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Abstract
Microplastics (MPs) have emerged as pervasive contaminants in agricultural soils, posing significant threats to soil health, microbial functionality, and sustainable crop production. This review comprehensively evaluates the sources, characteristics, detection approaches, and functional impacts of MPs on soil ecosystems, with a particular focus on microbiome dynamics, nutrient cycling, and fungal interactions. Major input pathways, including plastic mulching, organic amendments, irrigation, and atmospheric deposition, contribute to MP accumulation, reaching thousands of particles per kilogram of soil. Experimental evidence demonstrates substantial reductions in key enzymatic activities and alterations in carbon use efficiency, indicating impaired microbial metabolism due to mechanistic disruption of soil processes. MPs significantly disrupt nitrogen cycling, causing 15–40% declines in nitrogen fixation, 10–25% inhibition of nitrification, and shifts in functional gene abundance (nifH, amoA). Furthermore, MPs modify soil physicochemical properties and reshape rhizosphere interactions, adversely affecting plant growth and microbial colonization. Fungal systems, particularly basidiomycetes, exhibit altered biomass, reduced mycorrhizal associations, and limited polymer degradation potential, highlighting both ecological risks and bioremediation prospects. Additionally, MP exposure compromises biofertilizer efficiency, reducing microbial viability and root colonization. At the ecosystem level, these impacts may impair soil fertility and crop productivity. The potential transfer of MPs into the food chain raises critical concerns for food safety and human health. Despite growing evidence, major gaps remain in long-term field validation, mechanistic understanding, and methodological standardization, emphasizing the urgent need for mitigation strategies to ensure sustainable agroecosystem functioning.
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1. Introduction
MPs (particles <5 mm) have emerged as a global environmental concern due to their persistence, ubiquity, and long-term ecological risks (Ziani et al. 2023). Global estimates suggest that agricultural soils may contain between 1.5 and 6.6 million tons of MPs, potentially exceeding the total load present on ocean surfaces, highlighting soils as a dominant yet under-recognised sink of plastic pollution (Kedzierski et al. 2023; Aslam et al. 2026).
Field-scale investigations across different continents reveal widespread contamination. A global synthesis of 223 sampling sites reported median concentrations of approximately 1167 particles per kg of soil, with values reaching up to 13,000 particles per kg in intensively managed agricultural systems (Büks & Kaupenjohann, 2020). In some regions, such as China, concentrations exceeding 18,000 particles per kg have been recorded, particularly in intensively cultivated farmlands (Zhou et al. 2018). Moreover, recent national-level assessments in Europe indicate that up to 76% of soils may contain detectable MPs, emphasizing their pervasive distribution across land-use systems (Palazot et al. 2024).
Agricultural practices are the primary contributors to this accumulation. Plastic mulching, sewage sludge application, compost amendments, coated fertilizers, and irrigation with contaminated water act as major input pathways (Mohasin et al. 2025). Emerging evidence also indicates that controlled-release fertilizers and organic amendments significantly contribute to microplastic (MP) loading in soils, further complicating nutrient management systems. These inputs result in the continuous buildup of MPs in soil matrices, where they interact with minerals, organic matter, and microbial communities under highly heterogeneous conditions (Sarfraz et al. 2025).
The soil microbiome, comprising bacteria, fungi, and other microorganisms, plays a fundamental role in ecosystem functioning through nutrient cycling, organic matter decomposition, and plant growth promotion (Zhan, 2024). However, the functional consequences of MP exposure on microbial metabolism, enzymatic activities, and symbiotic associations remain largely unexplored. Recent global assessments suggest that MPs may even influence plant productivity by reducing photosynthetic efficiency by 7–12%, potentially leading to significant crop yield losses worldwide (Zhu et al. 2025). Therefore, understanding the interaction between MPs and soil microbiome at a global scale is essential for evaluating long-term ecological risks, particularly in agricultural systems.
In the Indian context, MP contamination in agricultural soils is an emerging but underexplored issue. India, being one of the largest consumers of plastic in agriculture, especially for mulching, irrigation pipes, and fertilizer packaging, faces a significant risk of soil MP accumulation (Anand & Sheel, 2025). Recent studies from states such as Punjab, Haryana, and Maharashtra have reported detectable levels of MPs in intensively cultivated soils, with concentrations ranging from 300 to over 3000 particles per kg depending on cropping systems and management practices (Anand & Sheel, 2025).
The widespread use of polyethene mulch in vegetable cultivation and horticulture has been identified as a major contributor. The application of untreated or partially treated sewage sludge and compost in peri-urban agriculture introduces secondary MPs into soil systems. River irrigation, particularly from polluted rivers such as the Ganga and Yamuna, further enhances MP input into farmlands (Anand & Sheel, 2025; Yacoub & Han, 2026). India's diverse agro-climatic conditions influence the fragmentation and persistence of plastics. High temperatures and UV exposure accelerate the breakdown of macroplastics into MPs, while monsoonal dynamics facilitate their redistribution within soil profiles. Despite these factors, systematic large-scale monitoring of soil MPs in India remains limited (Anand & Sheel, 2025).
From a microbiological perspective, Indian soils, rich in microbial diversity and heavily reliant on biofertilizers and organic inputs, may be particularly vulnerable to MP-induced functional disruptions (Ghosh et al. 2025). Changes in microbial enzymatic activity, nitrogen cycling efficiency, and mycorrhizal associations could directly impact crop productivity and soil fertility (Bhattacharyya & Furtak, 2022). However, experimental evidence from Indian agroecosystems is still scarce, highlighting a critical research gap.
Furthermore, although MPs are widely reported in agricultural soils, their functional impacts on soil microbial communities remain poorly understood in agroecosystems. Existing studies mainly focus on occurrence and sources, while microbial responses and ecosystem-level effects are still largely unexplored. Therefore, this review aims to critically synthesize current knowledge of the interaction between MPs and soil microbiome, with special emphasis on microbial activity, enzymatic functions, and nutrient dynamics. This review will provide essential baseline data and contribute to the development of sustainable strategies for managing MP stress in agricultural soils. 
2. Sources and Accumulation of MPs in Agricultural Soils
MPs in agricultural soils originate from diverse sources such as plastic mulching, organic amendments (compost and sludge), irrigation water, and atmospheric deposition (Kumar et al. 2020), leading to their continuous input into soil systems (Table 1 and Figure 1). Over time, these particles accumulate due to their persistence and limited degradation, resulting in long-term alterations in soil structure, microbial dynamics, and nutrient cycling processes (Riveros et al. 2022; Omidoyin & Jho, 2023).
Table 1. Sources of MPs in Agricultural Soils
	Source
	Type of Plastic
	Concentration Range
	Remarks
	References

	Plastic Mulching
	PE
	500–2000 particles/kg
	Major contributor
	Zhang et al. 2020a; Steinmetz et al. 2016

