


Pesticide residue contamination in soil, water and food and biodegradation pathways: A review 

Abstract
The widespread use of plant protective chemicals in agriculture, such as pesticides, has directed to the accumulation of their residues in natural resources like soil, water, and food, raising concerns about environmental health and human safety. Pesticide residues, often persistent, can disrupt soil ecosystems, contaminate groundwater, and pose risks to biodiversity and food security. Understanding their degradation pathways is essential for developing strategies to mitigate their adverse impacts. The widespread distribution of pesticide residues in soil, water, and food systems is summarized in this review, which also evaluates biodegradation as a key mechanism for residue elimination driven by microbes like bacteria, fungi, and algae. In contrast this review describes a source to sink pathway that connects pesticide transport, persistence, and exposure throughout the interrelated soil-water-food system. Particular emphasis is placed on transformation products, which highlighted on pesticide transformation that always unable to detoxify but may generate metabolites with altered mobility and toxicity, especially in aquatic ecosystem. Field-scale limitations of biodegradation mitigation strategies are also critically discussed, as sorption-aging processes, changing environmental circumstances, low bioavailability, and microbial competition often reduce the efficiency of laboratory-based bioremediation approaches. Promising methods to improve pesticide removal while conserving essential soil activities including bioaugmentation, biostimulation, and formation of strong microbial consortia, which are reinforced by omics-based identification of functional biodegraders. This holistic approach supports to pesticide risk minimization through improved comprehensive monitoring, transformation product analysis, and field relevant remediation by integrating biodegradation research with environmental strategies. At the end, this strengthens sustainable pesticide management and protecting ecosystems and public health. 
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1 Introduction
Pesticides are broadly utilized in the field of agriculture to enhance the productivity of crops and meet the needs of the growing human population. Pesticides significantly contributed to the increased production of food and fibre during the Green Revolution (Maino et al. 2023). Modern agriculture significantly depends on pesticides to meet the increasing global demand for crops. Pesticides play a vital role in increasing crop yields per unit area. With the world's population growing at an accelerated rate, pesticides are now necessary components in modern agriculture for higher crop productivity and cost-effective pest management (Shekher Giri et al. 2020). Consequently, various types of chemical pesticides have been developed and are extensively applied to control insects, fungi, bacteria, weeds, nematodes, and rodents (An 2020). Even though pesticides can help to increase food production but their widespread application results in numerous issues, including loss of fertility, loss of biodiversity, and a rise in invasive species within the environment. An organism that causes financial loss or harm to human health may be classified as a pest. It may result in crop loss and disease transmission to animals or humans, among other consequences. These pests can be eradicated using various pesticides (Pandya 2018). So, the pesticide is any substance or mixture of compounds intended to prevent, eradicate, repel, or diminish pests.
A diverse group of pesticides is utilized on crops, as around 45% of each year food production is lost due to infestations of pests. Following the Green Revolution, the utilization of agrochemicals, including herbicides, insecticides, and fungicides, increased significantly for modern food and fibre production. These complications adversely affected non-target species and increased the load on the environment (Abhilash & Singh, 2009; Maino et al. 2023). According to the U.S. Federal Environmental Pesticides Control Act pesticides are defined as any substance or mixture of substances intended for preventing, destroying, repelling, or mitigating any pest (insect, rodent, nematode, fungus, weed), other forms of terrestrial or aquatic plants, or other forms (https://www.govinfo.gov/content) of animal life, such as viruses, bacteria, or other microorganisms (Nayak and Solanki 2021). Approximately 85% of pesticides are utilized in the agricultural sector, whereas minimal quantities are employed for pest control and fumigation in industrial and home contexts. However, only 10% of applied pesticides actually reach their intended goals, while the remainder pollute non-target ecological resources such as air, water, and land (Rajan et al. 2023). Two different synthetic pesticides, like Dichloro diphenyl trichloroethane (DDT) and 2,4-dichlorophenoxyacetic acid (2,4-D), were extensively used during World War II (Nayak and Solanki 2021). 
