity is altered by the burrowing activity of soil animals, which increases aeration, water infiltration and retention, and reduces compaction. Nematodes, springtails, earthworms, millipedes, and woodlice convert decayed matter and minerals into useful forms, cycle nutrients, and improve soil fertility. Gunstone et al. (2021) analysed biochemical biomarkers such as enzyme activity, membrane stability, gene expression, metabolism, DNA damage, and general oxidative stress, reproduction, survival, and behaviour like feeding rate, activity, burrowing, cast production, litter decomposition, avoidance, and respiration of Enchytraeids (pot worms) and found significant negative impact of insecticides and fungicides.
A vast number of transformation products (TPs) have been identified from a variety of pesticides. Few of the probable pesticide TPs have been measured in soil, indicating that more research is needed in this area. Pesticides that are hydrophobic, persistent and bioaccumulable are highly linked to soil. The organochlorine DDT, endosulfan, endrin, heptachlor, lindane, and their TPs are examples of pesticides that behave this way. Although the majority of them are now prohibited in agriculture, their residues are still prevalent. Chemicals used indiscriminately may work for a few years but may cause damage to beneficial organisms. Certain reports show clear adverse impact of these pesticides on soil microorganisms (Ramadass & Thiagarajan. 2017; Samal et al., 2019).
Bioremediation: A solution to pesticide contamination
Increased release of a wide spectrum of xenobiotic chemicals into the environment has come from the intensification of agriculture and manufacturing enterprises. Excessive hazardous waste loading has resulted in scarcity of clean water and soil disturbances thus affecting crop output. To clean up contaminated soil, bioremediation employs biological agents, primarily microorganisms such as yeast, fungi, or bacteria (Malla et al, 2018; Malla et al., 2022a; Malla et al., 2022b; Malla et al., 2022c). This approach is based on encouraging the establishment of certain microflora or microbial consortia that are native to polluted locations and capable of performing specified functions. This technique is the use of living organisms, primarily microorganisms to degrade the environmental pollutants into less toxic forms (Figures 1, 2). It detoxifies hazardous substances of the environment. The microorganisms used in these methods may be indigenous to a contaminated area or they may be isolated from elsewhere and brought to the contaminated site. Metabolic reaction of living organisms transforms contaminant compounds. Biodegradation of a compound is often a result of the actions of multiple organisms. Microorganisms must attack contaminants enzymatically and convert them to harmless compounds for effective bioremediation. Bioremediation can only be successful if the environment is congenial for microbial growth and activity. Therefore, it may be necessary to manipulate environmental parameters to speed up microbial growth and degradation (Nadim et al., 2000; Zhou, 2002; Atagana et al., 2003; Zhou & Hua, 2004).
[image: Figure 1]FIGURE 1 | Integrative role of earthworms, plants and microbes in pesticide biodegradation.
[image: Figure 2]FIGURE 2 | Bioremediation technologies for pesticide-contaminated agricultural soil.
Bioremediation procedures are often less expensive than traditional methods such as incineration. Some pollutants can be treated on-site, decreasing the danger of exposure to clean-up staff and potentially wider exposure as a result of transportation mishaps. Bioremediation is more widely accepted than other approaches because it is based on natural attenuation. Most bioremediation systems are operated under aerobic circumstances, but operating one under anaerobic conditions may allow microbial organisms to digest compounds that are otherwise resistant to degradation. Tolerance to pathogens can develop in contaminated environments. Some microorganisms or plants with a high degradability or hyperaccumulative feature of some contaminants will be easier to screen. In contrast, it will always be difficult to obtain miracle microbes or the hyperaccumulative plants required in bioremediation procedures in a clean environment. From the standpoint of biological evolution, contaminated environments have certain good benefits in terms of identifying specific bacteria and accumulative plants (Ryeom et al., 2000; Vidali, 2001; Zhou & Hua, 2004; Juwarkar et al., 2010).