	Sewage Sludge
	PE, PP, PET
	1000–24000 particles/kg
	High contamination
	Nizzetto et al. 2016; Corradini et al. 2019

	Compost
	PE, PP
	200–900 particles/kg
	Secondary source
	Weithmann et al. 2018; Gui et al. 2021

	Irrigation Water
	Mixed
	10–10000 particles/m³
	Diffuse input
	Li et al. 2018; Zhang et al. 2019

	Atmospheric Deposition
	Fibers
	50–700 particles/m²/day
	Continuous input
	Dris et al. 2016; Allen et al. 2019


However, findings are inconsistent due to differences in soil type, MP size, and experimental design. Most studies are short-term and laboratory-based, limiting their applicability to real field conditions.
2.1 Plastic Mulching
Plastic mulch films are widely used to enhance crop productivity by conserving soil moisture, suppressing weeds, and improving temperature regimes (Bahadur et al. 2018). However, their extensive and repeated use has led to a significant accumulation of plastic residues in agricultural soils. Field studies have reported that 10–30% of mulch film residues remain in soil after each cropping cycle, particularly under conventional retrieval practices (Kumar & Sheela, 2020). Over time, these residual plastics undergo fragmentation into MPs due to the combined effects of ultraviolet (UV) radiation, thermal oxidation, mechanical tillage, and microbial weathering processes (Bai et al. 2024).
Recent experimental data indicate that polyethylene (PE)-based mulch films can degrade into particles <5 mm within 1–3 years under field conditions, depending on climate and soil properties (Yin et al. 2019; Bandyopadhyay et al. 2023). In intensively cultivated systems, MP concentrations derived from mulch films alone have been reported to reach 500–2000 particles per kg of soil (Qiang et al. 2023). Furthermore, studies demonstrate that smaller fragments (<1 mm) exhibit higher surface area and reactivity, thereby exerting stronger interactions with soil microbial communities (Han et al. 2024).
In the Indian scenario, long-term use of plastic mulching in vegetable crops such as tomato, chilli, and cucurbits has shown a visible accumulation of plastic residues in the topsoil (0–15 cm) (www.indiawaterportal.org; www.agriplast.co.in). High temperature and solar radiation conditions prevalent in Indian agroecosystems accelerate the fragmentation process, leading to faster generation of MPs compared to temperate regions. Despite this, efficient recovery and recycling mechanisms remain limited, resulting in progressive buildup of MPs in agricultural fields.
Such accumulation not only alters soil physical properties such as bulk density and porosity but also creates novel microhabitats (plastisphere) that influence microbial colonization and activity (Amaral-Zettler et al. 2020). Consequently, plastic mulch-derived MPs constitute a major and ongoing source of contamination, with significant implications for soil health, microbial function, and long-term agricultural sustainability.
2.2 Organic Amendments
Application of compost and sewage sludge represents a significant secondary pathway for MP entry into agricultural soils (Zhang et al 2020a). Recent studies indicate that sewage sludge may contain between 1,000 and 24,000 MP particles per kilogram (dry weight), depending on treatment efficiency and the source of wastewater (Di Bella et al. 2022; Kwiatkowska & Ormaniec, 2024). When such sludge is applied as a soil amendment, a substantial fraction of these particles is directly transferred into soil systems, leading to cumulative loading over time. Similarly, compost derived from municipal solid waste has been reported to contain 200–900 particles per kg, largely dominated by polyethylene (PE), polypropylene (PP), and polyester fibers (Ayoub et al. 2025).
Experimental field trials have demonstrated that repeated application of sludge over 3–5 years can increase soil MP concentrations by 2–5 times compared to untreated soils (Ramage et al. 2025). Long-term amendment studies in Europe and China report accumulation rates of up to 0.5–1.5 tons of plastic residues per hectare in intensively managed fields (Steinmetz et al. 2016; Ren et al. 2024). Moreover, MPs introduced via organic amendments are often smaller (<1 mm), making them more bioavailable and reactive within soil matrices.
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Figure 1 Sources and pathways of MPs in agricultural soil
From a functional perspective, these amendment-derived MPs can adsorb heavy metals, antibiotics, and persistent organic pollutants, thereby acting as vectors that alter microbial community structure and enzymatic activities (Li et al. 2022).
2.3 Irrigation and Atmospheric Deposition
Irrigation water has recently been identified as a significant pathway for MP entry into agricultural soils. Studies have reported that wastewater and river water used for irrigation may contain between 10 to 10,000 MP particles per cubic meter, depending on pollution levels (McGinnis, 2021). Continuous irrigation with such contaminated water can lead to the gradual accumulation of MPs in soil profiles over time. In particular, peri-urban and wastewater-fed agricultural systems show higher levels of contamination due to direct exposure to untreated or partially treated effluents (Ali et al. 2026).
Atmospheric deposition is another emerging but less recognized source of MPs in soils. Airborne MP fibers and particles originating from urban emissions, textile industries, and road dust can settle onto agricultural land. Recent studies estimate atmospheric deposition rates ranging from 50 to 700 particles per square meter per day, indicating a continuous and diffuse input pathway (Dris et al. 2016; Allen et al. 2019; Brahney et al. 2020).
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MPs are primarily categorized into primary and secondary types depending on their source. Primary MPs are intentionally manufactured in microscopic sizes for use in products such as cosmetics, industrial abrasives, and resin pellets (Mathew et al. 2024). These particles enter the environment directly without undergoing prior fragmentation. In contrast, secondary MPs are generated through the breakdown of larger plastic materials under environmental conditions such as ultraviolet radiation, temperature fluctuations, mechanical stress, and microbial degradation (Mishra et al. 2025). In agricultural soils, secondary MPs are more dominant, largely originating from plastic mulching films, irrigation pipes, and other plastic residues (Huang et al. 2020).
3.2 Classification Based on Size
The size of MPs is a critical parameter that determines their mobility, bioavailability, and ecological effects. Generally, MPs are defined as particles smaller than 5 mm, but they are further subdivided into larger MPs (1–5 mm) and smaller MPs (<1 mm) (Scheurer & Bigalke, 2018). An emerging category, nanoplastics (<1000 nm), has gained attention due to their ability to penetrate biological membranes and interact at the cellular level (Dai et al. 2022). Smaller particles possess a higher surface area-to-volume ratio, which enhances their chemical reactivity and potential toxicity in soil environments.
3.2.1 Role of Nanoplastics in Soil Systems
Nanoplastics represent a highly reactive and mobile fraction of plastic pollution in soils. Due to their small size and large surface area, NPs exhibit enhanced interactions with soil components and biological systems. A key concern is their ability for cellular penetration, allowing them to cross biological membranes and accumulate within microbial and plant cells, thereby disrupting normal cellular functions (Dai et al. 2022). Nanoplastics also exhibit higher toxicity compared to larger microplastics, primarily through the induction of oxidative stress, membrane damage, and metabolic disturbances in soil microorganisms (Wang et al. 2021a; Yang et al. 2022). In addition, their strong adsorption capacity enables them to act as carriers of toxic pollutants.