Pesticides have significantly increased yields during and after the Green Revolution, with herbicides, fungicides, and insecticides being essential to contemporary food and fibre production systems. Fruit and vegetable cultivation typically uses various insecticides to enhance agricultural productivity. As a result, numerous cases of pesticide poisoning have been documented (Mazlan et al. 2017). For controlling pests and getting rid of disease-carrying organisms in developing countries like China, people often use insecticides like organophosphates and pyrethroids as well as fungicides like triazoles and chloronitriles. Pesticide poisonings is more common in developing nations than in industrialized ones, which can be attributed to substandard pesticide handling techniques, increased usage of hazardous pesticides by farmers, and inadequate management also regulation (Kubiak-Hardiman et al. 2023). Pesticide residues from overuse have been found to persist in the environment for over ten years and can be found at concentrations of μ gL-1 in water resources or μg kg-1 in soils. Because of their high carcinogenicity and neurotoxicity, pesticides can expose humans to relatively high concentrations through drinking water and soils, endangering human health and possibly leading to fertility issues (Shekher Giri et al. 2020).This systematic study seeks to furnish a thorough overview and comprehension of the essential decisions essential to ensure food safety as well as safeguard health of public, specifically with pesticide residues.  The review aims to identify knowledge and evidence gaps in the available literature that impede effective management and mitigation of pesticides residues in soil, water, and food. Residues of pesticide present considerable harm to human wellbeing and the environment. Contaminated soil can compromise crop safety, while residues in water can disseminate through ecosystems, adversely affecting aquatic life and water quality for human use. Residues of pesticides in food present a direct hazard to consumer health, resulting in potential acute and chronic health problems. The evaluation will examine existing practices and regulatory frameworks, pinpointing areas requiring enhancement to guarantee safer food production and safeguard public health. It will identify areas where research is deficient or ambiguous, encouraging additional inquiry to address these deficiencies. The evaluation seeks to rectify these deficiencies to enhance measures for monitoring, managing, and mitigating pesticide residues in soil, water, and food, thereby fostering safer agricultural practices and promoting healthier communities.
Unlike conventional residue focused reviews that independently discuss pesticide contamination in soil, water and food, the present review provides an integrated synthesis connecting pesticide entry and transport pathways, compartment specific persistence mechanisms, and microbial and enzymatic determinants of biodegradation efficiency. The innovative approach of this work lies in framing pesticide residue as a coupled soil-water-food cycle, where contaminant mobility, sorption and aging processes regulate bioavailability and thereby determine the success or failure of biodegradation. I addition, the review highlights emerging concerns that remain under represented in many classical pesticide residue studies, including the role of transformation products, parent pesticide, and limitations in translating laboratory biodegradation outcomes into field-level mitigation. This integrated perspective is intended to support future monitoring strategies, risk-based environmental management, and the development of biologically informed remediation approaches. 
1.1 History of pesticide use 
According to available literature, the Greeks and Romans used various pest management techniques to combat pest incidence. Various mechanical technologies and cultural practices, including intercropping, were used to control the insect pest problem. Moreover, Greek and Roman agriculturists predominantly utilized plant extracts to safeguard their crop fields from pests, weeds, also diseases. For several millennia, agriculturists and others have used particular types of pesticides. Around 2500 BC, the Sumerians used sulphur for insect pest eradication, while the Romans utilized hellebore for the killing of rats and other pests. Arsenic-based insect control was practiced in China around 900 AD. Since the late 18th century, pyrethrum, hellebore, tobacco, soap, potash, as well as sulphur have been used in the United States (Wilhoit, 2018). The approximately 4,000-year-old Rig Veda references the use of toxic plants as a pest preventive (Pandya, 2018). 
Toxic compounds such as lead, mercury, also arsenic were applied to field yields in the 15th century to eradicate insect pests. Tobacco leaves were used for the production of nicotine sulphate in the 17th century for use as a pesticide (Kumar & Kumar, 2019). Pesticides based on arsenic, such as lead arsenate, copper arsenate, and arsenate of calcium, were commonly applied for insect control throughout the early to mid-20th century (Li et al. 2016). Since 1807, it has been recognized that copper compounds possess fungicidal characteristics, and the Bordeaux combination, which consists of hydrated lime and copper sulphate, was first utilized in France at 1883. In 1877, hydrocyanic acid, a poison recognized by the Egyptians and Romans, was applied as a fumigant to eliminate insect pests in museum collections. Carbon disulfide has been used as an insect fumigant since 1854 (Costa, 1987). In 1874, German chemist Othnar Zeidler synthesized DDT (dichlorodiphenyl trichloroethane) for the first time, and Paul Muller recognized its insecticidal qualities in 1939. 
At the time of World War II (1939–1945), the development of pesticides hastened rapidly to manage disease-carrying insects and increase food production. Synthetic agrochemicals have been permitted for use since the 1940s to enhance food quality and mitigate losses caused by insect pests. Furthermore, globally production of pesticides increased from 0.2 million metric tons during the 1950s to over 5 million metric tons by 2000, expanding at an approximate rate of 11% per year (Tudi et al. 2021). Pesticide usage increased by 36% from 2000 to 2019 but has stabilized since 2012, as reported in the Statistical Yearbook (https://news.agropages.com/News, accessed on 13 December 2024).