Bioremediation is a cost-effective and environmentally acceptable alternative to advanced engineering-based approaches. However, using organisms like bacteria and fungi in bioremediation comes with a number of obstacles, including metabolic adaptation of microorganisms to the target pollutants. The organophosphorus insecticide chlorpyrifos is an example of this. The metabolites chlorpyrifosoxon and 3,5,6-trichloro-2-pyridinol are formed when this insecticide is degraded by chemical hydrolysis and microbiological activity. These metabolites, however, may be hazardous to microorganisms, limiting their mineralization capacity and the parent compound’s biodegradation. In addition to metabolic adaptation, bioremediation using microorganisms usually necessitates some form of biostimulation in order to keep the bacteria alive over time or even to speed up the destruction of the contaminants (Springael and Top, 2004; Singh and Walker, 2006; Cummings 2010).
The success of bioremediation may be harmed by ecological interactions between microbial populations, such as competition and predation. The use of pure preparations of detoxifying enzymes isolated from microorganisms is one novel technique for avoiding the negative impacts of ecological interactions on bioremediation. However, this strategy has some drawbacks, including the high cost of cell-free enzyme manufacturing, enzyme breakdown, and pesticide accessibility to the active region of enzymes. Together, these drawbacks and potential bioremediation solutions point to an integrated approach in which multiple biological pollutant degradation vectors are applied to the contaminated site simultaneously. If extracellular enzymes, microorganisms, and plants, as well as other potential soil decomposers (e.g., earthworms and springtails), are required for pesticide degradation, using a combination of these biological entities would be the ideal way to facilitate pesticide bioaccessibility, dispersion, uptake, and metabolism (Masciandaro et al., 2013; Megharaj and Naidu, 2017; Nair and Jayachandran 2017; Sharma et al., 2018).
Earthworms as candidates for remediation
Earthworms are considered soil engineers because of their influence on the physicochemical and biological qualities of soil. Their constant burrowing and feeding activities are a major driving force in improving and generating soil microhabitats, with far-reaching implications on both the below and aboveground systems. The most noticeable physical changes caused by earthworms are enhanced soil porosity, water infiltration, soil aeration, and plant root development (Capowiez et al., 2014). Earthworms create burrows as they crawl through the soil. These burrows can stay in the earth for a very long time. The amount of air and water that enter the soil rises as a result of earthworm burrows increasing soil porosity. Additionally, increased porosity reduces bulk density and promotes root development. Casts from earthworms, which include nitrogen, phosphorous, potassium, and magnesium, improve soil fertility. Microorganisms are also present in earthworm casts, and their numbers rise when organic waste is broken down in their stomachs. Plant growth is facilitated by the recirculation of nutrients from organic debris and the growth of microbes (Akhila and Entoori, 2022). Earthworms can boost plant productivity by encouraging the growth of both plant roots and shoots. Xiao et al. (2018) reported that plant growth increased by 20% as a result of changes in soil texture, nutrient mineralization influenced by earthworms. These animals encourage plant resistance to pests by increasing plant chemical defences (Wurst, 2010; Xiao et al., 2018; Sanchez-Hernandez, 2019).
Earthworms most often exert their activity on soil microorganisms. Earthworms play a vital role in the dispersion and proliferation of microbes. It is generally observed that the soil influenced by earthworms is characterized by high levels of microbial activity and biomass (Hoang et al., 2016).
Pesticides can be degraded by earthworms in two ways: directly through the release of pesticide-detoxifying enzymes in their gastrointestinal system, or indirectly through the stimulation and dispersion of pesticide degrading microbes. Pesticide breakdown by earthworms, on the other hand, is limited to the gastrointestinal system and the soil modified by worms such as casts and burrows. As a result, not all earthworm species will have the same impact on pesticide degradation, which will be determined by the ecological categories of earthworms. Endogeic and anecic earthworms will have a bigger impact on pesticide degradation than epigeic earthworms, because the former ingests more soil and engage in more burrowing activity. The role of earthworms in pesticide degradation considers two compartments of the drilosphere: the luminal microenvironment of the digestive canal (internal processes), and the microenvironment associated with the burrow walls (external processes). The earthworm body, casts, burrows, and diapause chambers are all part of the drilosphere (Hickman and Reid, 2008; Andriuzzi et al., 2013; Rodriguez-Campos et al., 2014). The methods of earthworm induced bioremediation include two processes: Internal and external (Figure 3).
