


Mycoremediation: The Role of Mushrooms in Cleaning Contaminated Agricultural Land

Abstract
Mycoremediation, the use of fungi to remove or neutralize environmental pollutants, represents a sustainable and eco-friendly approach to addressing agricultural land contamination. Mushrooms, belonging primarily to the Basidiomycetes group, possess unique enzymatic systems and biosorption capabilities that enable them to degrade pesticides, dyes, hydrocarbons, and heavy metals. The mycelium of white-rot fungi such as Phanerochaete chrysosporium and Pleurotus ostreatus secretes extracellular enzymes like laccases and peroxidases, which effectively oxidize recalcitrant organic compounds and facilitate lignin and cellulose degradation. Beyond pollutant removal, mushrooms also generate bioactive compounds, including β-glucans, polysaccharides, and sterols, with significant medicinal properties such as antitumor, immunomodulatory, antioxidant, and antimicrobial activities. Applications in agriculture highlight their potential in pesticide detoxification, heavy metal biosorption, and dye decolorization, with species such as Pleurotus pulmonarius, Ganoderma lucidum, and Trametes versicolor serving as model organisms. Furthermore, spent mushroom substrate (SMS) provides added value as a soil conditioner and biochar feedstock, enhancing soil fertility and promoting sustainable crop production. Genetic engineering and integration with plants and microbes present future opportunities to enhance efficiency and resilience. Mycoremediation thus combines environmental restoration with agricultural sustainability, offering a dual benefit of pollution control and ecosystem health improvement. 
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INTRODUCTION
Mycoremediation is the process by which macrofungal, specifically mushrooms, degrade pollutants or waste. Mushrooms belong to the class Basidiomycetes, subclass Holobasidiomycetidae, and order Agaricales. They naturally grow in the forests of hilly areas.  Mushrooms employ three effective strategies to recover contaminated or polluted soils: biodegradation, bioconversion, and biosorption. Additionally, mushrooms are a valuable source of proteins and bioactive molecules with therapeutic applications. They may help prevent diseases such as hypertension, hypercholesterolemia, and cancer. Moreover, mushrooms produce single-cell proteins that are easily digestible and low in cholesterol. Bioremediation, an innovative and appealing technology, harnesses the metabolic capabilities of microorganisms to transform ecological pollutants into less hazardous or entirely non-hazardous forms while requiring minimal inputs of chemicals, energy, and time(Aniama & Abegunde, 2024) “Among the notable breakthroughs in this field is the discovery of the white-rot fungus (Phanerochaete chrysosporium), which has significantly advanced bioremediation efforts worldwide and inspired extensive research into mycoremediation. This intriguing branch of bioremediation specifically employs fungi to convert heavily contaminated sites into environments with significantly reduced pollutant levels”.(Dutta & Hyder, 2017) The mycelium of these fungi is remarkable; it produces potent extracellular enzymes and organic acids capable of breaking down lignin and cellulose, the fundamental building blocks of plant fibres. This transformative process enables fungi to decompose fallen wood and decaying leaves, ultimately resulting in the creation of a rich organic material known as humus. This not only enhances soil health but also promotes biodiversity and contributes to the restoration of ecosystems, thereby marking fungi as vital allies in the quest for a cleaner, more sustainable environment. (Rhodes, 2014).  Many activities like industrialization, urban activities, Agro-industries, and agricultural raw form will produce a large amount of pollution every year. (Chakraborty et al., n.d.). “Mushrooms contain some appreciable amounts of potassium, phosphorus, copper, and iron, but low levels of calcium. This low-cost vegetable is not only packed with nutrients like vitamin D but also has properties to ward off cancer, HIV-1, AIDS, and numerous other diseases”.(Devi et al., n.d.) 
2.Concept and Scope of Mycoremediation
The word “Mycoremediation’’ was given by Paul Stamets, and it means to detoxify the contaminated sites by using different classifications of fungi. It is the process of sequestering toxic chemicals from soil and water through fungi. Mycoremediation combines the words "myco," meaning fungus, and "remediation," which means cleaning or correcting. It involves using fungi, particularly mushrooms, to eliminate pollutants in the environment and industry. Mycoremediation is a cleaning process which is dependent on the efficiency of enzymes that is produced by fungus and helpful in degradation of various types of substrates and pollutants. On the other hand, occasionally absorbs pollutant in its mycelium (biosorption) and is not good for consumption due to absorbed toxicants. Some of the Examples regarding fungi that are used as mycoremediators is - Pleuro tus ostreatus, Rhizopus arrhizus, Phanerochaete chrysosporium, A. terrus, T. versicolor, Lentinus edodes, Cladosporium resinae, Aspergillus niger, Tramates hirsute A. flavus, and Trichoderma longibrachiatum. Native fungi is a key factor for the degradation of pesticides and provide an acceptable resolutions to the ecological problems that is caused by that contagion. Fungi, specifically Aspergillus and Penicillium, indicate a significant potential in bioremediating xenobiotics like organochlorine and organophosphorus pesticides because of their flexible enzymatic systems. Those fungi are frequent in pesticide-contaminated soils, degrade harmful components into the less toxic metabolites or totally mineralize them within days.(Matúš et al., 2023)Oyster mushrooms also contain many vitamins (B, D, C, K), minerals, trace elements (Na, Cr, Cu, I, Se, Zn), and some fatty acids.  Oyster mushroom significantly reduces the hepatocellular enzymes Aspartate transaminase (AST) and Alanine transaminase (ALT) in plasma.