1.2 Types of pesticides 
Pesticides are classified according to several characteristics, including chemical composition, targeted pests, mode of entry into organisms, modes of action, and toxicity levels which has shown in figure 1. Based on the target organisms they killed by them and their application methods; pesticides are primarily classified as insecticides to kill insects and herbicides for the eradication of weed species. The predominant herbicides utilized are atrazine and simazine. Fungicides, such as Bordeaux combination, Thiram, and Ziram, are used to eradicate fungi. Rodenticides are substances used to kill rodents, sometimes referred to as rat poison. Bactericides for killing bacteria, while molluscicides kill snails. Aricides are chemical agents used to kill mites and ticks, while nematicides are substances applied to kill nematodes, which are parasitic to plants (Nayak & Solanki, 2021; Pandya, 2018). 
Pesticides are primarily divided into organochlorines, organophosphates, carbamates, and pyrethroids based on their chemical composition. DDT (Dichlorodiphenyl trichloroethane) is the most widely utilized organochlorinated synthetic pesticide, used in the 1940s to fight malaria, typhus, and other insect-transmitted human diseases. Malathion, parathion, and fenithrothion are the principal organophosphate compounds now utilized in Asian nations (Pandya, 2018). Pesticides are divided into two groups according to how they affect the environment. 1st one is persistent, and another is non-persistent (rapidly degrading). Microbial activity facilitates the rapid degradation of non-persistent pesticides such as malathion and methoxychlor. Pesticides that are persistent in nature, such as DDT and chlordane, possess an extended half-life (Verma et al. 2014). Herbicides, such as glyphosate, are frequently identified in water due to their varying durability and toxicity levels, as well as their extensive application (Battaglin et al. 2014).
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Fig. 1 Classification of pesticides 
1.3 Use of pesticides
Pesticides are extensively utilized globally to safeguard crops and regulate plant growth against pests, diseases, and weeds. The global pesticide market is expanding, driven by rising agricultural production requirements and pest challenges (Weller et al. 2014). The consumption of pesticides has grown significantly during the last three decades, reaching 3.69 million metric tons in 2022. This data shows 2.37 kilograms per hectare of pesticides on cropland worldwide. Herbicides represent the most often utilized category of pesticide, and the data indicate a significant rise in global pesticide application rates. The utilization of pesticides is more prevalent in developing countries, particularly in Asia and Latin America (Popp et al. 2013). 
Global pesticide consumption totals approximately two million tons annually, with Europe utilizing 45%, the USA 25%, and the remainder 25% distributed across the rest of the world. India accounts for about 3.75% of global pesticide consumption (Agarwal et al. 2015). According to the data published by Statista Research Department, Global pesticide use distribution 2022, by region, shown in figure 2, explained that the Americas accounted for around 51.1% of global agricultural pesticide consumption in 2022. With respective proportions of 28.6 % and 12.8%, Asia and Europe came next. Conversely, less than 8% of the world's pesticide usage was in Africa and Oceania combined ( https://www.statista.com/statistics, accessed 27 January 2025).
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Fig. 2 Distribution of pesticide consumption worldwide in 2022

2 Pesticide application and its entry into the environment
Pesticides are chemical substances that play a vital role in modern agriculture by preventing crops from pests, diseases, and weeds that threaten agricultural productivity. Their application has contributed significantly to minimizing crop losses, increasing agricultural productivity, and global food availability. However, the extensive and often unregulated application of pesticides has led to significant environmental contamination due to their persistence, mobility, toxicity, and potential risks to food security. 
There are several ways to apply pesticides, but foliar spraying is the most popular in agriculture. Other methods include seed treatment, soil integration, foliar spraying, and fumigation. But no matter how the pesticide is applied, only a small percentage of it reaches the target; the remainder spreads throughout the ecosystem such as surface runoff, leaching, volatilization, spray drift, and inappropriate disposal (Aktar et al., 2009). Once released into the environment, pesticides can contaminate various components of the ecosystem.  In the atmosphere, they may evaporate or be carried by wind through spray drift, leading to their spread beyond the application site. In the soil, pesticides can either attach to soil particles or seep down into the groundwater, depending on the chemical characteristics of the pesticide and the soil’s composition. When it rains or during irrigation, pesticides can be washed off fields, flowing into rivers, lakes, and underground water sources, where they may harm aquatic life. Additionally, these chemicals can accumulate in non-target organisms, leading to imbalances in ecosystems and disrupting food chains (Fenner et al., 2013).
