


A comprehensive review on edible and medicinal mushrooms diversity and multifunctionality in global food systems for the circular bioeconomy


Abstract 
Fungi contribute to one of the most diverse and ecologically important kingdom, yet their actual diversity and functional roles remain substantially under-documented. The current global scenario suggests that approximately 2.2–3.8 million fungal species may exist, while fewer than 10 percent have been formally described to date. Within this kingdom, macrofungi (mushrooms) constitute a conspicuous but taxonomically complex group that underpins forest productivity, nutrient cycling, plant health and multiple bioeconomy sectors. This review synthesises the current state of knowledge on fungal diversity, with particular emphasis on mushrooms and their ecological, evolutionary and functional significance. It covers taxonomy and systematics, ecological guilds (including saprotrophic, mycorrhizal and parasitic), biogeographic patterns and ecosystem functions. It also examines edible and medicinal mushroom resources, global and Indian production trends, supply chain issues, and emerging applications in bioremediation and the circular bioeconomy. The review also examines macrofungal diversity in India, particularly within the Western Ghats and Himalayan biodiversity hotspots, where many taxa remain poorly documented despite the accelerating rate of habitat change.  Furthermore, the review concludes with key research gaps, methodological advances such as environmental DNA (eDNA) and high-throughput sequencing and priorities for conserving fungal habitats and underground mycorrhizal networks. This article highlights the pivotal role of mushrooms as integral components of global biodiversity, sustainable food systems and emerging climate resilience strategies.
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1. Introduction
Fungal organisms inhabit nearly every terrestrial and many aquatic environments, forming an independent biological kingdom that is critical to ecosystem stability and the functioning of global nutrient cycles (1,3). Unlike plants and animals, fungi possess unique physiological strategies that enable them to decompose complex organic substrates, form mutualistic associations with plants, regulate soil processes, and produce a diverse array of biochemical compounds (2,4). Their diversity remains vastly underestimated. While early assessments placed global fungal richness at roughly 1.5 million species, improved molecular methods and large-scale ecological datasets now suggest that the actual number may exceed three million. Despite this magnitude, fewer than 150,000 species have been formally identified, illustrating the enormous extent of undocumented fungal life (5,11). Mushrooms represent one of the most observable components of the fungal kingdom. They produce conspicuous fruiting bodies, or sporocarps, that appear seasonally across forest floors, decomposing logs, grasslands, and agroecosystems. These macrofungi primarily belong to the Basidiomycota, with notable representatives in the Ascomycota, such as morels and truffles (6,12). Their roles extend far beyond visible reproduction. Many organisms are responsible for lignin and cellulose degradation, mycorrhizal nutrient exchange, pathogenic interactions with plants and insects, and maintaining soil structure. Their ecological functions have a direct influence on carbon dynamics, plant diversity, and forest resilience.

India offers a vibrant landscape for examining fungal diversity (7,13). Its varied ecosystems, ranging from tropical rainforests and deciduous woodlands to alpine meadows and agroforestry systems, support large but insufficiently studied macrofungal communities. Surveys across the Western Ghats and the Eastern Himalaya have documented hundreds of mushroom species, often including new regional or global records. Many remote regions, particularly in Northeast India and central tribal landscapes, remain unexplored, suggesting that national fungal diversity may be significantly higher than current estimates (8,14). The importance of mushrooms extends beyond ecological roles. Globally, mushroom cultivation has evolved into a significant agricultural sector, providing high-nutrient food and substantial economic value (9,15). In India, mushroom farming contributes to rural income generation, women-led entrepreneurship, and sustainable management of agricultural residues. At the same time, medicinal mushrooms are gaining prominence in pharmaceutical and nutraceutical research due to their bioactive compounds (10,16). Since the early 2000s, India has experienced a marked and sustained expansion in commercial mushroom production. The sector began exhibiting exponential growth at the turn of the century, driven by improved cultivation technologies, greater market awareness and government-supported entrepreneurship. By 2010, national production had reached approximately 113,000 tonnes, reflecting a significant increase over the preceding decade. This upward trajectory continued, with output rising to about 129,000 tonnes by 2015 as adoption of scientific cultivation practices became more widespread (73). The most pronounced acceleration occurred during the 2020s. Production increased from nearly 242,000 tonnes in 2020 to an estimated 348,000 tonnes in 2023 (Fig. 1). This sharp rise highlights the growing demand for mushrooms as a nutritious food, the rapid expansion of small and medium-scale enterprises, and the widespread adoption of technologically advanced production systems (73).
[image: ]
Figure 1. Trend in mushroom production in India across different years (2000 – 2023, square-root–transformed values).
 Bar graph representing the temporal trend of mushroom production in India for the years 2000 (44000 tonnes), 2010 (113000 tonnes), 2020 (242000 tonnes), 2022 (315000 tonnes) and 2023 (348000 tonnes), source FAOSTAT (2024). The plotted values correspond to the square roots of the actual production data (in tonnes), shown with mean values and standard error bars. The dotted trend line indicates a consistent increase in production over time, reflecting the growth of the Indian mushroom cultivation sector.