[image: Figure 3]FIGURE 3 | Biochemical mechanism used by earthworm to degrade pollutants. Internal process includes bioremediation in gastrointestinal tract of earthworm. External process includes degradation of pollutant using enzymes of cast.
Internal processes of pesticide detoxification
Variations in soil characteristics such as pH, dissolved organic carbon, and microbial proliferation are primarily responsible for earthworm-induced changes in metal speciation. However, the exact methods through which earthworms contribute to the rehabilitation of metal-polluted soils remain unknown. In case of organic pollutants, collaboration between earthworms and microbes is critical for their breakdown. Organic pollutants such as crude oils, polycyclic aromatic hydrocarbons, polychlorinated biphenyls, and pesticides may be degraded by symbiotic bacteria inhabiting the earthworm gastrointestinal system (Sanchez-Hernandez, 2019). The organochlorine insecticide endosulfan was degraded by a bacterial strain (Rhodococcus MTCC) isolated from gastrointestinal system of Metaphire posthuma (Hickman and Reid, 2008; Sizmur and Hodson, 2009; Rodriguez-Campos et al., 2014).
The gastrointestinal tract of earthworms can generate glycolytic digestive enzymes together with enzymes produced by gut symbionts, which contribute to the breakdown of ingested organic materials. Sanchez-Hernandez et al. (2009) demonstrated the importance of gastrointestinal secretion of carboxylesterases as pesticide-detoxifying enzymes, validating previous findings in L. terrestris. The activity of carboxylesterases is significant in the metabolism of xenobiotic compounds (Hatfield et al., 2016). Organophosphorus, carbamates, and synthetic pyrethroid pesticides interact with these esterases, assisting in their detoxification. Carboxylesterases catalyse the hydrolysis of synthetic pyrethroid pesticides to produce the alcohol and carboxylic acid. Carboxylesterases inactivate the oxidised metabolite of organophosphorus insecticides, known as “oxon” (Chambers et al., 2010), by irreversibly attaching the oxon molecule to the enzyme’s active site. The enzyme will be non-functional as well as the hazardous metabolite remains inactivated. As a result, this organophosphorus detoxification method is considered non-catalytic, and it is extremely reliant on the pesticide’s affinity for the enzyme’s active site and the amount of carboxylesterase molecules capable of interacting with the pesticide. Carboxylesterases interact with carbamate pesticides in the same way they interact with organophosphorus pesticides, however the degree of inhibition varies widely depending on the species and pesticide (Jackson et al., 2011; Nozaki et al., 2013).
The activity of luminal carboxylesterase in earthworms has been shown to be sensitive to oxon metabolites of organophosphorus insecticides (Sanchez-Hernandez et al., 2009). Extracellular detoxification reduces intestinal uptake of these hazardous compounds. Sanchez-Hernandez et al. (2014) found that luminal carboxylesterases are effective molecular scavengers of chlorpyrifos if the organophosphorus pesticide has been converted to the hazardous metabolite chlorpyrifos-oxon. Earthworm activity, on the other hand, has been shown in certain experiments to have no effect on pesticide persistence in the soil (Sanchez-Hernandez et al., 2018). Pesticide absorption is possibly hampered by changes in soil aggregates and greater organic carbon content in casts and burrow walls. Although many studies have suggested that earthworms play a substantial role in the degradation of pesticides such as atrazine, lindane, and chlorpyrifos, the true potential of earthworms to breakdown pesticides in the field has yet to be ascertained.