3 Mechanisms of Pollutant Removal
3.1 Enzymatic oxidation of organics
[bookmark: _Hlk208219640]Growing of Oyster mushroom is become most popular in the world due to the abilities of growing at a wide range of temperatures and to use various lignocellulose. “The aim of mycoremediation is to stimulate microorganisms with nutrients and other chemicals that will enable them to destroy the contaminants. Many studies have shown that mushroom variety like P. ostreatus and P. chrysosoporium have appear as model for studying bioremediation”.(Dutta & Hyder, 2017) White-rot fungi assimilate lignin by the release of enzymes and shows a bleached look to wood, from insoluble cellulose, hence their name (Rhodes, 2014) fungal laccases are incriminated in both intra- and extra-cellular physiological including delignification, morphogenesis, pigmentation, and pathogenesis. (Yang et al., 2017).
Saprotrophic fungi (especially white-rot fungi) secrete nonspecific oxidative enzymes including lignin peroxidase, manganese peroxidase, and laccase that degrade a wide spectrum of xenobiotics, including pesticides, dyes, medications, and some persistent organics, often transforming them to less poisonous or more biodegradable compounds.
3.2 Biosorption and bioaccumulation of metal
“The second important method of discarding of metals/pollutants from the nature or surrounding by mushroom is - biosorption. Biosorption is known as an alternative to fix the industrial waste as well as the recovery of metals present in that waste”.(Rahul, 2018).  “Ion exchange is the dominant mechanism for metal biosorption together with surface complexation and microprecipitation” (Torres, 2020) “Spent mushroom substrate (SMS), a nutrient-dense byproduct of mushroom cultivation, has appeared as an encouraging feedstock for biochar production, gives a sustainable approach to modern agricultural and environmental challenges”(Aiduang et al., 2025). n fungi and other microorganisms, the typical sequence for remediation is: initial biosorption onto the cell wall and surface functional groups; then, if live cells are present, bioaccumulation inside the cell may occur.(Prashad et al., 2024)
3.3 Mycofiltration and rhizosphere interaction 
“Rhizofiltration, or hydraulic control, is the procedure depend on plant roots’ tendency to soak and sequester metal pollutants from the water. through this process of phytoremediation, rinsing out the metals such as Cd, Cr, Cu, Ni, Pb, and V and radionuclides (U, Cs, Sr) is possible.” (Sharma et al., 2023)  process of using fungi in mycoremediation is known as Mycofiltration, i.e., the process of cleaning infected water streams it through a network of fungal mycelium. The mycelium spread all over the sack as a network of filaments, prior to being placed in the water bodies for reinforcement. Mycofiltration comes out very efficiently method to detach microbial pathogens from flow of water, it will change the industrial brewery effluent, improve heavy metal present in drinking water sources, as well as exclude nitrogen and phosphorus from a dairy lagoon waste
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Fig.1.  Rhizosphere interaction with extracellular matrix (Antinori et al., 2021)
3.3.1 Process of pollutant removal through mycofiltration .
3.3.1.1 Physical filtration and retention. 
High-surface-area mats made of dense hyphal networks catch particulates, colloids, and microorganisms as runoff descends across the mycelial matrix. This lessens associated pollutant loads and suspended solids. Through sorption and bioaccumulation, fungal cell walls (chitin, glucans) and extracellular polymeric compounds attach heavy metals and organic molecules, therefore gathering pollutants on or within the mycelium. Some fungus either hoard metals within cells or precipitate them as fewer mobile forms. Hyphae reach beyond the root depletion zone, intercepting pollutants and returning degradation products or nutrients to the rhizosphere, hence increasing the effective remediation volume. Nature
Encouragement of co-metabolic partners: Fungal breakdown products and exudates can activate bacterial degraders in the rhizosphere, therefore supporting sequential degradation routes (fungal oxidation followed by bacterial mineralization). Compared with either partner alone, this syntrophic cooperation usually improves general removal efficiency. Arbuscular mycorrhizal fungi (AMF) and ectomycorrhiza enhance plant health under pollutant stress by improving nutrient and water intake, stress tolerance, enabling plants used in phytoremediation to establish and operate more efficiently. Mycorrhizae may also alter metal speciation and root exudation patterns that influence pollutant bioavailability. Nature
3.3.1.2 Applicable systems and instances pertinent to agricultural land
From agricultural runoff and stormwater, mycofiltration beds—woodchips or compost substrate infected with fungi such as Pleurotus spp. or Trametes spp.—have been examined for removal of suspended solids, microorganisms (e.g., E. coli), and pesticides. Field and bench experiments reveal reductions in microbial loadings and some organic pollutants when runoff is routed through seeded beds.