Despite their importance, fungi remain underrepresented in conservation policies and scientific priorities. Threats such as deforestation, climate-driven shifts in rainfall and temperature, soil pollution and uncontrolled wild harvesting increasingly endanger fungal habitats. Recognition of fungi within biodiversity strategies, ecological monitoring programs, and climate adaptation planning remains inadequate (11,17). This review examines fungal diversity, with a focus on mushrooms, and provides an integrated understanding of their taxonomy, ecology, distribution and applications. It also highlights the contributions of mushrooms to food systems, medicine, soil health and bioeconomic innovation, while identifying urgent research and conservation priorities, particularly in the Indian context (12,18).

2. Concept and measurement of fungal diversity
Fungal diversity refers to the total variety of fungal life within an ecosystem, encompassing taxonomic, genetic, and functional variation. Understanding this diversity is crucial because fungi regulate a range of essential processes, including decomposition, nutrient cycling, symbiosis and soil aggregation, which support plant and animal communities. Despite their importance, quantifying fungal diversity remains challenging due to the predominantly microscopic nature of many fungi, their sporadic or environment-specific fruiting, and their frequent occurrence within soil, wood, litter or host tissues. Consequently, the documented fraction of fungal richness represents only a small proportion of the actual global diversity (14,19). Early global estimates of fungal richness were based on ratios of plant species to fungal species, producing an approximate estimate of 1.5 million fungal species. Such estimates were limited because they assumed uniform host specificity and did not incorporate ecological variability or molecular evidence. With the advent of DNA-based tools, global estimates have undergone considerable revision. Modern analyses integrating high-throughput sequencing, host–fungus associations, and climate-linked modelling suggest a global fungal diversity of 2.2–3.8 million species. Environmental DNA datasets reveal an even wider range, showing that many fungi may never produce identifiable fruiting bodies and thus remain unknown without the use of molecular methods (16,20).

The measurement of fungal diversity begins with classical field surveys, which remain essential for documenting macrofungal communities across forests, grasslands, plantations, and agroecosystems (21,22). These surveys provide the morphological material necessary for identification, including characters of the cap, gills, stipe, spores, hyphal structures and microanatomy (23,24). However, morphology alone is often insufficient, especially for differentiating cryptic species or taxa exhibiting strong phenotypic plasticity. Culture-based methods offer an alternative perspective by isolating fungi on selective or nutrient-rich media (33). Pure cultures allow for controlled studies of growth rate, temperature tolerance, enzyme production, and secondary metabolite synthesis (34). However, many mushroom-forming fungi are difficult or impossible to culture, especially ectomycorrhizal species that depend on specific plant partners. Culture collections, although valuable, therefore represent only a limited fraction of actual fungal diversity (33,34).

The most transformative advances in fungal assessment have come from the use of molecular tools (26,29). DNA barcoding using the internal transcribed spacer (ITS) region is now the standard for species identification. Supplementary loci, such as LSU, SSU, RPB1, RPB2 and TEF1-α, further strengthen phylogenetic resolution for deeper evolutionary analyses (23,28). Environmental DNA sequencing has expanded detection beyond visible sporocarps, revealing thousands of fungal taxa within a single gram of soil, roots, litter, or air samples. Metabarcoding approaches have revealed extensive networks of saprotrophic, mycorrhizal, endophytic, and parasitic fungi, uncovering large groups of ‘dark taxa’ known only from sequence data (29–32). Metagenomics and genome-resolved analyses extend beyond identification to functional characterisation. These approaches identify genes involved in lignin degradation, nitrogen cycling, pathogenesis, and secondary metabolite biosynthesis while also enabling reconstruction of microbial trophic interactions and ecosystem functions (33,35). Stable isotope analyses further elucidate fungal trophic strategies by distinguishing saprotrophic from mycorrhizal resource acquisition patterns (34,36).

In India, fungal diversity assessments still rely heavily on sporocarp-based field surveys across forested regions, tea estates, plantations, and sacred groves. Although DNA sequencing is increasingly being incorporated, molecular integration remains slower in regions with less advanced mycological infrastructure. Consequently, the gap between documented and actual fungal richness is substantial. Expanding molecular capacity, establishing curated national reference libraries, and fostering coordinated research networks are crucial steps for enhancing national-scale assessments of fungal diversity (36,38). Overall, fungal diversity assessment requires an integrated approach that combines morphological examination, molecular tools, ecological sampling, and functional genomics. As methodological capabilities expand, fungal research continues to reveal new dimensions of diversity and reinforces the understanding that visible mushrooms represent only a small portion of an immense, largely unexplored kingdom (39,41).