External processes of pesticide detoxification
Drilosphere components with significant microbiological and enzymatic activity include earthworm casts and burrows. Protease, glucosidase, alkaline phosphatase, and dehydrogenase activities are significantly higher in earthworm casts than in bulk soil. Casts have a higher concentration of extracellular enzymes than bulk soil due to their physicochemical features (high organic matter content and abundance of small particles). When extracellular enzymes bind to soil organomineral complexes, they become stable and active. This is likely to be the case with earthworm casts as well. Nonetheless, extracellular enzymes appear to be less active in older casts, possibly because to antagonistic microbial interactions and food loss. Clause et al. (2014), reported that the physicochemical parameters such as pH, K and Mg concentrations and total N content are significantly influenced by the soil type and the earthworm species, with Lumbricus. Terrestris having greater impact than Allolobophora chlorotica and Aporrectodea rosea. Although these workers did not measure any microbial properties, it can be correlated that casts with different physicochemical properties encourage different types of microbial activity and community structures. Anecic earthworms build middens around the entrance of their burrows by accumulating plant litter mixed with castings. These structures are microhabitats in which decomposers from the meso- and microfauna assist in the decomposition of organic materials. Middens should be viewed as regional hotspots for pollution degradation because of the significant microbial activity present in these locations (Furlong et al., 2002). Indeed, burrowing activity of L. terrestris has influence on microbial communities in the soil resulting in increased microbial activity and biomass, as well as associated extracellular enzyme activities (Hoang et al., 2016; Athmann et al., 2017).
The linings of the burrows are made up of fragmented litter which is combined with mucus and casts excreted by the earthworms as they move through the burrows. The adsorption of pesticides is facilitated by the accumulation of organic debris in the burrow linings. The chemical composition of earthworm burrows affects pesticide mobility because of two complementary processes: sorption on organic ligands and biodegradation. The presence of L. terrestris in the soil reduced the possibility for atrazine and metabolite leakage (Farenhorst and Bowman, 2000; Farenhorst et al., 2000). It was observed that the feeding activity of this earthworm species, as well as the higher proportion of organic carbon in burrow walls compared to bulk soil, are determining factors in limiting vertical atrazine transmission and increasing the non-extractable fraction of this herbicide.
The metabolically active microenvironments of earthworm casts, middens, and burrow walls may increase pesticide breakdown and immobilisation. The key mechanisms could have a significant impact on environmental fate of pesticides. First, as organic matter accumulates in these microsites, hydrophobic pesticides bind to organic ligands, decreasing their bioavailability to microorganisms (biodegradation) and increasing their persistence. Second, earthworm activity may promote the growth of native soil microbes that can breakdown pesticides (Sanchez-Hernandez et al., 2014; Katagi and Ose, 2015). Extracellular enzymes such as laccases, peroxidases, and carboxylesterases can metabolise phenolic chemicals, polycyclic aromatic hydrocarbons, polychlorinated biphenyls, azo dyes, and pesticides with a variety of chemical structures (Gianfreda et al., 2016). Furthermore, carboxylesterases have the ability to hydrolyze certain polyester polymers (Wei and Zimmermann, 2017). Soil carboxylesterase activity can hydrolyze malathion and many organophosphate pesticides. The stability and reactivity of carboxylesterases in soils infected with earthworms have been studied (Sanchez-Hernandez et al., 2014). In comparison to earthworm-free soils, L. terrestris induced soil carboxylesterase activity. The esterase activity remained constant for a long time even after removal of earthworms from soil. This is most likely because the extracellular enzyme was attached to soil organomineral complexes, ensuring its stability (Sanchez-Hernandez et al., 2014). Interestingly, the carboxylesterase activity caused by earthworms acted as a molecular scavenger of organophosphorus insecticides, rendering the deadly oxon metabolites inactive (Sanchez-Hernandez et al., 2015). This is one of the few examples indicating the direct interaction of soil enzymes and insecticides.