2.1 Environmental transport, persistence, and entry of pesticides into food chains
Pesticide residue contamination should be interpreted as a source-to-sink pathway rather than as isolated pollution events occurring independently in soil, surface water, groundwater, or food commodities. After application, pesticide distribution and persistence in the environment are primarily controlled by the compound’s physicochemical properties such as solubility, volatility, partitioning behaviour, and susceptibility to hydrolysis or photolysis as well as site specific factors like soil texture, organic matter, microbial diversity, redox conditions, and meteorological drivers including rainfall intensity and irrigation schedules. These interconnected things may regulate both pesticidal transportation through environmental components and their bioavailability, which eventually governs that pesticide fate must be evaluated through integrated environmental pathways rather than system specific monitoring alone, because pesticidal residues and their residues are constantly interchanged throughout biological systems, soil and water(S. Rasool et al., 2022). This theoretical interconnection of pesticidal transportation and fate across system is highlighted in the Figure 3 integrated conceptual model of soil-water-food cycle. 
Soil is reservoir for nutrients, air, microbes, organic matter and regulate different ecological cycles. Pesticides applied on soil surface are redistributed into aquatic ecosystem through different pathways. Due to surface runoff and soil erosion pesticides either get dissolved into the water or adsorbed to soil particles, particularly during heavy rainfall or excessive irrigation. Meanwhile, pesticide residues can migrate beyond the rhizosphere and contaminate groundwater by leaching and preferential flow made possible due to vertical movement across soil profile. These processes are strongly influenced by structure of soil, percolating porosity, slope, and hydrological parameters, and therefore transfer of pesticide residue is frequently sporadic but at low concentration it may be significant.  The need for site specific evaluation of contamination patterns is strengthened by of reviews of pesticide occurrence in the hydrogeo-environment, which highlight that transport routs like leaching, runoff, and preferential flow can collectively explain detection of pesticide in both surface and groundwater resources(Rajan et al., 2023). Once pesticides enter into aquatic ecosystem, persistence pattern can be significantly different from those in soils. Dilution may lower detected concentration due to prolonged persistence, lowered microbial biomass, limited sunlight penetration in deeper waters and constant input from watershed or agricultural runoff. Furthermore, residues might separate into bed sediments and suspended sediments in water bodies, generating secondary sinks that leads to prolonged contamination and potential restoration during hydrological disturbances. As a result, groundwater and surface water can serve as dynamic reservoir that sustain long-term exposure to aquatic ecosystem and downstream users, rather than just being receiving endpoints(Rajan et al., 2023). 
Pesticide transport and fate ultimately connected with environmental pollution to food systems through uptake of plant, foliar deposition, use of contaminated irrigation water, trophic transfer, resulting in detectable pesticide residues in edible tissues and direct dietary exposure. Plant get exposure via direct spraying, root uptake from soil moisture, and transpiration of soluble pesticidal residue moving with flow of water. The amount of residues in crops is greatly affected by irrigation method, physicochemical properties of pesticide, and methods of application (Zhang & Li, 2023). Soil often serves as the primary reservoir and hydrological transport moves residues into aquatic ecosystems and biological uptake transfer them into food chains. Therefore, evaluating pesticide contamination strictly in one environmental medium either soil or water may result in an improper estimation of exposure. 
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Fig. 3 Integrated conceptual model linking pesticide application, environmental transport, residue persistence, microbial adaptation, and biodegradation efficiency across soil-water-food cycle.  
2.2 Pesticide residue in soil
Agricultural soils and related ecosystems became polluted as a result of the widespread and inefficient usage of pesticides to combat crop diseases and pests (Khalid et al. 2020). When insecticides, fungicides, and herbicides are mixed together often and intensively in agricultural production, the pesticides are unable to break down quickly and enrich the soil (T. Lu et al. 2024). The environmental fate of pesticides is greatly influenced by their water solubility, soil adsorption, persistence, and soil qualities like clay, sand, and organic matter. Persistent pesticides, which can harm plants, water, and invertebrates, are stored in soil. The amount of clay and organic matter in the soil affects the pesticides' tendency to adsorb to it. Because of their higher charge, soils with higher levels of clay and organic matter have more adsorption sites, which decreases pesticide transport through the soil and increases residue longevity (Riyaz et al. 2021). The soil microorganisms may be negatively affected due to the use of fertilizers and pesticides in the crop farming system. These microorganisms are mainly responsible for nutrient cycling processes that include nitrogen fixation, phosphorus solubilization, as well biotransformation of other essential nutrients (Mandal et al. 2020). In general, pesticide residues in soil might disturb the microbial community's equilibrium, resulting in less productive and healthy soil. Plant growth and agricultural productivity depend on the soil ecosystem's overall functioning and nutrient cycling, both of which may be affected by this disturbance (X.-M. Lu & Lu, 2018). 