3. Taxonomy and systematics of mushrooms
Taxonomy and systematics provide the framework for classifying, naming, and understanding the diversity of fungi. Mushrooms, although visually familiar, occupy a phylogenetically complex space within the fungal kingdom. Their classification has undergone significant revisions in light of advances in microscopy, molecular phylogenetics, and genomic sequencing (43). These developments have reshaped the understanding of relationships among lineages, clarified species boundaries, and revealed substantial cryptic diversity (27,32). Most mushroom-forming fungi belong to the phylum Basidiomycota, which includes gilled mushrooms, boletes, polypores, puffballs, chanterelles and jelly fungi. The Basidiomycota are characterized by the production of basidiospores on specialized structures known as basidia (33,35). Within this phylum, the order Agaricales is the most species-rich and contains many familiar genera, such as Agaricus, Amanita, Termitomyces, Laccaria and Pleurotus (32,34). The Agaricales exhibit enormous morphological variability, making them both ecologically diverse and taxonomically challenging. Other significant orders include Boletales, characterized by sponge-like pores instead of gills, Russulales, which contain brittle-fleshed mushrooms with unique amyloid spores, Polyporales, which dominate wood decay processes and Cantharellales, which include chanterelles and specific mycorrhizal lineages (30,32). Mushroom species also exist within the Ascomycota, though these are fewer in number. The most notable are the morels (Morchella), actual truffles (Tuber), and cup fungi belonging to the order Pezizales (35,37). These ascomycetes play distinct ecological and economic roles and are essential components of forest ecosystems and global gourmet food markets (38,39).

Historically, fungal taxonomy relied primarily on external morphological traits such as cap shape, gill attachment, spore colour, stipe characteristics, and texture (40,42). Microscopic examination of spores, cystidia, basidia, and hyphal systems provided further assistance in identification. However, morphology alone often obscures authentic evolutionary relationships because many characters have evolved multiple times independently (43,44). As a result, species that appeared similar were usually placed in unrelated lineages, while species that looked different were occasionally found to be close relatives (45,46). The adoption of molecular phylogenetics has resolved many of these inconsistencies. Sequencing of ribosomal DNA regions, particularly the ITS, LSU and SSU, along with protein-coding genes, has enabled a more accurate reconstruction of evolutionary relationships (47,48). These analyses have demonstrated that several morphologically defined genera were polyphyletic, leading to the reclassification and restructuring of families and orders (49,50). For example, traditional concepts of Agaricus, Inocybe and Cortinarius have undergone refinement, while previously overlooked lineages have been elevated to independent genera. Phylogenetic analysis has also revealed extensive cryptic species complexes in which multiple genetically distinct species share similar morphological features. This is particularly common in genera such as Amanita, Lactarius, Ganoderma and Termitomyces. In India, molecular studies have identified several previously unrecognised species of Termitomyces, a genus of edible mushrooms associated with termite colonies. Similarly, investigations into Ganoderma, a crucial medicinal polypore, have shown that many Indian collections previously identified as Ganoderma lucidum actually belong to distinct species (51,52). Systematics has also increasingly emphasised the integration of morphological, ecological and molecular data. Ecological traits, such as host specificity, substrate preference, fruiting phenology and enzymatic capacity, contribute valuable information for species delimitation. Advances in genome sequencing, particularly whole-genome and comparative genomics, have begun to uncover deeper evolutionary patterns within major macrofungal lineages. Genomic insights have clarified the transitions between saprotrophic and mycorrhizal lifestyles, identified genes responsible for lignin degradation, and illuminated the mechanisms underlying the production of secondary metabolites (54,55).

In the Indian context, taxonomic research remains uneven. Certain groups, such as polypores and agarics of the Western Ghats, have received sustained attention, while others remain poorly documented due to limited expertise and infrastructure. Regional monographs are emerging, but comprehensive national-level treatments are still lacking. Many newly collected specimens remain unidentified or await molecular confirmation due to gaps in sequencing resources and reference databases (56,57). Systematics is crucial for comprehending ecological interactions, biogeographic patterns, and the potential economic applications of mushrooms. Accurate taxonomic knowledge supports the development of sustainable harvesting guidelines, conservation strategies and cultivation practices. As molecular tools become more accessible and collaborative networks expand, the taxonomy of mushroom-forming fungi will continue to refine understanding of one of the planet’s most complex and ecologically significant groups (58,59).

4. Global mushroom production
Global mushroom production has experienced sustained growth over the past several decades. Asia dominates the global market, accounting for the majority of production, consumption, and export activity (Fig. 2). China leads overwhelmingly, producing millions of tonnes annually and cultivating a wide variety of edible mushrooms. This dominance stems from a robust research infrastructure, extensive commercial facilities and longstanding culinary traditions that incorporate mushrooms as staple ingredients (58,59). Different species require distinct production methods. Agaricus bisporus (button mushroom) is cultivated primarily in environmentally controlled facilities using composted substrates. These systems manage temperature, humidity, carbon dioxide levels and aeration to ensure consistent yields. Oyster mushrooms (Pleurotus spp.) represent a more accessible cultivation model. They require minimal infrastructure, grow rapidly on sterilized agricultural residues, and tolerate a broad range of climatic conditions. This adaptability has made Pleurotus the preferred species for small and medium-scale farmers globally (50,52). Specialty mushrooms, such as shiitake (Lentinula edodes), enoki (Flammulina filiformis) and king oyster (Pleurotus eryngii), command premium prices in international markets. Their production systems are increasingly automated, incorporating climate-controlled rooms, substrate inoculation machinery, and advanced post-harvest handling technologies to maintain quality (58,59).
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Figure 2. Global distribution of mushroom production across different continents. 
A donut chart illustrating the proportional contribution of major world regions to global mushroom production, source FAOSTAT (2024). 