Earthworm species suitable as bioremediating agents
Earthworm niche types have inherent distinctions that influence their responses and behaviour to soil type, contaminant type, and a variety of other environmental factors. As a result, selecting the right earthworm species for the right conditions would be crucial. Certain approaches used in bioremediation utilizing earthworms are as follows.
1) Direct application of earthworms to polluted soils.
2) Co-application of earthworms to contaminated soils with an organic media, such as compost.
3) Feeding earthworms contaminated media as part of a feeding regimen.
A wide range of earthworms have been evaluated as potential remediating agents. The effects of earthworms on the behaviour, fate, and loss in response to the organic pollutants have also been studied. Earthworm assisted bioremediation increases hydrocarbon availability and remobilizes dichlorodiphenyltrichloroethane (DDT) and hexachlorocyclohexane (HCH) bound residues (Eijsackers et al., 2001). However, these findings contradicted those of According to Jiang et al. (2021), earthworm casts are a good choice for the affordable and simple remediation technique of glyphosate-contaminated soil. That could also enhance the quality of the farmed land and encourage crop growth. Farenhorst et al. (2000) found that earthworm (Lumbricus terrestris) activity increased pesticide sorption, effectively translocating, spreading, and mixing 14C-atrazine. The ability of earthworm gut microbiota to influence soil contaminant degradation has also been studied. Verma et al. (2006) reported the susceptibility of the earthworm Metaphire posthuma gut bacteria to the pesticide Endosulfan. Ramteke and Hans (1992) isolated microbes from the stomach of Pheretima posthuma treated with HCH and observed considerable HCH degradation.
Gevao et al. (2001) used the earthworm Aporrectodea longa at a rate of five individuals per 2 kg in soils polluted with non-extractable pesticide residues (14C-isoproturon, 14C-dicamba, and 14C-atrazine) for 28 days to assess subsequent breakdown, release, and uptake. They found that due to the physical activity of earthworms, previously bound pesticide residue was liberated in treatments with earthworms relative to those without earthworms. When the investigation was applied to newly introduced pesticides, it was observed that the non-extractable residues of 14C-isoproturon, 14C-dicamba, and 14C-atrazine in the non-earthworm treatment increased. Earthworms prevented the creation of the bound fraction while also promoting the release and mineralisation of bound residues (Hickman & Reid, 2008).
Elyamine and Hu (2020) demonstrated the favourable interaction between earthworms, Eisenia fetida and Aporrectodea caliginosa and rice straw in soil. Their interaction with soil microbes helped to promote phenanthrene breakdown in the soil. Both earthworms and rice straw increased the population of certain bacteria.
(Pseudomonas, Luteimonas, Rhodanobacter, Sphingomonas, Gemmatimonas, Flavobacterium, and Leifsonia), which have a strong and direct link to phenanthrene levels in soil. Alteration in soil’s nutrients and structure with the addition of earthworms and rice straw could change the microbial community’s structure which may enhance the breakdown of phenanthrene. Another study suggested the ability of E. eugeniae in combination with L. terrestris to remediate DDVP contaminated soil more effectively than E. eugeniae alone (Njoku et al., 2018). Sanchez-Hernandez et al. (2015) reported that the earthworm Lumbricus terrestris stimulated carboxylesterases (CbEs) activity and therefore could be considered as an efficient bio scavenger for organophosphorus pesticides. Another study revealed the role of three species of indigenous bacteria Corynebacterium sp., Sphingobacterium gobiense, and Kocuria flava and earthworms (at 5 and 10 earthworms/kg soil) to remove chlorpyrifos from contaminated soil in Sudan. The effect of bacterial consortia with high density earthworms on the percentage elimination of chlorpyrifos was 71.22% (Ahmed et al., 2020).