Microorganisms in the soil that are specifically targeted by pesticides can have a major impact on soil health and carbon cycling. Applying pesticides can interfere with the carbon cycle of the soil, which may have an impact on the development of organic matter and the stabilization of soil structure (Sim et al. 2022). Use of synthetic pesticides not only results in a change in soil properties but also endangers beneficial non-target organisms like earthworms, which are again responsible for the availability of nutrients and alter biodiversity (Pelosi et al. 2021). Heavy treatment of pesticides in soil is responsible for the population decline of beneficial microorganisms in soil (Aktar et al. 2009). The natural equilibrium of soil microbes, which is vital for preserving soil fertility and health, can be interrupted by pesticides. Because of the risks to microbial life, this disturbance may result in a 35% reduction in soil respiration (Ali et al. 2021).
Almost 25% of the planet's diversity originates in soils, making them one of the Earth's most complex and biodiverse ecosystems. Self-sustaining ecosystem activities like maintaining soil structure, cycling nutrients, transforming carbon, and controlling pests and pathogens made possible by soil biodiversity support specialized practices. The loss of soil biodiversity is accelerated by increases in land conversion and agricultural intensification, which have led to a 60% deduction in soil ecosystem services (Gunstone et al. 2021). The pesticide persistence in soil varies according to its chemical composition, its type, and environmental conditions. Pesticides are important in modern agriculture as they control pests and increase crop productivity. Nonetheless, their extensive application has generated concerns regarding their persistence in the environment, especially in soil. Pesticide residues pollute the soil (Riyaz et al. 2021), endangering human health, non-target flora and fauna, and the overall environment (N. S. Singh et al. 2018). Pesticide residues can change the enzymatic and microbial communities in the soil, thereby affecting the structure of the soil as well as nutrient cycling. Ultimately, this may make possible decrease in soil fertility and productivity (Carr et al. 2013). Pesticides can adversely affect beneficial soil fauna like earthworms, which are essential for soil aeration and nutrient cycling (Morgado et al. 2018; Sánchez-Bayo, 2011). Decreased biodiversity in soil ecosystems might induce cascading consequences on higher trophic levels (El-Sheikh et al. 2022). The research identified a total of 71 different CUP residues in soil samples collected from agricultural fields and neighbouring meadows. This indicates a widespread presence of pesticide residues in the environment (Honert et al. 2025).
2.3 Pesticide residue in water
One of our most precious natural resources is water, which is essential for life on Earth. The demand for water has increased markedly alongside the advancement of our civilization, as have its various applications. A significant volume of water is utilized for many purposes, including domestic consumption, agriculture, and industrial applications. Pesticides that are water soluble have an impact on how they move through soil and water, which can contaminate surface and groundwater. Pesticide drift, runoff, or unintentional application can all contaminate surface water, particularly after irrigation or heavy rains, which can carry dissolved or suspended pesticides into neighbouring water bodies. During spraying, pesticide drift occurs when chemicals are blown by the wind and end up in unexpected places. When pesticides seep through the ground or come in through wells or cracks, they can contaminate groundwater. Both types of contamination are harmful to the environment and have an effect on ecosystems and water quality (Riyaz et al. 2021). Agricultural runoff is a primary conduit for the introduction of agrochemicals into aquatic systems. Numerous pesticides of diverse chemical classifications are presently used for crop cultivation reasons globally. The pollution of water due to pesticides is a big environmental issue, especially in areas with a lot of farming. This happens because of poor management and using too many pesticides in the wrong places, which can cause runoff and leaching into nearby bodies of water (Agarwal et al. 2015). Aquatic organisms' tissues can become accumulated with pesticides that enter water bodies. Higher levels of dangerous chemicals in fish and other aquatic life may result from this bioaccumulation, which could harm their lives and biological processes (Ali et al. 2021). 
Pesticides can adversely affect aquatic ecosystems and human health through runoff from agricultural fields, leaching into groundwater, and direct application into water bodies (Szöcs et al. 2017). Sensitive species, which are frequently essential for preserving ecological equilibrium, may diminish as a result of the pesticide contamination (Ali et al. 2021). A five-year analysis of rural wells in Ontario, Canada, revealed that pesticide contamination resulted from reverse siphoning of spray solution, spillage at the mixing site, spray drift, or surface runoff after field application (Weaver et al. 1993). The uncontrolled application of numerous pesticides, including organophosphates, organochlorines, and carbamates, has resulted in environmental contamination in the Dhamrai and Savar Upazilas of Bangladesh. Higher amounts of pesticide residues of organophosphorus and carbamate were detected in the collected water samples from these regions. The excessive usage and mismanagement of pesticides by farmers in this region are responsible for the detection of pesticides in water samples (Chowdhury et al. 2012).