In plant systems, NPs can be taken up by roots and translocated to aerial tissues, raising concerns regarding their entry into the food chain (Li et al. 2020; Sun et al. 2020). However, most evidence is derived from laboratory studies, highlighting the need for field-based investigations. 
This highlights the emerging importance of nanoplastics as a distinct and more hazardous category requiring focused research and mitigation strategies.
3.3 Classification Based on Shape and Morphology
MPs exhibit a wide range of shapes, including fibers, fragments, films, pellets, and foams, each influencing their environmental behaviour differently (Rochman et al. 2019). Fibrous MPs, commonly derived from synthetic textiles, are easily transported through soil and water systems (Rochman et al. 2019). Fragmented particles result from the breakdown of rigid plastics and often display irregular shapes with rough surfaces. Film-like MPs are typically associated with degraded agricultural mulching materials, while spherical pellets or beads are linked to industrial and cosmetic sources (Rochman et al. 2019). Foam particles, often originating from polystyrene products, are lightweight and highly dispersible (Ghoshal et al. 2023). These morphological differences significantly affect microbial colonization, adsorption of pollutants, and persistence in soil.
3.4 Classification Based on Polymer Composition
MPs are composed of various synthetic polymers, each exhibiting distinct physicochemical properties and environmental stability. Commonly identified polymers include polyethene (PE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), and polyethylene terephthalate (PET) (Özteki̇n & Sponza, 2023). The chemical structure of these polymers, including the type of bonds and functional groups present, determines their resistance to degradation, interaction with soil organic matter, and affinity for pollutants. For instance, hydrophobic polymers such as PE and PP tend to accumulate persistent organic pollutants, whereas more polar polymers may interact differently with soil components (Prajapati et al. 2022).
3.5 Classification Based on Surface Characteristics
Surface properties of MPs play a crucial role in governing their interactions within soil ecosystems. Factors such as hydrophobicity, surface charge, roughness, and porosity influence their capacity to adsorb contaminants and support microbial colonization (Cowger et al. 2020). Weathering processes often increase surface roughness and introduce oxygen-containing functional groups, thereby enhancing the adsorption of heavy metals and organic pollutants (Cowger et al. 2020). Additionally, MPs may contain additives such as plasticizers, stabilizers, and flame retardants, which can leach into the surrounding environment and contribute to toxicity (Iftikhar et al. 2024).
4. Detection and Quantification Methods of MPs
4.1 Sample Preparation and Extraction Techniques
The initial step in MP analysis involves the removal of organic matter and the separation of plastic particles from soil. Commonly, chemical digestion methods using hydrogen peroxide (H2O2), Fenton’s reagent, or enzymatic treatments are applied to eliminate organic residues without damaging plastic polymers (Thomas et al. 2020). Following digestion, density separation is widely employed using high-density salt solutions such as sodium chloride (NaCl), zinc chloride (ZnCl2), or sodium iodide (NaI), allowing lighter MP particles to float and be isolated from heavier mineral components. Studies have shown that high-density solutions like ZnCl2 improve recovery efficiency, particularly for high-density polymers such as PVC and PET (Thomas et al. 2020).
4.2 Microscopic Identification
After extraction, MPs are often initially identified using microscopy (Table 2) based on visual characteristics such as shape, size, and colour. Fluorescence staining techniques, particularly using Nile Red dye, have gained popularity for enhancing the detection of MPs, especially smaller particles, by causing them to fluoresce under specific wavelengths (Sturm et al. 2021). However, visual identification alone is prone to misclassification, necessitating further confirmatory analysis.
4.3 Spectroscopic Techniques
Advanced spectroscopic methods provide precise identification of polymer types (Table 2). Fourier Transform Infrared Spectroscopy (FTIR) is one of the most widely used techniques, enabling the identification of polymer-specific functional groups through infrared absorption spectra. Micro-FTIR imaging further allows analysis of particles as small as 10–20 µm (Zhang et al. 2024). Similarly, Raman Spectroscopy offers high spatial resolution and can detect particles down to the micrometre and even submicrometer scale (Zhang et al. 2024). Raman spectroscopy is particularly advantageous for coloured or dark particles, where FTIR may have limitations.
4.4 Thermal and Chromatographic Methods
Thermal degradation-based techniques are increasingly used for quantitative analysis (Table 2). Gas Chromatography–Mass Spectrometry, particularly when coupled with pyrolysis (Py-GC-MS), enables the identification and quantification of polymers by their characteristic thermal degradation products (Zeng et al. 2026). This method provides highly accurate polymer-specific quantification, even in complex environmental samples. Other techniques, such as thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), are also used to study thermal properties and polymer composition (Zeng et al. 2026).
4.5 Emerging and Advanced Approaches
Recent advancements include the use of hyperspectral imaging, automated MP recognition using machine learning, and combined techniques such as FTIR imaging and Raman mapping for high-throughput analysis. Additionally, microfluidic devices and nanoplastic detection methods are being developed to address limitations in detecting particles at the nanoscale (Zeng et al. 2026).
4.6 Quantification Approaches and Standardization Challenges
MPs in soil are typically quantified in terms of particle number (particles/kg of soil) or mass concentration (mg/kg). However, variability in sampling methods, extraction efficiency, and analytical techniques often leads to inconsistencies across studies (Stock et al. 2019). Recent research emphasizes the need for standardized protocols and reference materials to ensure comparability of results. Recovery rates, contamination control, and procedural blanks are critical factors that must be carefully managed during analysis (Zeng et al. 2026). 
4.7 Critical Comparison of Techniques
Each technique for microplastic (MP) analysis involves a fundamental trade-off between practicality and precision. Microscopy is the simplest and fastest, but it suffers from low accuracy and high misclassification rates, making it unsuitable for definitive analysis (Zeng et al. 2026). Spectroscopic methods (FTIR and Raman) offer reliable polymer identification; FTIR is widely used but time-consuming and struggles with dark particles (Hidalgo-Ruz et al. 2012), while Raman provides superior resolution (~1 µm) but is expensive and equipment-sensitive (Araujo et al. 2018). Py-GC-MS stands out for highly sensitive, polymer-specific quantification even in complex samples (Dümichen et al. 2015), yet its complexity and destructive nature limit routine use. Ultimately, no single method is ideal-visual and spectroscopic approaches excel at detection and identification, whereas thermal methods like Py-GC-MS lead in quantification. The field's greatest challenge remains the lack of standardized protocols, causing poor comparability across studies despite advances in laboratory-based techniques.
Table 2. Analytical Techniques for Detection and Quantification of MPs in Soil Systems
	Method
	Principle
	Detection Limit
	Advantage
	Limitation
	Reference