Using molecular docking as a tool to study the interaction between contaminants using earthworm model
During both academic and industrial trials, from the past decades molecular docking has been widely employed as a rapid and inexpensive technique. The method is based on determining the preferred orientation of small molecules in the active sites of their target receptors (Lengauer and Rarey, 1996). The scoring functions select the best conformation based on binding energies and binding affinities generated from a series of possible complexes. This preferred orientation has been found to be useful in predicting the optimal conformation between small molecules and biomolecule binding sites (Alonso et al., 2006). Despite the fact that this discipline has had enough time to consolidate, many aspects remain difficult, and there is still no simple or accurate way to quickly identify true ligands among a group of molecules, or to precisely identify the correct ligand conformation within the binding pocket of a given target molecule other than docking approach.
A group of experts has been studying the elimination mechanism of biodegradation at the molecular level for the past 2 decades (Ren et al., 2018). Molecular docking approach will aid in discovering the binding mechanism which is essential to gain a clear understanding on biodegradation of organic toxins and the role of organisms in the process. The pollutants which are discarded in agricultural soils might lead to increased contamination and pose a threat to environment. Furthermore, these contaminants can have a significant impact on the activities of soil organisms (Ghori et al., 2019). Microorganisms are involved in the majority of soil biochemical activities, and contaminants, surprisingly, can alter the metabolic processes of microbial communities (Li et al., 2020). A few soil organisms, particularly earthworms commonly known as “ecological engineers” (Singh et al., 2016), can effectively battle heavy metals and other pollution and are known as soil bio-indicators, which contribute to various ecosystem processes. Earthworms living on the surface of the soil can produce a rich amount of humic substances that stimulate the ion exchange process in heavy metals by forming hydrophobic mediated interaction between heavy metals and MTs protein of earthworm (Binding score: Cd=Cr = Cu = 980, and Zn = 372.) which was evident through docking process (Yuvaraj et al., 2021).
Bioremediation has been investigated by computational methodologies as a result of the use of computation in biological testing. One of the pillars of computational assisted bioremediation is the molecular docking. It aids in determining whether the active site can accommodate pollutant molecules or not. The stearic hindrance and nature of the active site pocket of earthworm enzymes or pesticides are critical in interacting with pollutants. The identification of consequential active site residues and binding features of these compounds under investigation could be used for site-directed mutagenic testing.
LIMITATION OF VERMIREMEDIATION

• Earthworms may not be able to thrive in very toxic soils, hence vermiremediation is limited to soils with a lower level of contamination (Javed & Hashmi, 2021).
• Another constraint could be the large number of earthworms needed for the remediation process.
• Bioremediation is confined to biodegradable chemicals. Not all chemicals are capable of complete and rapid breakdown.
• It is difficult to extrapolate from bench and pilot-scale investigations to full-scale field operations.
• The existence of metabolically competent earthworm species and suitable levels of nutrients and pollutants are important site characteristics required for success.
• Bioremediation using earthworms takes longer time than alternative treatment techniques like excavation and soil removal, or cremation (Vidali, 2001).
CONCLUDING REMARKS
In spite of certain limitations, earthworms can be used directly in bioremediation procedures to increase the biodegradation of pollutants like pesticides because of their biological, chemical, and physical effects. Earthworms have been demonstrated to aerate soils, enhance microbial activity as well as increase nutrient availability and fertility, all of which are factors that have been linked to bioremediation. Earthworms have also been demonstrated to slow down the binding of organic pollutants to soils, release previously soil-bound toxins for degradation, and stimulate and disseminate organic contaminant-degrading microbes. This review attempts to emphasize on the effects of earthworms on pesticide contaminated soil environment hence boosting bioremediation potential. Molecular docking studies could help to evaluate the binding efficiency of organics and agrochemicals and their transport to organisms. Furthermore, earthworms have the potential to be used not only in the bioremediation of contaminated soils, but also in the rehabilitation of the soil structure and nutritional status. Further research is needed to develop site specific and sustainable bioremediation technologies using earthworms to yield better results (Bolan and Baskaran, 1996).
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