According to FAOSTAT (74), global mushroom production increased markedly from 12.65 million tonnes in 2003 to 50.01 million tonnes in 2023, reflecting a compound annual growth rate (CAGR) of 6.98 percent over the decade 2013–2023. China remains the dominant global producer, expanding its output from 10.40 million tonnes in 2003 to 47.15 million tonnes in 2023, with a CAGR of 7.64 percent. Japan exhibited relatively modest growth, increasing from 0.43 to 0.46 million tonnes during the same period, with a compound annual growth rate (CAGR) of 0.50 percent. India exhibited one of the fastest growth rates globally, rising from 0.04 million tonnes in 2003 to 0.35 million tonnes in 2023, corresponding to a CAGR of 12.17 percent. In contrast, production in the United States declined from 0.39 to 0.30 million tonnes (CAGR: 0.41%), while France showed a more pronounced decline with a CAGR of 2.88 percent. Several European countries demonstrated moderate positive growth. Poland increased production from 0.14 to 0.24 million tonnes (CAGR: 3.50%), the Netherlands from 0.26 to 0.21 million tonnes (CAGR: 0.10%), and Spain from 0.13 to 0.16 million tonnes (CAGR: 1.49%). Canada also expanded production from 0.09 to 0.14 million tonnes, with a compound annual growth rate (CAGR) of 2.59 percent. Russia recorded the highest CAGR among the listed countries at 17.98 percent, with production rising from 0.01 to 0.09 million tonnes between 2003 and 2023. This data highlights significant global expansion in mushroom production, with particularly strong growth in Asia and emerging increases in several other regions.

The global market for edible mushrooms reflects shifting consumer preferences. Mushrooms are valued not only for their culinary properties but also for their nutritional and medicinal attributes. Functional mushroom products, including powders, extracts, and supplements, have expanded market demand. This diversification has pushed producers to adopt standardized quality protocols, invest in cold-chain logistics, and comply with international safety and certification requirements (51,52). Despite impressive growth, the mushroom industry faces several challenges. Substrate availability, energy costs for climate control, perishability, and labour-intensive harvesting practices affect production efficiency. Furthermore, contamination by competing fungi or bacteria remains a persistent risk, requiring stringent hygiene practices. Even so, the upward trend in global production suggests that mushrooms will continue to gain prominence in sustainable food systems (41,42).

5. Indian mushroom sector
India’s mushroom industry has grown considerably over the last two decades, but it remains underdeveloped relative to its agricultural capacity and population size. The diversity of agroclimatic zones supports the cultivation of both temperate and tropical mushroom species. However, production is uneven across regions due to variability in infrastructure, training, and market access (42,43). Button mushroom production is concentrated in temperate and subtropical regions such as Himachal Pradesh, Uttarakhand, Haryana and Punjab. These states possess the climatic advantage and infrastructure required to maintain controlled growing environments. Compost preparation, pasteurization, spawning, and casing practices in these regions increasingly follow standardized methodologies that ensure predictable yields (44,45). Tropical mushrooms such as oyster mushrooms and milky mushrooms have gained widespread popularity because they can be cultivated with minimal investment. These species thrive in warm and humid climates common across many Indian states, allowing farmers to grow them year-round using inexpensive materials such as paddy straw, wheat straw, and sawdust. Milky mushroom (Calocybe indica) is especially valuable due to its ability to tolerate high temperatures and its firm texture, which appeals to consumers (45,46).

In India, the edible mushroom sector has expanded significantly over the past two decades. Despite this progress, per capita mushroom consumption remains lower than in East Asia or Europe, indicating substantial scope for growth. Indian mushroom production is concentrated in states with favourable temperatures or access to controlled-environment facilities, including Himachal Pradesh, Haryana, Punjab, Uttar Pradesh, Tamil Nadu and Odisha. In India, commercial mushroom cultivation is dominated by five mushroom species (Fig. 3), each adapted to specific agro-climatic conditions and production systems. The button mushroom (Agaricus bisporus) remains the most widely cultivated species due to its high consumer demand and well-established controlled-environment production technology. Oyster mushrooms (Pleurotus spp.) represent the second major group, valued for their broad substrate adaptability, low production cost and suitability for small- and medium-scale enterprises (75). Tropical mushrooms, particularly the paddy straw mushroom (Volvariella volvacea), are cultivated extensively in warm and humid regions and are known for their rapid growth cycle and compatibility with low-input farming systems. The milky mushroom (Calocybe indica), an indigenous tropical species, has emerged as a commercially significant mushroom due to its robust shelf life, heat tolerance and suitability for year-round cultivation under tropical conditions. The Shiitake mushroom (Lentinula edodes), although comparatively new to the Indian market, is gaining prominence as consumers increasingly recognize its culinary and medicinal value. Together, these species contribute to a diversified and expanding mushroom industry that leverages India’s varied climate, abundant agro-waste resources and a strengthening technological base.
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Figure 3. Commonly cultivated edible mushroom species in India, i). Button mushroom (Agaricus bisporus), ii). Oyster mushroom species (Pleurotus spp.), a). P. ostreatus, b). P. florida, c). P. eryngii, d). P. citrinopileatus, e). P. sajor-caju and f). P. djamor, 
iii). Milky mushroom (Calocybe indica), iv). Paddy straw mushroom (Volvariella volvacea) and v). Shiitake mushroom (Lentinula edodes); Source www.dkart.in.