	FTIR
	IR absorption
	~10 µm
	Polymer identification
	Time-consuming
	Hidalgo-Ruz et al. 2012; Zeng et al. 2026

	Raman
	Light scattering
	~1 µm
	High resolution
	Expensive
	Araujo et al. 2018; Zeng et al. 2026

	Py-GC-MS
	Thermal degradation
	Very low
	Quantitative analysis
	Complex
	Dümichen et al. 2015; Zeng et al. 2026

	Microscopy
	Visual identification
	>50 µm
	Simple and rapid
	Low accuracy
	Masura et al. 2015; Zeng et al. 2026


5. Impact of MPs on Soil Physicochemical Properties
[bookmark: _Hlk227490416]MPs in agricultural soils significantly alter physicochemical properties, influencing soil structure, water dynamics, and chemical behaviour (Scheurer & Bigalke, 2018). Their effects depend on particle size, shape, concentration, and polymer type. MPs can modify soil aggregation and structure by disrupting natural binding agents such as organic matter and microbial exudates, often reducing aggregate stability (Han et al. 2024). However, fibrous MPs may sometimes enhance aggregation through physical entanglement. Changes in bulk density and porosity are also reported, with low-density polymers (e.g., polyethylene) generally decreasing bulk density and increasing porosity, which can improve aeration but may reduce water retention capacity (de Souza Machado et al. 2018).
In terms of soil water dynamics, MPs can alter water infiltration and holding capacity. Film-like particles may obstruct pore spaces, leading to uneven water distribution, while increased porosity in some cases enhances drainage. These changes directly affect plant water availability (Wang et al. 2023a). MPs also influence soil chemical properties, including pH, nutrient availability, and contaminant behaviour. Weathered MPs develop reactive surfaces that adsorb nutrients and pollutants such as heavy metals and organic contaminants, potentially reducing nutrient bioavailability while acting as carriers of toxic substances. Additionally, plastic additives can leach into the soil, contributing to chemical stress (Chia et al. 2022). Furthermore, MPs impact soil organic matter and carbon dynamics by affecting microbial activity and decomposition processes, thereby altering carbon mineralization rates (Hu et al. 2021). Overall, these physicochemical changes can have cascading effects on soil fertility and ecosystem functioning. However, reported effects vary considerably depending on polymer type, particle size, and soil characteristics. Most available studies are short-term laboratory experiments, which may not accurately represent long-term field dynamics.
[bookmark: _Hlk227245164]6. Soil Microbiome: Structure and Functional Importance
Soil microbial communities comprise bacteria, fungi, actinomycetes, and protozoa, which collectively regulate essential ecosystem functions. A single gram of fertile soil may contain up to 10⁹ bacterial cells along with extensive fungal hyphal networks, reflecting immense biological complexity (Torsvik & Øvreås, 2002; Whitman et al. 1998). These microorganisms play a crucial role in organic matter decomposition, nutrient mineralization, soil aggregation, and plant–microbe interactions (van der Heijden et al. 2008).
Microbial biomass carbon typically constitutes about 1–5% of total soil organic carbon and is widely used as a sensitive indicator of soil health (Jenkinson & Ladd, 1981; Wardle, 1992). Functionally, soil microbes are central to biogeochemical cycles; biological nitrogen fixation contributes approximately 50–200 kg N ha⁻¹ year⁻¹ depending on ecosystem conditions (Galloway et al. 2004; Peoples et al. 2009). Fungal communities are responsible for nearly 70–90% of lignocellulosic decomposition in terrestrial ecosystems (Baldrian, 2008), while mycorrhizal associations can enhance plant nutrient uptake efficiency by 20–80% (Smith & Read, 2008).
However, emerging environmental stressors such as MPs have been shown to alter microbial community composition and reduce soil enzymatic activities under experimental conditions, often by 10–30% at concentrations ranging from 0.1–1% (w/w) (Rillig et al. 2019a; Fei et al. 2020; de Souza Machado et al. 2018). These alterations can disrupt nutrient cycling processes and ultimately affect soil fertility and ecosystem functioning. Compared to global studies, Indian data remain limited and fragmented, with a lack of long-term field-based investigations. Therefore, maintaining a stable and functional soil microbiome is essential for sustaining agricultural productivity and ecological resilience.
7. Integrated Framework of MPs Interactions in Soil–Plant–Microbiome Systems
MPs influence agroecosystems through a series of interconnected physical, chemical, and biological processes that operate across multiple levels of soil–plant systems. A conceptual framework is proposed to integrate these complex interactions and provide a holistic understanding of MP-driven changes in soil ecosystems (Figure 2).
Initially, MPs enter agricultural soils through various pathways such as plastic mulching, organic amendments, irrigation water, and atmospheric deposition. Once in the soil matrix, MPs alter key physicochemical properties, including bulk density, porosity, water holding capacity, and nutrient availability (Bandyopadhyay et al. 2023; Ayoub et al. 2025). These changes create modified microhabitats that directly influence soil microbial communities.
At the microbiological level, MPs induce mechanistic disruptions through oxidative stress, membrane damage, and interference with enzymatic activity, leading to shifts in microbial diversity, metabolic functions, and nutrient cycling processes. The formation of plastisphere communities further alters microbial interactions and functional gene expression (Fei et al. 2020).
These microbial changes subsequently affect plant systems by modifying rhizosphere interactions, root architecture, and nutrient uptake efficiency. MPs may also act as vectors for contaminants and pathogens, enhancing stress conditions in plants. In some cases, smaller particles such as nanoplastics can be taken up by plant roots and translocated to aerial tissues (Rillig et al. 2019a; Zhang et al. 2022). At the ecosystem level, these cascading effects contribute to reduced soil fertility, altered crop productivity, and potential transfer of MPs into the food chain, raising concerns for food safety and human health (Jiang et al. 2019).
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Figure 2 Conceptual framework illustrating interactions between MPs, soil properties, microbiome, plant systems, and food chain transfer
Importantly, feedback mechanisms exist within this system. For instance, altered plant root exudation can further reshape microbial communities, while microbial activity can influence MP degradation and transformation. These feedback loops highlight the dynamic and complex nature of MP interactions in agroecosystems (Li et al. 2020; Sun et al. 2020).
Overall, this conceptual framework emphasizes the need for integrative and multi-scale approaches to understand and mitigate the impacts of MPs in soil–plant systems.
8. MPs–Microbiome Interactions
8.1 Physical Interactions
Experimental studies report that incorporation of MPs (0.1–1% w/w) can reduce soil bulk density by 5–15% while increasing porosity, thereby modifying aeration and moisture regimes (Figure 3). Fiber-type MPs, in particular, enhance water retention but may create heterogeneous microhabitats, disrupting microbial spatial distribution. Such physical changes can influence oxygen diffusion and root–microbe interactions, ultimately affecting microbial activity and nutrient cycling processes (de Souza Machado et al. 2018; Rillig et al. 2019b; Lehmann et al. 2020).
8.2 Chemical Interactions
MPs act as vectors for chemical contaminants due to their high surface area and hydrophobicity (Figure 3). They can adsorb heavy metals (e.g., Cd, Pb) and organic pollutants (e.g., PAHs, pesticides), often increasing their persistence in soil. Additionally, MPs release additives such as phthalates and bisphenol A (BPA), which are known to exhibit toxic effects on soil microbes. Studies indicate that these chemical interactions can suppress microbial enzymatic activities (e.g., dehydrogenase, urease) by 10–25% and alter microbial metabolic pathways, leading to reduced soil biochemical functionality (Hüffer et al. 2017; Wang et al. 2019; Guo et al. 2020; Fei et al. 2020).
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Figure 3 MP interaction with soil microbiome
8.3 Biological Interactions
MPs provide novel ecological niches for microbial colonization, forming specialized communities known as the "plastisphere." These communities differ significantly from native soil microbiota in both composition and function (Figure 3). Research indicates that plastisphere-associated microbes are often enriched with opportunistic and stress-tolerant taxa, particularly Proteobacteria and Actinobacteria, with reported increases of 20–40% in relative abundance under MP exposure. The formation of plastisphere biofilms also alters microbial communication and gene exchange, including horizontal gene transfer, with studies suggesting a 2–3 fold increase in gene transfer frequency on plastic surfaces. Furthermore, extracellular enzyme activities associated with plastisphere communities may differ by 15–25%, indicating functional divergence that could have long-term ecological consequences (Zettler et al. 2013; Amaral-Zettler et al. 2020; Rillig et al. 2019b; Fei et al. 2020). Additionally, MPs can act as carriers for pathogenic microorganisms, potentially influencing plant health and soil disease dynamics.
These microbial responses are primarily driven by underlying mechanistic processes, including reactive oxygen species (ROS) generation, membrane damage, and alterations in microbial gene expression, which collectively disrupt microbial structure and function (Rillig et al. 2019b; Fei et al. 2020). However, inconsistencies in microbial responses have been observed due to differences in experimental design, MP characteristics, and soil conditions. Moreover, most studies are conducted under controlled environments, limiting their extrapolation to natural agroecosystems.
Table 3. Microbial & Enzymatic Effects of MPs in Soil
	Parameter
	Change (%)
	Mechanism
	Impact
	References