3.4 chemical compound present in mushrooms
“Mushrooms have the highest nutrition which offers diverse bioactive compounds which will promote and uplift health” (Chen et al., 2022). “fungi build bioactive molecule such as peptides, sterols, polysaccharides, proteins, and phenols, that can be considered as potential drugs” (Landi et al., 2022). “Due to its high nutritional profile and organoleptic properties, mushrooms are used into various dishes, and it is known as the best meat substitute” (Chen et al., 2022)  there is few examples below in(table). 

	
	Compounds
	Medicinal Properties

	Mushroom Species
	Peptidoglycans
	Anti-tumour

	

	Ergosterol
	Antour

	Grifola
	Lipid fraction
	Anti-tumour

	Grifola
	Steroids, Hydroquinones
	Antioxidant

	Ganoderma pfeifferi
	Oxalic acid
	Anti-bacterial

	Lentinula edodes
	Schizophyllan
	Anti-protozoal

	Schizophyllum commune
	Epicorazin
	Anti-tumour

	Podaxis pistillaris
	Ganoderic acid
	Anti-microbial

	Ganoderma lucidum
	Ganodric acid, Lucidadiol
	Anti-microbial

	Ganoderma species
	Lignins
	Anti-viral (HIV)

	Inonotus obliquus
	Polysaccharides
	Anti-viral (Influenza)

	Trametes versicolor
	Polysaccharides
	Anti-viral (HIV)

	Flammulina velutipes
	Velutin
	Anti-viral (HIV)

	Omphalotus olearis
	Illudins
	Anti-viral (HIV)

	Phellinus linteus
	Polysaccharides
	Cytotoxic

	Phellinus linteus
	Hispolon, Hispidin
	Antiangiogenic

	Indocalamus hispidus
	Ergosterol peroxide
	Anti-allergic

	Tricholoma populinum
	Not specified
	Anti-allergic


Table. 1 chemical compound of mushroom (Rahul, 2018)