The role of women’s self-help groups in India’s mushroom sector is noteworthy. In several states, community-based models have enabled women to cultivate mushrooms as an additional source of income (28). These initiatives often operate on small landholdings or within households, using simple techniques for substrate preparation and cultivation. Government agencies, agricultural universities, and non-governmental organizations have contributed to training and extension services, although coverage remains inconsistent across regions (46,47). India mushroom supply chain is still in development. Button mushrooms, being highly perishable, require cold storage and rapid transportation to prevent spoilage. Oyster and milky mushrooms also deteriorate quickly but tolerate slightly longer shelf life. Limited cold-chain infrastructure restricts market reach, particularly in rural and semi-urban areas. Consequently, a substantial proportion of mushroom production is consumed locally, with minimal value addition (48,49). Value-added mushroom products, including powders, pickles, snacks, ready-to-cook mixes, and dehydrated mushrooms, offer opportunities for market diversification. However, the scale of processing remains small and standardized processing facilities are limited. Developing these capabilities could expand profitability and reduce post-harvest losses (41,45).

Wild mushrooms contribute significantly to seasonal markets in tribal and forest-rich regions of India. Species of Termitomyces, Astraeus and Russula are commonly sold in local markets. However, the trade is largely informal, with minimal regulation and little quality control. Consumers rely heavily on local knowledge for identification, which increases the risk of accidental poisoning (45,47). Strengthening wild mushroom management through formal identification systems, training programs, and sustainable harvesting guidelines would safeguard both ecological integrity and community livelihoods (41,42). Overall, India possesses vast potential to expand its mushroom sector. Access to training, improved supply chains, decentralized value addition, and increased public awareness could propel mushrooms into a more prominent position within India’s food economy. With rising interest in healthy and sustainable foods, mushrooms are poised to become a more significant component of national agricultural diversification strategies (42, 44).

6. Ecological and functional roles of mushrooms
Mushrooms occupy a wide range of ecological niches and their functional significance stems mainly from their roles in forest dynamics, soil systems, plant health, and nutrient cycles (60,62). Their ecological guilds are commonly categorised as saprotrophic, mycorrhizal, or parasitic. Although these groups differ in nutritional strategies, all contribute directly or indirectly to ecosystem stability. Understanding these roles is essential for interpreting fungal diversity not as a static inventory of species, but as an active, dynamic force shaping terrestrial environments (61,64).

6.1 Saprotrophic mushrooms
Saprotrophic fungi obtain nutrients by decomposing dead organic matter. They are among the most effective organisms on Earth at breaking down complex plant polymers, such as cellulose, hemicellulose, and lignin (65,66). This decomposition process regulates the rate at which nutrients are returned to the soil, influences soil carbon storage, and supports plant productivity (67,68). White-rot fungi degrade lignin through oxidative enzyme systems, making them crucial to the turnover of woody material in forests. Genera such as Trametes, Phanerochaete, and Pleurotus are known for these capabilities. Brown-rot fungi, by contrast, primarily decompose cellulose and leave modified lignin residues that contribute to long-term soil carbon pools (69). In tropical forests, such as those in the Western Ghats of India, saprotrophic mushrooms appear in large numbers during the monsoon season. Species of Marasmius, Mycena and Gymnopus blanket forest floors, decomposing leaf litter and maintain soil organic matter. Studies from these regions have shown that saprotroph richness correlates strongly with canopy cover, rainfall intensity, and litter depth, illustrating how fungi respond to microhabitat complexity (69,). In agroecosystems, saprotrophic mushrooms play a crucial role in decomposing crop residues. Experiments in northern India have demonstrated that incorporating Pleurotus species into rice–wheat rotation systems accelerates straw decomposition, enhances soil microbial activity, and suppresses specific soil-borne pathogens. These findings suggest that saprotrophic fungi can contribute to sustainable agriculture, residue management, and the reduction of stubble burning—a widespread environmental concern (34,56).