	Dehydrogenase
	↓ 10–35%
	Toxicity, ROS generation
	Respiration ↓
	Hu et al. 2021; Zhou et al. 2020

	Urease
	↓ 15–30%
	Additive stress, enzyme inhibition
	N cycling ↓
	Huang et al. 2019; Fei et al. 2020

	Phosphatase
	↓ 10–25%
	Substrate blockage, toxicity
	P availability ↓
	Zhang et al. 2021a; Liu et al. 2022

	Microbial biomass
	↓ 10–30%
	Oxidative stress, membrane damage
	Soil fertility ↓
	de Souza Machado et al. 2018; Qi et al. 2020


9. Functional Impact on Microbial Metabolism
9.1 Enzymatic Activity
MPs significantly influence key soil enzymes such as dehydrogenase, urease, phosphatase, and β-glucosidase, which are critical indicators of microbial metabolic activity (Table 3). Experimental studies have reported a 10–35% reduction in dehydrogenase activity under MP concentrations of 0.1–1% (w/w), indicating suppressed microbial respiration (Hu et al. 2021; Zhou et al. 2020). Urease and phosphatase activities, essential for nitrogen and phosphorus mineralization, have shown declines of 15–30%, likely due to toxic additives (e.g., phthalates, BPA) leaching from MPs (Huang et al. 2019; Fei et al. 2020). Additionally, MPs may physically block enzyme-substrate interactions by adsorbing organic matter, thereby reducing catalytic efficiency and nutrient turnover rates (de Souza Machado et al. 2018; Qi et al. 2020).
9.2 Carbon Cycling
MPs alter soil carbon dynamics by affecting microbial respiration, carbon mineralization, and organic matter decomposition (Figure 4). Studies indicate that MP contamination can increase basal soil respiration by 5–20% due to stress-induced microbial activity, while long-term exposure may reduce carbon use efficiency (CUE) by 10–25%. MPs also interfere with the breakdown of complex organic substrates, particularly lignocellulosic material, by disrupting fungal activity. This results in altered CO2 flux and potential destabilization of soil organic carbon pools. Furthermore, MPs may act as carbon substrates for certain microbial taxa, shifting community composition and metabolic pathways (de Souza Machado et al. 2018; Rillig et al. 2019a; Ren et al. 2020; Zhang et al. 2022).
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Figure 4 Effect of MPs on soil nutrient cycling
9.3 Stress Responses
Exposure to MPs induces oxidative stress in soil microorganisms through the generation of reactive oxygen species (ROS). Studies report a 20–50% increase in antioxidant enzyme activities such as catalase and superoxide dismutase under MP stress conditions. At the molecular level, MPs influence gene expression related to stress tolerance, metabolism, and membrane transport. Functional genes involved in nutrient cycling and stress adaptation may be upregulated or downregulated, indicating metabolic shifts. Additionally, chronic exposure to MPs can lead to reduced microbial diversity and selection of stress-resistant populations, potentially impacting long-term soil ecosystem stability (Fei et al. 2020; Wang et al. 2021a; Yang et al. 2022; Rillig et al. 2019b). Mechanistically, MPs interfere with microbial metabolism through ROS generation, enzyme inhibition, and changes in gene expression, leading to reduced metabolic efficiency and altered biochemical pathways (Wang et al. 2021a; Yang et al. 2022). Despite growing evidence, findings remain variable across studies due to differences in MP concentration, exposure duration, and soil type.
10. Impact of MPs on Nitrogen Cycle
10.1 Nitrogen Fixation
MPs negatively influence biological nitrogen fixation by affecting diazotrophic microbial communities (Figure 4 and Table 4). Experimental studies report a 15–40% reduction in nitrogenase activity under MP exposure (0.1–1% w/w), primarily due to physical obstruction and toxic additive release (Wang et al. 2024). MPs can reduce the abundance of key nitrogen-fixing bacteria such as Rhizobium and Azotobacter, leading to decreased N input into soil systems. Additionally, symbiotic associations between legumes and rhizobia may be disrupted, affecting nodulation efficiency by up to 20–30% under stress conditions (Wang et al. 2023b).
10.2 Nitrification and Denitrification
MPs alter nitrification and denitrification processes (Figure 4 and Table 4) by influencing ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea (AOA), and denitrifiers. Studies indicate that MP contamination can reduce nitrification rates by 10–25% through suppression of AOB populations, while in some cases stimulating denitrification due to localized anaerobic microenvironments. Denitrification enzyme activity (DEA) has been reported to increase by 5–15%, potentially enhancing N2O emissions, a potent greenhouse gas. These changes may disrupt nitrogen availability and lead to increased nitrogen losses from soil (Fei et al. 2020; Ren et al. 2020; Rillig et al. 2019a; Liu et al. 2022). These disruptions are linked to mechanistic effects such as oxidative stress, inhibition of key enzymes, and altered expression of nitrogen-cycling genes (e.g., nifH, amoA), ultimately affecting nitrogen transformation processes (Ren et al. 2020; Liu et al. 2022).
10.3 Functional Genes
At the molecular level, MPs significantly influence nitrogen cycling genes, affecting key functional groups involved in nitrogen transformations. The abundance of nifH (nitrogen fixation marker gene) has been reported to decline under MP stress (Ren et al. 2020; Liu et al. 2022). Similarly, amoA genes associated with ammonia oxidation may decrease, indicating impaired nitrification processes (Fei et al. 2020; Wang et al. 2021b). In contrast, denitrification genes such as nirK and nosZ often show variable responses, with some studies reporting upregulation under MP-induced stress conditions, possibly due to the formation of anaerobic microenvironments (Liu et al. 2022; Rillig et al. 2019b). These gene-level alterations reflect shifts in microbial metabolic pathways and highlight the potential long-term impact of MPs on nitrogen cycling efficiency and soil fertility. However, variations in experimental conditions and microbial community composition result in inconsistent observations across studies. Most findings are derived from controlled experiments, necessitating validation under field conditions.
Table 4. Nitrogen Cycle Impact of MPs in Soil
	Process
	Change (%)
	Gene Affected
	Outcome
	Reference