4 Application in agricultural land 	
4.1 Pesticide degradation
Pesticides and herbicides are the major issue of the environment. most of the Postharvest crops are treated with pesticides for increasing the shelf life and reduce after losses. “Excessive uses of these chemicals can cause neurological damage”.(KUMAR et al., 2018) “Fungi combine with other microorganisms, specifically plants, to overcome the soil nutrient damage, water, and air are used in forming nanobiotechnology tools. applying F. pinicola helps in degradation of DDT insecticides by 61%. complementary DDT degeneration produces DDE, DDD, and DDMU. DDT degenerations involve reductive dichlorination, dehydrogenation, and dichlorination. Aspergillus spp is used in bioaugmentation that will degenerate the pyrethroid pesticide group and restoring soil faster. there is another research found where thfaster.gillus sp. Will recover chlorpyrifos, methyl parathion, and proxenos’s and reduce in 24 h. Lentinula edodes species will improves bio purification systems for the wastewater contamination with difenoconazole and pendimethalin pesticides”.(Pujiati et al., 2025)
4.2 Heavy metal remediation
“The most critical environmental problems which will cause the contamination is heavy metals and hydrocarbons which will poses significant impacts on human health as well as the ecosystems. Mycoremediation through fungi held promise for removing heavy metals and hydrocarbon contaminations from the land by directing them to the fruit’s bodies for removal” (Shalini Besra & Kumar Mishra, 2020). Ligninolytic enzymes which is released by many fungi are the most promising strategies in the removal of PAH(Akhtar & Mannan, 2020) “Aspergillus flavus colonized and degenerate chitosan-graft poly-methyl methacrylate film by 45% amongst 25 days of aerobic cultivation. Phanerochaete chrysosporium connect with the fibres of polyamide-6 and reduced 50% of the polymer's molar mass after 3 months. 15 species of white- and brown rot fungi, Resinicium bicolor was known as the most effective fungus for the disinfect of ground waste tire rubber material prior to de-vulcanization”.(Shalini Besra & Kumar Mishra, 2020)
4.3 Petroleum Hydrocarbons and Dyes
“The halogen exchange can contribute to harmful biological effects of the compounds which will increases their toxicity, mutagenicity and other damaging capacities. Some of the xenobiotic halogenated organic compounds are pentachlorophenol (PCP), dichlorophenoxyacetic acid (2, 4-D trichloroethene (TCE polychlorinated biphenyl (PCB), dioxins. Synthetic dyes are engaged more in the textile, paper, cosmetic, pharmaceutical, and food company, because of their high stability, wide variety of colour, and good cost efficiency in synthesis compared to natural dyes which is used in printing industries, colour photography, and as supplement in petroleum products. There must be an Environmental control over dyes which is most important because of their possible toxicity and carcinogenicity” (Dutta & Hyder, 2017)
5 Species – specific Evidence and application 
5.1 Pleurotus spp
“The genus Pleurotus which is commonly known as Oyster mushroom. it is a type of gilled mushrooms which will grows normally on wood. It contains many species, for example P. ostreatus, P. pulmonary, P. sajor-caju, P. cornucopiae, P. sapidus, P. platypus and P. ostreatoroseus. They are found all over the world, basically in forest environments. The genus contasin enzymes like laccase (LAC) and Mn-peroxidase (MnP), which will help in degradation of the lignocellulosic residues present into food and enable them to grow over a variety of agricultural wastes They are having a broad adaptability to varied agro-climatic conditions”.(Kapahi & Sachdeva, 2017)
5.2 Lentinus squarrosulus (mont.) singer
Lentinus squarrosulus is used to mineralize soil pollution with different concentrations of crude oil which will be helpful in increasing nutrient percentage in treated soil.(C. O., 2012) leurotus eryngii is used for degeneration of waste wood and is a white rot fungus. This variety of mushroom will degenerate phenolic compounds and waste wood because of the lignocellulosic enzymes
5.3 Pluterous eryngii
 Pleurotus eryngii will generate in the Mediterranean, Central Europe, Central Asia, and North Africa. There is total 14 types of fungi under which this mushroom has the highest concentration of natural estrogen and improves bone health. When the fungi were exposed to different amounts of lead and cadmium it lead to changes in the quantity of antioxidant enzymes in Pleurotus eryngii mushrooms (Goligar et al., 2023). Few fungi tend to accumulate heavy metals but as seen in the White-rot fungi (like P. eryngii), it breaks down the complex aromatic pollutants, sometimes totally in CO₂ and water. Incomplete breakdown may produce harmful intermediates.
6 Medicinal Use of Mushroom
6.1 Mushroom based β-glucans in obesity management
“Obesity is generally caused by metabolic disorders due to hereditary problem, excessive food intake, lazy lifestyle, public determinants, atmospheric impact, harmful agents and finally accumulation of fat in adipose tissues of visceral mass in organisms.”(Ganesan & Xu, 2018) mostly two peptide hormones which is leptin and ghrelin that will regulate the intake of food, energy consumption and body weight control. “Leptin is generally responsible for controlling long-standing desire though increasing its level and reduces further food intake after which the body energy will balanced” (Kirchner et al., 2013). ghrelin hormone will generate the energy equilibrium and body weight by limiting ingestion of food and uplifting energy consumption through brain hypothalamus.
(Ganesan & Xu, 2018)
[image: figure 2]
Fig.2. Mushroom based β-glucans in obesity management. (Ganesan & Xu, 2018)
6.2 Mushroom based β-glucans in diabetes management
“Diabetes mellitus (Type-II diabetes) is known as the most important causative factor for metabolic disorders in the twenty-first century. The hormone basically known as insulin will secrets from beta-cells (B cells) of Islets of Langerhans in pancreas are basically responsible for diabetes under which the concentration of glucose is controlled in muscle and blood. The human intervention studies on Pleurotus ostreatus (or oyster mushroom), one of the most eaten fresh or cooked or in dried form edible mushrooms globally, on cardiometabolic indicators were examined in a recent systematic review; the authors, however, thought with caveats the claimed effects owing to the tiny number of participants examined and to the inadequately managed and sufficient trial designs” (Ganesan & Xu, 2018).
[image: figure 3]