A pesticide residue examination of groundwater in Kanpur, Uttar Pradesh, revealed significant levels of each of the organochlorine (OC) as well as organophosphorus (OP) pesticides. Groundwater samples from the Kanpur industrial areas exhibited concentrations of malathion, dieldrin, and -HCH. Pesticides, for example, malathion, dieldrin, and HCH were detected in groundwater samples obtained from the industrial region of Kanpur. Lindane, α-endosulfan, also β-endosulfan were analysed in the groundwater of Hyderabad and Andhra Pradesh. The intermittent presence of residues from non-organic agriculture and the illicit use of synthetic pesticides add to environmental pollution (Mazlan et al. 2017). Numerous pesticides demonstrate significant persistence, lingering in the environment for prolonged periods owing to their structural stability and lipophilic characteristics, as seen by organochlorine pesticides (OCPs). These pesticides tend to bioaccumulate and biomagnifies throughout the food chain, particularly in foods high in fatty tissues, affecting both vertebrates and invertebrates (Mazlan et al. 2017). Pesticides have been found in both surface water as well as groundwater in Nigeria. Residues enter natural rivers through several channels, including direct application of pesticides for the management of aquatic weeds, invasive fish species, and aquatic insects, as well as infiltration and runoff through agricultural fields. Pesticides can enter water sources by drift from agricultural industry wastes and discharge from equipment utilized in the manufacture and application of pesticides (Mazlan et al. 2017).
 2.4 Pesticide residue in food
The population of globe is anticipated to exceed 9 billion by 2050, demanding a 70% rise in production of food to ensure adequate food security. To attain this level of agricultural output, crops must be properly protected from pest infestations and diseases to ensure maximum yields and avoid losses. When pesticides are applied excessively, they can have adverse health impacts in addition to increasing agricultural productivity (El-Sheikh et al. 2022). Pesticides are essential for agricultural growth and productivity (Chen et al. 2011), with their application rising distinctly from an average of 2.3 million tons in 1990 to 4.1 million tons in 2016 (Kubiak-Hardiman et al. 2023). Our food can include pesticide residues in a number of ways. Crop residues from pesticide applications might remain on the crop from application to harvest, allowing harmful substances to enter the food chain from the field (Riyaz et al. 2021). Pesticides are still used by farmers due to their rapid, efficient, straightforward, safe, and effective means of pest management, while also enhancing plant productivity (Sudarsono et al. 2018). India is one of the largest producers of vegetables in the world, ranking second after China (Nage et al. 2022). The country produces a wide variety of vegetables, contributing significantly to both domestic consumption and exports. These vegetables are good source of vitamins and minerals and also play vital role in nutrition and economy (Sadighara et al. 2024). 
Persistence of pesticide residues may be in fresh fruits and their processed products, including juices, syrups, jellies, and ice cream, posing significant health risks due to their toxicity (Srivastava et al. 2014). The existence of pesticide residues in foodstuff is an increasing global concern because of associated health hazards (Rekha et al. 2006). Persistent organic pollutants are resistant to chemical changes and tend to accumulate in fatty tissues. Milk, being rich in fat and a key dietary staple, can contain pesticide residues. Contamination may result from polluted water, direct pesticide application on animals, or the consumption of contaminated pastures and feed, posing potential risks to human health, especially in children (Rêgo et al. 2019). Pesticides are commonly used on fruits and vegetables to manage pests, diseases and improve productivity; however, their residues may persist in food products, presenting threats to consumers (Syed et al. 2014). Dasika et al. (2012) identified numerous fruits crops (green apple, yellow apple, crisp pink apple, green grape, black grape, pear, and guava) and vegetables (red paprika) in India that showed residues of pesticide (chlorpyrifos, thiabendazole, and malathion) surpassing acceptable limits. According to a report from the European Food Safety Authority (EFSA) in 2023, 3.9% of 186 randomly chosen samples of vegetable products, cow milk, and swine fat on the European market had pesticide residue levels that were higher than what is allowed by EU law. Level of pesticide residues should be lower than the maximum residual limits (MRLs) for safe consumption.
In several societies, fruits and vegetables play a significant role in nutrition. Since they are rich in minerals, vitamins, fiber, and antioxidants, it is suggested to be consumed fresh, unpeeled, and unprocessed. However, food particularly fruits and vegetables is one of the key modes of pesticide exposure for human beings, with a five times greater frequency than other routes including the air and water (El-Sheikh et al. 2022). Since 1996, the European Union's "Monitoring of Pesticide Residues in Products of Plant Origin" program has analyzed residues of seven pesticides and two pesticide groups in fruits like apples, tomatoes, lettuce, strawberries, and grapes. Among approximately 9,700 samples, 5.2% contained residues, with 0.31% exceeding the Maximum Residue Limit (MRL) https://www.fao.org/fileadmin, accessed 10 December 2024). A study conducted by using 1,423 samples which are collected from 573 fruits and 830 vegetables in Aegean, Turkey, revealed that 84 (4.8%) of the fruits and 83 (9.8%) of the vegetables above pesticide level thresholds (Dasika et al. 2012). Out of 1135 collected samples, 37.7% had pesticide residues. The highest levels were found in pakchoi cabbage (17.2%), legumes (18.9%), and leaf mustard (17.2%), all of which exceeded the maximum residue limits (MRLs). Notably, Cypermethrin was found in 18.7% of the samples. Pesticide residues are regularly detected in fruits and vegetables from this area (Chen et al., 2011). 