	Nitrogen Fixation
	↓ 15–40%
	nifH ↓
	N input ↓
	Sun et al. 2022

	Nitrification
	↓ 10–25%
	amoA ↓
	NH₄⁺ oxidation ↓
	Liu et al. 2021

	Denitrification
	↑ 5–15%
	nirK, nosZ
	N₂O emission ↑
	Zhang et al. 2020b


11. Interaction of MPs with Plants and Rhizosphere
MPs significantly influence plant systems by altering rhizosphere dynamics, which directly affects plant growth, nutrient uptake, and plant–microbe interactions. Studies indicate that MPs can modify soil physical and chemical conditions, leading to changes in root architecture, including reduced root length, biomass, and surface area under higher MP concentrations (de Souza Machado et al. 2019; Qi et al. 2018). These effects are primarily attributed to physical obstruction and altered soil structure, which limit root penetration and access to water and nutrients (Rillig et al. 2019a).
In the rhizosphere, MPs interfere with root exudation and microbial assembly, thereby reshaping microbial community composition. Experimental evidence shows that MPs can significantly alter rhizosphere microbial diversity and metabolomic profiles, as observed in crop systems like lettuce, where biodegradable MPs influenced both microbial consortia and plant metabolic responses (Qi et al. 2018; Huang et al. 2019). Additionally, MPs influence key soil parameters such as pH, porosity, and nutrient availability, which indirectly regulate microbial activity and plant–microbe signalling processes (de Souza Machado et al. 2019; Rillig et al. 2019b).
MPs also act as vectors for contaminants and pathogens, carrying heavy metals, pesticides, and antibiotic residues into the rhizosphere. This can enhance toxicity and promote the proliferation of soil-borne pathogens, thereby increasing plant stress and disease susceptibility (Guo et al. 2020; Zhu et al. 2022). Moreover, emerging evidence suggests that smaller particles, especially nanoplastics, can be taken up by plant roots and potentially translocated within plant tissues, raising concerns about food chain transfer and physiological disruption (Li et al. 2020; Sun et al. 2020).
At the ecosystem level, MPs disrupt plant–microbiome interactions, including beneficial associations such as rhizobacteria and mycorrhizal fungi, which are essential for nutrient cycling and plant health. These disruptions can reduce nutrient acquisition efficiency and weaken plant resilience to environmental stress (Rillig et al. 2019b; de Souza Machado et al. 2019). Overall, MP–plant–rhizosphere interactions are complex and multi-layered, involving physical interference, chemical contamination, and biological alterations, ultimately impacting plant productivity and soil ecosystem stability. However, plant responses to MPs are highly variable and influenced by species, soil properties, and MP characteristics.
12. Mushroom–MPs Interaction
Fungi, particularly basidiomycetes, play a crucial role in soil ecosystems through decomposition, nutrient cycling, and symbiotic associations. Recent studies suggest that MPs directly and indirectly influence fungal growth, metabolism, and ecological function (Figure 5). Experimental evidence indicates that MP concentrations of 0.1–1% (w/w) can alter fungal biomass by 10–30%, depending on polymer type and environmental conditions (Rillig et al. 2019b; de Souza Machado et al. 2018; Fei et al. 2020; Wang et al. 2021b).
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Figure 5 Interaction between MPs and fungal (Mushroom) system
12.1 Hyphal Interaction with MPs
Fungal hyphae actively interact with MPs through physical entanglement and surface colonization. Studies using polyethylene (PE) and polystyrene (PS) MPs have shown that hyphal networks can adhere to and penetrate MP surfaces, forming biofilm-like structures. This interaction may alter hyphal extension rates by 5–20% and disrupt normal soil exploration patterns. Additionally, MPs can create physical barriers in soil pores, limiting hyphal spread and reducing nutrient foraging efficiency. In ectomycorrhizal systems, MP presence has been reported to reduce root colonization efficiency by approximately 15–25%, thereby affecting plant–fungus symbiosis (Huang et al. 2019; Lehmann et al. 2020; Qi et al. 2020).
12.2 Enzymatic Degradation Potential
Basidiomycetes produce extracellular ligninolytic enzymes such as laccase, manganese peroxidase (MnP), and lignin peroxidase (LiP), which are capable of degrading complex aromatic polymers (Kirk & Farrell, 1987; Pointing, 2001). Studies have demonstrated that certain fungi, particularly white-rot fungi such as Phanerochaete chrysosporium and Trametes versicolor, can partially degrade synthetic polymers including polyethylene and polyurethane, with degradation efficiencies typically ranging from 5–15% over several weeks (Tokiwa et al. 2009; Restrepo-Flórez et al. 2014). MP exposure has also been shown to induce laccase activity by 20–40%, suggesting a stress-responsive metabolic adaptation in fungal systems (Rillig et al. 2019b; Zhang et al. 2021b). However, degradation is often incomplete, leading to the formation of smaller plastic fragments rather than full mineralization (Gewert et al. 2015).
12.3 Impact on Fruiting Bodies
MP stress can significantly influence mushroom development, yield, and biochemical composition. Controlled studies report a 10–25% reduction in fruiting body biomass under MP exposure, likely due to impaired nutrient uptake and metabolic stress (de Souza Machado et al. 2018; Qi et al. 2020; Rillig et al. 2019b). MPs may also accumulate in fungal tissues, raising concerns about food safety and trophic transfer, as demonstrated in soil–plant–microbe interaction studies (Wang et al. 2021b; Li et al. 2020). Additionally, stress-induced changes in secondary metabolite production, including phenolics and antioxidants, have been observed, with variations ranging from 10–30%, indicating altered metabolic pathways under environmental stress (Zhang et al. 2021b; Chen et al. 2020). These changes may affect the nutritional and medicinal value of edible mushrooms. Overall, mushroom–MP interactions represent a critical but underexplored area, with implications for soil health, sustainable agriculture, and food safety. However, limited and inconsistent data are available regarding fungal responses to MPs, with most studies conducted under controlled laboratory conditions.
13. Biofertilizer Efficiency under MP Stress
Biofertilizers rely on the activity, survival, and functional efficiency of beneficial microorganisms such as Rhizobium, Azotobacter, Azospirillum, phosphate-solubilizing bacteria (PSB), and mycorrhizal fungi. However, the presence of MPs in soil can significantly disrupt these processes through multiple physical, chemical, and biological mechanisms (Rillig et al. 2019a; de Souza Machado et al. 2018).
Recent studies indicate that MP contamination (0.1–1% w/w) can reduce microbial viability by 15–35%, primarily due to toxic additives such as phthalates and bisphenol A (BPA), as well as increased oxidative stress (Wang et al. 2021a; Huang et al. 2019; Chen et al. 2020). MPs can also adsorb essential nutrients and organic substrates, limiting their bioavailability to beneficial microbes, thereby reducing microbial metabolic activity and overall biofertilizer efficiency (Qi et al. 2020). Colonization efficiency of biofertilizer microbes, particularly in the rhizosphere, is also adversely affected. Experimental evidence suggests that root colonization by Rhizobium and Azospirillum may decrease by 20–40% under MP stress, leading to reduced nodulation and impaired nitrogen fixation (de Souza Machado et al. 2018; Lehmann et al. 2020). Similarly, arbuscular mycorrhizal fungi (AMF) show a decline of 15–25% in root colonization rates, affecting phosphorus uptake and plant growth (Rillig et al. 2019b; van Kleunen et al. 2020).
MPs further influence nutrient cycling by altering microbial enzyme activities involved in nitrogen and phosphorus transformations. Urease and phosphatase activities have been reported to decline by 10–30%, directly impacting nutrient mineralization rates (Fei et al. 2020; Zhang et al. 2021a). In addition, MPs may create physical barriers in soil microhabitats, limiting microbial mobility and access to plant roots (de Souza Machado et al. 2018).
At the functional level, these changes collectively reduce biofertilizer efficiency, leading to decreased plant growth promotion and soil fertility. Some studies have reported a 10–20% reduction in crop yield in MP-contaminated soils where biofertilizers were applied, highlighting the agricultural significance of this issue (Qi et al. 2020; Rillig et al. 2019a). Overall, the interaction between MPs and biofertilizers represents a critical emerging challenge, emphasizing the need for developing MP-resilient microbial formulations and sustainable soil management strategies. However, variability in microbial strains, soil environments, and MP characteristics leads to inconsistent outcomes.
14. Food Safety and Human Health Implications
MPs in agricultural soils pose emerging risks to food safety and human health through their entry into the food chain and potential toxicological effects. Recent studies confirm that MPs, particularly nano-sized particles, can be taken up by plant roots and translocated to aerial tissues, including edible parts, thereby enabling their direct transfer to humans via food consumption (Li et al. 2020; Sun et al. 2020; Jiang et al. 2019). Experimental evidence in crops such as wheat and lettuce has demonstrated the accumulation of plastic particles in root and shoot systems, highlighting a potential pathway for dietary exposure (Li et al. 2020). However, current evidence is largely derived from controlled experimental studies, and there is limited field evidence to fully establish the extent of microplastic transfer through the soil-plant-human continuum.