6.2 Mycorrhizal mushrooms
Mycorrhizal fungi form mutualistic symbioses with plant roots. Through this association, fungi supply plants with nutrients such as phosphorus and nitrogen, while receiving carbohydrates produced through photosynthesis. Nearly 90 percent of terrestrial plants form some form of mycorrhizal relationship, underscoring the foundational ecological importance of this guild (31,34). Ectomycorrhizal (ECM) fungi encompass many prominent mushroom-forming taxa, including Amanita, Boletus, Russula, Lactarius and Cantharellus. These fungi create extensive underground networks that connect multiple plants, facilitating the sharing of nutrients, enhancing seedling establishment, and improving drought resistance. Research in temperate and boreal regions has shown that ECM networks regulate forest composition and productivity by mediating competitive interactions among tree species (35, 39).

In India, ECM fungi are associated with important forest and plantation trees, including Shorea robusta, Pinus roxburghii and several Eucalyptus species. Studies in the Himalayan foothills have revealed diverse ECM communities that shift in response to elevation, soil chemistry, and forest type. These fungi play a central role in natural regeneration processes. Seedlings inoculated with native ECM species often exhibit higher survival and better nutrient acquisition, especially in degraded or nutrient-poor soils (36,39). Mycorrhizal fungi also influence global biogeochemical cycles. Their hyphal matrices stabilise soil aggregates, increase water infiltration, and contribute significantly to soil carbon sequestration. Estimates suggest that mycorrhizal networks transfer billions of tonnes of carbon into soils each year—this positions ECM fungi as crucial agents in climate regulation, forest resilience, and carbon management strategies (39,67).

6.3 Parasitic and pathogenic mushrooms
Parasitic fungi obtain nutrients by infecting living hosts, including plants, insects and other fungi. Although often viewed negatively, parasitic fungi contribute to natural ecological regulation by controlling host populations, influencing species turnover, and cycling nutrients after host death. Plant-pathogenic macrofungi include species of Armillaria, which cause root rot in forests, orchards, and plantations. In India, Armillaria mellea and related species have affected apple orchards in the Himalayan region and forest plantations in several states. These pathogens can persist in soil and woody substrates for decades, creating long-term ecological impacts. Insect-pathogenic fungi, such as Ophiocordyceps militaris, infect insects and eventually produce fruiting bodies within their hosts. This group is ecologically vital for controlling natural insect populations and holds pharmaceutical interest due to the production of bioactive compounds, such as cordycepin. India possesses a considerable diversity of Cordyceps species in the Himalayan region, although many remain under-documented due to restricted accessibility and limited taxonomic expertise (31,32). Parasitic mushrooms also include mycoparasites, which attack other fungi. These interactions contribute to competitive balance in soil microbial communities and may have applications in biological control (11,12).
While pathogenic mushrooms can cause substantial economic losses in forestry and agriculture, their ecological functions are complex and multifaceted. They regulate host abundance, open niches for successional species, and facilitate the return of nutrients to the soil. Understanding their diversity and host interactions is essential not only for disease management but also for interpreting long-term ecosystem dynamics (41,42).

7. Biogeography and hotspots of macrofungal diversity
Biogeography examines how mushroom-forming fungi are distributed across the planet and how environmental, evolutionary, and ecological factors shape these patterns. Unlike plants and animals, whose distributions are often influenced by dispersal limitations or physical barriers, fungi disperse microscopic spores that can travel long distances through air currents, water, and biological carriers. Despite this dispersal capacity, macrofungal communities exhibit strong geographic structuring. Climate, vegetation type, soil chemistry and historical biogeographical events all determine where different fungal lineages thrive. Understanding these patterns is essential for identifying global and regional hotspots of fungal richness, anticipating responses to climate change, and designing effective conservation strategies (43,44).

7.1 Global patterns
Global assessments indicate that macrofungal diversity is highest in temperate and tropical forests, characterized by high plant diversity and structural complexity. Regions such as the Pacific Northwest of the United States, central Europe, the Russian Far East, the Yunnan–Sichuan region of China, the Amazon Basin and parts of Southeast Asia consistently rank among the most species-rich. Moisture availability, seasonal variation and the presence of diverse tree hosts strongly influence these patterns. Because many mushroom-forming fungi form mycorrhizal associations with specific plant species, areas with high tree diversity often exhibit high fungal diversity as well (45,46). Environmental DNA surveys have revealed that the composition of soil fungi varies considerably between biomes. Temperate mixed forests frequently support distinct communities of ectomycorrhizal mushrooms, including species of Russula, Lactarius, and Boletus. In contrast, tropical rainforests harbor large assemblages of saprotrophic fungi that specialize in the rapid decomposition of leaf litter and woody debris (47,48). Tropical systems also contain a surprising diversity of ectomycorrhizal fungi associated with dipterocarps and legumes, contradicting earlier assumptions that ECM fungi were primarily restricted to temperate regions (49,50).