Fig.3. Mushroom based β-glucans in diabetes management.(Moniruzzaman et al., 2025)

6.3 Mushroom based β-glucans in Immunomodulation
[bookmark: _GoBack]“β-glucans is a productive immunomodulator that can bind with different receptors on leukocytes and restore the immune system through bactericidal and cytokine activities and cell viability which will ultimately help in release of inflammatory cytokines and chemokines at cellular level (26). It is described that the cytokines and chemokines can excite the immune related white blood cells (WBCs) like monocytes, macrophages and neutrophils which may show phagocytosis, oxidative burst, and cytotoxic killing activities against antigen presenting substances”.(Evans et al., 2005) It is noted that the cytokines and chemokines will excite the immune related white blood cells (WBCs) like monocytes, macrophages and neutrophils which may show phagocytosis, oxidative burst, and cytotoxic killing activities against antigen presenting substances.
7 Future scope 
Most of the mycoremediation experiment, mushroom is grown in lab soil, in general it is more challenging to replicate the outcomes in real soil because there is lots of pollutants are present there and are in non-soluble forms and it is very difficult to remove. more research has been done to amplify mushroom capacity and properly understand the effect of heavy metal and pollutants pile inside the mushroom and their effect on their physiology, crop production, growth, and tolerance capacity, genetically modified and transgenic mushroom are currently providing better commercial responses. Therefore, there is still much to learn about ability of mushroom employed for heavy metal & pollutant removal in the future. However, it is hoped that various agronomic management techniques and technologies would be applied to address the issue of acclimatization of mushroom in various environments. the addition of required potential fungal strains to the soil and the enhancement of the indigenous microbial population and its ability to break down various contaminants have proven successful. Whether the fungal mycelia are native or newly introduced to the site, the process of destroying contaminants is important and critical for understanding mycoremediation. Further, the application of this technology in large scale projects will demand much more work to streamline the methodologies. Once the research and development get started, the technology must pass evaluations at the local, state and federal levels, which requires funding and the time to do so. With appropriate funding, certain products could be developed and made available for licensing and commercialization. However, current funding has been limited. But extensive research needs to be pursued as the technology has proven successful. Researchers feel that this technology is expected to be faster and more cost effective than other remediation technologies once it is commercialized. The use of fungi for remediation would allow commercial concern to offer inexpensive, safe products to their customers.
8. Case Studies. 
8.1 A Dual Mycoremediation Success Story in Contaminated Soil: Indane and Lead Excluded. 
Targeting both the persistent organochlorine insecticide Lindane (1gamma-HCH) and the heavy metal Lead (Pb) Using inoculated mushroom substrates (IMS) from Pleurotus ostreatus (Oyster Mushroom) and Agaricus bisporus (Button Mushroom) against conventional phytoremediation methods and an untreated control, the research compared remediation efforts. The results demonstrated that treatment with P. ostreatus IMS was very effective, attaining the highest decrease in Lindane with a removal rate from contaminated soil of up to 88.9%. Beyond simple pollution reduction, the fungal treatments considerably enhanced soil health markers including necessary nutrient levels and microbial activity. Mechanistically, this success showed a dual action: P. ostreatus accomplished biodegradation of the organic insecticide (Lindane) through its enzyme systems, while its fruiting bodies showed a strong capacity for bioaccumulation of the inorganic pollutant (Lead), extracting more {Pb} from the soil than the comparison plant species. This case study stresses the whole potential of employing spent mushroom substrates for both soil cleaning and rehabilitation.(Hidalgo et al., 2023)