In addition to direct uptake, MPs act as vectors for hazardous substances, including heavy metals, pesticides, and persistent organic pollutants (POPs). Due to their hydrophobic surfaces and large surface area, MPs adsorb these contaminants and facilitate their accumulation in plant tissues (Hüffer et al. 2017; Tourinho et al. 2019). This co-transport mechanism increases the risk of chemical exposure beyond the plastic particles themselves. Studies have also shown that MPs can carry antibiotic residues and pathogenic microorganisms, contributing to the spread of antibiotic resistance genes (ARGs) and posing indirect health risks (Zhang et al. 2020c; Chen et al. 2021). Therefore, while potential risks are evident, these findings require further validation through long-term field-based studies to accurately assess real-world implications for food safety and human health.
From a toxicological perspective, ingestion of MPs has been associated with oxidative stress, inflammation, and cellular damage in mammalian systems (Wright & Kelly, 2017; Prata et al. 2020). Laboratory studies indicate that nano- and MPs can cross biological barriers, accumulate in tissues, and interfere with metabolic processes (Jin et al. 2019). Furthermore, additives present in plastics, such as plasticizers (e.g., phthalates) and stabilizers, can leach out and act as endocrine-disrupting chemicals, affecting hormonal balance and increasing the risk of chronic diseases (Rochester & Bolden, 2015).
Another critical concern is the role of MPs in food chain biomagnification. As MPs move from soil to plants and then to animals and humans, their concentration and associated contaminants may increase across trophic levels (Wang et al. 2021b). Edible fungi and crops grown in contaminated soils may serve as important entry points, especially in agricultural systems with intensive plastic use (Qi et al. 2020). Overall, the presence of MPs in soil–plant systems represents a growing threat to food safety and public health. Although current evidence highlights significant risks, there remains a need for long-term, field-based studies and standardized risk assessment frameworks to better understand exposure pathways and develop mitigation strategies.
15. Environmental and Agricultural Implications
The accumulation of MPs in agricultural soils has significant environmental and agronomic consequences, affecting soil quality, crop productivity, and ecosystem sustainability. Studies report that MPs can alter soil structure, reduce aggregate stability, and disrupt water retention, ultimately influencing soil fertility and plant growth (de Souza Machado et al. 2018; Rillig et al. 2019a; Boots et al. 2019). These physical changes may lead to reduced crop yields, particularly under higher MP concentrations (Qi et al. 2020).
MPs also impact soil biodiversity and ecosystem functioning by modifying microbial community composition and interfering with key processes such as nutrient cycling and organic matter decomposition (Wang et al. 2021b; Fei et al. 2020; Zhang et al. 2021a). This can result in decreased efficiency of carbon and nitrogen cycling, thereby affecting long-term soil health (Chen et al. 2020). From an environmental perspective, MPs act as vectors for pollutants, facilitating the transport of heavy metals, pesticides, and organic contaminants across soil and water systems (Hüffer et al. 2017; Tourinho et al. 2019). Their persistence and resistance to degradation contribute to long-term contamination and potential accumulation in terrestrial ecosystems (Gewert et al. 2015).
In agriculture, widespread use of plastic-based inputs such as mulching films and irrigation systems accelerates MP accumulation, raising concerns about sustainable farming practices (Steinmetz et al. 2016; Liu et al. 2014). Overall, MPs pose a growing threat to environmental stability and agricultural productivity, highlighting the need for improved management strategies and alternative biodegradable materials (Rillig et al. 2019a; Qi et al. 2020).
16. Mitigation and Sustainable Management Strategies of MPs contamination
The increasing accumulation of MPs in agroecosystems necessitates the development of effective mitigation and sustainable management strategies. One promising approach is the use of biodegradable plastics, which are designed to decompose under environmental conditions, thereby reducing long-term persistence in soils. However, their degradation efficiency varies depending on soil properties and environmental conditions (Kumar et al. 2020).
The application of biochar has also gained attention as a potential strategy for mitigating MP contamination. Biochar can adsorb microplastics and associated contaminants, improve soil structure, and enhance microbial activity, thereby reducing the mobility and bioavailability of MPs in soil systems (Tian et al. 2022).
Another important approach involves microbial degradation, where specific microorganisms, including bacteria and fungi, are capable of colonizing plastic surfaces and enzymatically breaking down polymeric materials. Although complete degradation remains challenging, recent studies highlight the potential of microbial consortia in accelerating plastic breakdown under controlled conditions (Wang et al. 2021b).
In addition to technological approaches, policy regulations and sustainable management practices play a critical role in controlling MP pollution. Strategies such as regulating plastic use in agriculture, promoting sustainable waste management, and encouraging the adoption of eco-friendly alternatives are essential to minimize MP input into soil systems (Rillig et al. 2019b).
Overall, an integrated approach combining material innovation, biological interventions, and policy-level actions is required to effectively mitigate microplastic contamination and ensure long-term agroecosystem sustainability.
17. Research Gaps and Future Directions
Despite the increasing body of research on MPs in soil ecosystems, several critical gaps persist that limit a comprehensive understanding of their environmental and agricultural implications. A major limitation is the predominance of short-term, laboratory-based studies, which may not accurately represent long-term field conditions and complex agroecosystem dynamics (Kumar et al., 2020). Future research should therefore emphasize long-term, field-scale investigations to better evaluate the persistence, transformation, and cumulative impacts of MPs under realistic conditions.
Another important gap is the limited mechanistic understanding of MP interactions with soil microbiota and plant systems. While changes in microbial activity, enzymatic functions, and plant responses have been widely reported, the underlying processes, such as oxidative stress induction, membrane damage, enzyme inhibition, and gene expression alterations, remain insufficiently explored. Advanced molecular and omics-based approaches are required to elucidate these mechanisms in greater detail.
The role of nanoplastics is particularly underexplored, especially in relation to their cellular uptake, mobility within plant systems, and potential transfer to the food chain (Dai et al., 2022). In addition, the lack of standardized methodologies for detection, quantification, and reporting continues to create inconsistencies across studies, limiting data comparability and reproducibility (Tian et al., 2022).
Furthermore, region-specific data, particularly from developing countries such as India, remain scarce and fragmented, highlighting the need for more integrated and large-scale studies across diverse soil types and agricultural practices. Finally, although several mitigation approaches have been proposed, their field-level effectiveness and scalability remain largely unvalidated. Future efforts should focus on evaluating sustainable strategies, including biodegradable materials, biochar application, and microbial degradation, under real-world conditions.
Addressing these gaps through interdisciplinary and multi-scale research will be essential for developing evidence-based management strategies and ensuring the long-term sustainability of agroecosystems affected by microplastic contamination
18. Conclusion
MPs have emerged as persistent and multifaceted contaminants in agroecosystems, exerting profound effects on soil structure, microbial functionality, and overall ecosystem stability. This review highlights that MPs not only alter soil physicochemical properties but also disrupt microbial community dynamics, enzymatic activities, and key biogeochemical processes, particularly carbon and nitrogen cycling. Their interference with plant–microbe interactions and rhizosphere functioning further exacerbates declines in crop productivity and soil fertility. Importantly, MPs influence fungal systems, including basidiomycetes, by modifying hyphal growth, enzymatic activity, and symbiotic efficiency, while also presenting limited yet promising potential for biodegradation. The impairment of beneficial microbial processes, including those associated with biofertilizers, underscores a critical challenge for sustainable agriculture under increasing plastic stress.
Beyond soil health, the ability of MPs, especially nanoplastics, to enter plant systems and act as vectors for toxic contaminants raises serious concerns regarding food safety and human health. The potential for trophic transfer and bioaccumulation further amplifies ecological and public health risks. Despite significant advances, current understanding remains constrained by short-term experimental studies, a lack of standardized methodologies, and insufficient field-scale validation. Therefore, future research must prioritize long-term, multidisciplinary approaches integrating molecular, ecological, and agronomic perspectives.
Overall, mitigating MP contamination will require a combination of reduced plastic dependency, development of biodegradable alternatives, advancement in microbial and material-based remediation strategies, and strong policy interventions. Addressing these challenges is essential to safeguard soil health, ensure sustainable crop production, and protect ecosystem integrity in the face of escalating microplastic pollution.
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Microplastics (MPs) have emerged as pervasive contaminants in agricultural soils, posing 