3. Biodegradation of pesticide 
The process by which biological organisms, mostly microorganisms like bacteria, fungi, and algae, convert pesticide chemicals into less hazardous forms is known as biodegradation of pesticides. This procedure is essential for reducing the adverse effects of pesticide use on the environment and human health, which can include contaminating food chains, water, and soil. Biodegradation can be accelerated by bioremediation techniques, which intentionally use organisms to purify contaminated areas, or it can happen naturally. The existence of particular microbes, the habitat, and the chemical structure of the pesticides are some of the variables that affect how well biodegradation works. The increasing use of fertilizers and pesticides in agriculture has led to their accumulation in the environment, posing serious threats to ecosystems and human health. Pesticides may unintentionally cause harm to non-target species, including beneficial insects and other organisms, and they are designed to alter the biological processes of the pests and biodiversity, food chains (Jayaraj et al., 2023). Algae, fungus, and bacteria are the main microorganisms that contribute to pesticide biodegradation. To change pesticides into less hazardous forms, these organisms use several kinds of metabolic mechanisms (Guerrero Ramírez et al., 2023; McClary, 2022). An advanced bioremediation technique such as biodegradation, bioaugmentation, biostimulation, are effective to enhance pesticide breakdown and mitigate pesticide pollution. Biodegradation is the natural process by which an organism decomposes a xenobiotic chemical or pesticide, primarily aimed at ensuring its own existence. In this process microorganisms utilize these pesticides as their energy or nutrient source for metabolic activities. Pesticide-degrading microorganisms may be inhibited by temperature, pH, water potential, nutrient availability, and the concentration of pesticide or metabolite in the soil (D. K. Singh, 2008).  Pesticide degradation in soils is mainly facilitated by microorganisms, with their role usually indicated by an initial lag in degradation resulting from microbial adaptation (Gevao et al., 2000). 
3.1 Key pathways in pesticide degradation
Microorganisms convert pesticides into less toxic chemicals through a variety of metabolic processes. These pathways might include methylation, oxidative and hydrolytic pathways, fatty acid and lipid metabolism, amino acid metabolism, and mitochondrial energy metabolism as shown in figure 4 (Guerrero Ramírez et al., 2023). Certain types of microbial enzymes are essential for the breakdown of pesticides. Organophosphate pesticides can be broken down by Organophosphorus hydrolase (OPH), which is encoded by the opd gene. Different bacterial strains from different geographical areas contain this enzyme. Methyl-parathion hydrolase is another crucial enzyme that hydrolyzes methyl-parathion specifically which is encoded by mpd gene. The bioremediation of pesticide-contaminated ecosystems is greatly aided by these enzymes (Ortiz-Hernández et al., 2013). The genomics and metagenomics approaches have let identify several genes in the different microorganisms that codify to enzymes related to pesticide biotransformation. Bacterial cloning of some genes and the heterologous production of their protein for application in bioremediation processes created better option for biodegradation of pesticide (Rodríguez et al., 2020). 
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Fig. 4 Key pathways and mechanisms involved in microbial degradation of pesticides
3.2 Microbial degradation of pesticide
Pesticides undergo biochemical and physiological changes after getting into the microbes due to enzymes produced by them, which convert toxic compounds to non-toxic compounds. Bacterial microorganisms have been found for their ability to metabolize harmful organic molecules into non-toxic ones, thus preventing secondary contamination. Certain microorganisms possess enzymes that allow them to break down pesticides and convert organic molecules into inorganic ones through a process of mineralization (R. Rasool & Thakur, 2022). 