8.2 The White-Rot Heroes: breaking down difficult petroleum spills using Lentinus.
This study shows how well some mushrooms, like Lentinus subnudus and Calocybe indica (Milky Mushroom), can clean up difficult oil contamination, such as that caused by crude oil spills on or close to agricultural land. These spills produce dangerous compounds called petroleum hydrocarbons, including complex ones known as PAHs. Using actual soil from an oil spill site, scientists performed a comparison trial. Both fungi proved they could effectively degrade oil-based chemicals. The white-rot fungus, L. subnudus, was especially effective; it achieved a fast rate of PAH breakdown in the contaminated soil after only 12 weeks. This strong performance confirms the usefulness of this fungus in treating oil spills and reclaiming farm. The process used by the fungi is biodegradation; they produce potent natural enzymes, particularly ligninolytic enzymes (like laccases), acting as specialist biological tools. These tools break apart the long, complicated oil molecules into smaller, simple, and innocuous ones.(Amarachi et al., 2025)
8.3 Beyond the Farm: Removing Herbicides and Drug Soil.
 This case study examines the serious problem of co-contamination in agricultural soil, in which contemporary pollutants like pharmaceutical remains coexist with conventional pesticides. The research centred on restoring the herbicide Atrazine and the antibiotic Sulfamethoxazole (SMX). In a lab context utilizing contaminated soil samples, the strong white-rot fungus Trametes versicolor (Turkey Tail Fungus) was examined. The fungus turned out to be quite efficient; it simultaneously decomposed several pollutants. Key results showed that after only 14 days, T. versicolor achieved up to 75% degradation of Sulfamethoxazole and demonstrated strong potential in breaking down Atrazine as well. This success is attributed to biodegradation—the fungus releases high levels of the potent, non-specific ligninolytic enzyme, laccase. This enzyme breaks the intricate chemical compositions of the herbicide as well as the antibiotic. The results verify that T. versicolor is a highly effective cleaner for agricultural soil polluted by a combination of established (pesticide) and modern (pharmaceutical) contaminants.
Conclusion
Mycoremediation represents a sustainable and eco-friendly approach to restoring contaminated agricultural soils. Mushrooms, through their ligninolytic enzymes and mycelial networks, can degrade pesticides, hydrocarbons, and dyes while biosorbing toxic heavy metals. Species like Pleurotus ostreatus, Phanerochaete chrysosporium, Ganoderma lucidum, and Trametes versicolor provide strong evidence of species-specific efficiency, making them central to bioremediation strategies. Beyond soil cleanup, mushrooms also offer nutritional and medicinal value through bioactive compounds such as β-glucans and polysaccharides, linking environmental remediation with human health benefits.
However, applying laboratory successes to real agricultural soils is challenging due to complex pollutant mixtures and contaminant accumulation in mushroom tissues. Prospects lie in optimizing fungal enzymatic pathways, genetic improvements, and integrating fungi with plants and beneficial microbes to enhance resilience. With supporting that restores soil health, boosts biodiversity, and strengthens sustainable agriculture. 
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