significant 


threats to soil health, microbial functionality, and sustainable crop production. This review 


comprehensively evaluates the sources, characteristics, detection approaches, and functional impacts 


of MPs on soil ecosystems, with a particular focu


s on microbiome dynamics, nutrient cycling, and 


fungal interactions. Major input pathways, including plastic mulching, organic amendments, irrigation, 


and atmospheric deposition, contribute to MP accumulation, reaching thousands of particles per 


kilogram o


f soil. Experimental evidence demonstrates substantial reductions in key enzymatic 


activities and alterations in carbon use efficiency, indicating impaired microbial metabolism due to 


mechanistic disruption of soil processes. MPs significantly disrupt nitr


ogen cycling, causing 15


–


40% 


declines in nitrogen fixation, 10


–


25% inhibition of nitrification, and shifts in functional gene abundance 
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nifH, amoA


). Furthermore, MPs modify soil physicochemical properties and reshape rhizosphere 


interactions, 


adversely affecting plant growth and microbial colonization. Fungal systems, particularly 


basidiomycetes, exhibit altered biomass, reduced mycorrhizal associations, and limited polymer 


degradation potential, highlighting both ecological risks and bioremedi


ation prospects. Additionally, 


MP exposure compromises biofertilizer efficiency, reducing microbial viability and root colonization. At 


the ecosystem level, these impacts may impair soil fertility and crop productivity. The potential transfer 


of MPs into t


he food chain raises critical concerns for food safety and human health. Despite growing 


evidence, major gaps remain in long
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term field validation, mechanistic understanding, and 


methodological standardization, emphasizing the urgent need for mitigation st


rategies to ensure 
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