Climate strongly influences fruiting phenology. In monsoonal climates, macrofungi emerge predominantly during wet months when moisture and temperature conditions favour sporocarp formation. In temperate zones, autumn is typically the peak season for fruiting. Climate change has already shifted fruiting times in Europe and North America, with long-term datasets showing earlier autumn flushes and extended fruiting periods in some regions. Such changes alter species interactions, decomposition rates, and nutrient dynamics (51,52). Mycorrhizal fungi display distinct biogeographic patterns due to their dependence on specific host plants. For example, Cantharellus and Amanita species common in boreal and temperate forests have restricted ranges tied to coniferous hosts (53). In contrast, tropical ECM fungi associated with dipterocarps and Eucalyptus plantations show broader distributions but are vulnerable to deforestation and land-use change. Global mapping efforts have demonstrated that many ECM hotspots fall outside protected areas, underscoring the need for targeted conservation of fungi (54,55).

7.2 Fungal diversity in India
India is recognized as a megadiverse country, yet its fungal biota remains among the least documented biological groups. The Indian landmass spans a vast range of climates and landscapes, including alpine zones, subtropical forests, savannas, coastal belts, rainforests, dry deciduous forests, and agricultural plains. This ecological heterogeneity supports high fungal richness, especially in macrofungi, but systematic documentation is limited by uneven sampling and underdeveloped mycological infrastructure (55,56). The Western Ghats, a UNESCO World Heritage Site, represent one of India’s most important fungal hotspots. Surveys in evergreen and semi-evergreen forests reveal hundreds of mushroom species, many of which appear during the southwest monsoon. Genera such as Gymnopus, Mycena, Marasmius, Amanita, Russula and Lactarius exhibit significant diversity across various microhabitats. Sacred groves preserved by local communities often contain old-growth characteristics that support rare and habitat-specific fungal assemblages. Because these forests host a rich diversity of ECM-associated trees, they also support a diverse array of ECM fungi, whose ecological roles remain poorly studied (57,58). The Eastern and Central Himalaya constitute another major centre of fungal richness. Elevational gradients from subtropical foothills to alpine meadows create distinct fungal communities. In the Himalayan foothills, broadleaf forests dominated by Quercus, Castanopsis and Rhododendron host abundant populations of ECM mushrooms such as Boletus, Cantharellus and Lactarius. Higher elevations support species of Morchella (morels), prized by local communities for their high market value. The Himalayas are also globally recognized for the Ophiocordyceps species, several of which are used in traditional medicine (59,61).

North East India, comprising states such as Arunachal Pradesh, Meghalaya, Manipur and Nagaland, remains underexplored but holds enormous potential due to its high rainfall, extensive forest cover, and rich ethnomycological traditions. Local communities have extensive knowledge of wild edible mushrooms, particularly species of Termitomyces, Astraeus, Cantharellus, Lactarius and Russula. Many of these species are harvested seasonally and sold in local markets. Preliminary surveys suggest that the region may be one of India’s richest repositories of macrofungal diversity (63,64). Central India, including Madhya Pradesh and Chhattisgarh, also supports significant macrofungal diversity, particularly in sal-dominated forests. Species of Russula, Lactifluus, Amanita and several polypores are commonly recorded. However, systematic studies remain scarce, and the full extent of diversity is unknown (31,32). India’s dryland ecosystems, including those in Rajasthan and the semi-arid regions of Gujarat and Telangana, support specialized macrofungi that are adapted to low moisture and extreme temperatures. These include puffballs, desert truffles, and soil-crust fungi that contribute to nutrient retention and soil stabilization (35,38).

Agricultural and plantation systems in India also contain distinctive fungal communities. Tea gardens in Assam and Darjeeling, eucalyptus plantations in the Nilgiris, and pine forests in Himachal Pradesh host both beneficial and pathogenic macrofungi. Some of these fungi participate in nutrient cycling or form mycorrhizal associations, while others cause root diseases that affect crop and timber productivity (12,32). Despite the evident richness, India lacks comprehensive fungal inventories, long-term monitoring programs, and nationwide databases that integrate molecular identification. Large portions of the country remain unstudied, and many collected specimens are either misidentified or left unnamed due to a lack of expertise in the field. Strengthening mycological research in India is crucial for understanding biodiversity, promoting the sustainable use of wild mushrooms, and informing effective conservation strategies (61,62).

8. Edible, culinary and nutritional mushrooms
Edible mushrooms, which belong to the Basidiomycetes and Ascomycetes, thrive in diverse environmental conditions, producing a wide range of bioactive compounds. With over 14,000 identified species, 7,000 of which are edible, and 2,000 being high-value edibles, the potential for nutritional and medicinal applications is vast (76). The most commonly cultivated mushrooms worldwide, including Agaricus bisporus, Lentinus edodes, Flammulina velutipes and Pleurotus spp., are rich in proteins, fibers, vitamins (B1, B2, B12, A, D, E) and minerals (iron, copper, manganese, potassium) (77,78). These mushrooms contain bioactive compounds, including polysaccharides (β-glucan), phenolics, flavonoids and terpenoids, which exhibit antioxidant, anti-inflammatory, and immunomodulatory activities (79). Beta-glucan, a predominant polysaccharide in mushroom cell walls, has been shown to possess anti-cancer, anti-oxidant, and immunomodulatory properties (80). Lectin and protein from A. bisporus and Pleurotus spp. have been found to have immune-stimulating properties. These mushrooms can aid in the treatment of serious diseases, such as diabetes and obesity, making them an ideal ingredient for functional foods, nutraceuticals, and pharmaceuticals (81,82).