Profenofos is an organophosphate pesticide applied for the control of lepidopteran pests in cotton and tobacco for the past 20 years. Bacterial strains that can break down profenofos were found in soil from Hubei province in central China. This was done using isolation techniques, 16S rRNA gene sequencing, and biochemical tests. The cultures W and Y were identified as two distinct pure bacterial cultures (Malghani et al. 2009).  Different kinds of fungi, such as Aspergillus and Trichoderma, and bacteria like Pseudomonas, Sphingomonas, and Bacillus species have shown significant potential while degrading organochlorines, organophosphates, and carbamates (D. K. Singh, 2008). Microbes can degrade pesticide molecules through various pathways such as hydrolysis, oxidation, and reduction (Akashe et al. 2018; Aktar et al. 2009). Pesticides such as dimethoate, imidacloprid, and thiamethoxam are predominantly utilized. Three bacterial species, PRB-S1P2, PRB-S1P3, and PRB-S6P1, have been found for the bioremediation of these pesticides from ten different soil samples collected from agricultural fields. Bioaugmentation involves introducing specific microbial strains into contaminated environments to accelerate the degradation of pollutants. Bioaugmentation is effective against heavily polluted soils where native microbial communities lack the necessary enzymes for the degradation of pesticides. Furthermore, research indicates that Pseudomonas nitroreducens has greater tolerance to these pesticides compared to other bacterial species (Jayaraj et al. 2023).  The only challenge in this instance is our insufficient comprehension of the population dynamics of microorganisms that decompose pesticides in relation to other bacteria living in the same ecosystem (D. K. Singh, 2008).  
4. Limitations of biodegradation-based remediation at the field level
Although the use of microorganisms for biodegradation of pesticides is considered as environment friendly strategy, but field scale applications are sometimes contradictory with observations of laboratory experiments. This happens due to significant site variability and limited control over environmental factors. Agriculture soil contains soil organic matter and clay mineral particles on which pesticide molecules get strongly adsorbed on surface. Even in the presence of degraders, the accumulation of aged or bonded residues lowers bioavailability  and reduces microbial uptake and enzymatic activity (Gevao et al., 2000). Additionally, microbial catabolic activity might be inhibited and mineralization rates reduced by changing soil moisture, temperature stress, availability of oxygen, and nutrient limitation. These factors reveal why actual field dissipation may not be accurately reflected in degradation kinetics obtained from controlled lab tests (Fenner et al., 2013). Significantly, the successful microbial remediation using bacteria should focus on conserving soil functions, such as nutrient cycling, microbial diversity, and long-term soil health, that are having a major impact on remediation stability in agricultural fields, in addition to contaminant mitigation. In aquatic ecosystems, due to low biomass of microbes low light penetration in deeper zone, and continuous transport of residues from catchment area may result into prolonged pesticidal persistence, even when biodegradation capacity is shown by laboratory testing  (Oro et al., 2024). In general, rather than depending only on laboratory degradation potential, pesticide biodegradation efficiency in the field might be analyzed by the integrated view of bioavailability, microbial adaptation, and site-specific environmental factors. 
5. Transformation products: degradation does not always imply detoxification
Environmental transformation of chemical pesticides and their biodegradation do not always result in detoxification. When it released into environment it undergoes many biotic and abiotic processes such as photodegradation, hydrolysis, redox, adsorption, and microbial metabolism producing transformation products rather than complete mineralization (Fenner et al., 2013). Transformation products frequently exhibit distinct physicochemical properties as compared to parent pesticides, resulting in changing environmental behaviour. Most of the metabolites are more polar in nature and water soluble, increasing their mobility and transfer into surface and ground water by runoff, drainage, and leaching. The transition from soil-bound to dissolved residues may raise exposure threats. Therefore, concentrating just on parent compound may underestimate actual contamination (Menger et al., 2021). All transformation products are not always harmless. Some of them remain less toxic than parent pesticides, some retain hazardous functional group, show more sever bioaccumulation, or act through distinct mechanisms, causing equivalent or higher toxicity. Thus, both parent compound and transformation products should be included in ecological risk assessment, particularly for aquatic ecosystems (Sinclair & Boxall, 2003). Studies on biodegradation must assess mineralization, metabolite identification, and changes in toxicity along with to the parent pesticide disappearance. The metabolites which are previously unknown can be detected by using suspect and non-target screening in surface water (Menger et al., 2021). 
6. Conclusion
In summary, this systematic analysis underscores the necessity for educated decision-making to guarantee food safety and safeguard public health concerning pesticide residues. These residues are major problem pollution in soil, water, and food system. Not only chemical stability but transport processes, microbial adaptability are responsible for their persistence. Sorption and aging on organic matter and clay mineral in soil further control long term residue behaviour. Biodegradation is a promising way for reduction of pesticide residue. However, field performance is affected by low bioavailability and changing environmental factors. Most of the time during degradation process transformation products are formed. Integrated monitoring across soil-water-food system could serve as the primary focus of future research. Both transformation products and parent pesticide must be included in risk assessment. To discover effective degraders and create strong microbial consortia, omics-based technologies should be adopted. Decision oriented management and pesticide residue research must be better integrated for improving risk reduction, sustainable use of pesticides, and environmental protection. 
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