Edible mushrooms occupy an important intersection between ecology, nutrition, culture and economics. They provide high-quality nutrients, offer culinary value, and support livelihoods through cultivation and wild harvesting. Their biological characteristics also make them well-suited to sustainable food systems, as they can be cultivated on agricultural residues and require relatively low inputs. Understanding their nutritional profile, diversity, and production trends is essential for appreciating their growing role in the global and Indian food landscapes (35). Edible mushrooms are widely recognized for their dense nutrient composition. They contain substantial amounts of protein with a balanced amino acid profile, making them a valuable complement to plant-based diets. Their cell walls contain beta-glucans and other polysaccharides, which are known for their immunomodulatory properties. Mushrooms also provide dietary fiber, essential minerals such as selenium, potassium, phosphorus and iron, as well as vitamins including the B-complex group and ergosterol-derived vitamin D (39), as well as lovastatin (70). Unlike many plant foods, mushrooms can synthesize vitamin D when exposed to ultraviolet light, a property that has attracted interest in addressing nutritional deficiencies (45,57).

Globally, mushroom cultivation has expanded into a multibillion-dollar sector. Production has risen steadily, driven largely by Asia’s dominance in both traditional and industrial mushroom farming. Agaricus bisporus (white button mushroom) remains the most widely cultivated species, followed by Pleurotus (oyster mushrooms), Lentinula edodes (shiitake), Flammulina filiformis (enoki), and Auricularia (wood ear). These species exhibit diverse substrate preferences and climate tolerances, making them adaptable to a range of production systems. Button mushrooms require controlled environments and compost-based substrates, whereas oyster mushrooms thrive on agricultural waste materials, such as paddy straw, wheat straw, and sawdust, allowing for low-cost and decentralized production (31,37). The growth of the global edible mushroom market reflects increasing consumer preference for functional foods and plant-based proteins. Mushrooms contain umami-rich compounds, such as glutamates and nucleotides, that enhance flavour without the need for added salt, making them attractive to health-conscious consumers (34,36). They are also gaining visibility in the culinary world for their versatility. From gourmet truffles and morels to common cultivated varieties, mushrooms are an integral part of cuisines across continents.
 
Button mushrooms dominate the industrial segment due to market familiarity and established supply chains. Oyster mushrooms are popular among small-scale producers because of their simplicity of cultivation and suitability for tropical climates. Calocybe indica, commonly known as the milky mushroom, is uniquely adapted to high temperatures and is one of the few tropical species cultivated on a large scale in India (21,32). Mushrooms contribute significantly to rural livelihoods. Women’s self-help groups and farmer cooperatives in several Indian states cultivate oyster and milky mushrooms to supplement household incomes (28). These decentralized models rely on low-cost inputs, minimal land requirements, and the ability to use agro-residues that would otherwise be burned or disposed of. Mushroom cultivation thus aligns with circular agricultural practices and provides a sustainable alternative to residue burning, a growing environmental concern in northern India (24,27). India is also rich in wild edible mushrooms that are harvested seasonally, particularly during the monsoon. Species of Termitomyces, Astraeus, Cantharellus, Lactarius, and Russula are consumed widely in tribal and rural communities. Termitomyces mushrooms, associated with termite mounds, are especially valued for their flavour and nutritional content. In states such as Odisha, Jharkhand, Chhattisgarh, and parts of the Northeast, wild mushrooms form a significant component of seasonal diets and local markets. Their sale provides supplemental income to forest-dependent communities. However, the absence of formal identification systems or safety regulations poses a risk, as misidentification can lead to poisoning.

Nutritional studies on Indian wild mushrooms indicate that many species possess protein levels comparable to legumes and contain substantial amounts of micronutrients. Their bioactive compounds show potential for nutraceutical development. Yet, research remains limited, and a systematic evaluation is needed to integrate wild mushrooms into broader nutritional interventions (31,32). Culinary diversity further enriches the cultural relevance of mushrooms. Morels from the Himalayas, known locally as ‘guchhi’, are among the most prized edible fungi in India and command high prices in domestic and international markets. Their economic significance has led to increased harvesting pressure, yet large-scale cultivation remains challenging due to their specialized ecological requirements. Indigenous communities possess detailed ecological knowledge regarding fruiting conditions, habitats, and safe collection practices, underscoring the importance of ethnomycological studies in documenting traditional expertise. (35,37). Overall, edible mushrooms represent a unique combination of ecological sustainability, nutritional value and economic potential. As interest in functional foods continues to rise, mushrooms are positioned to play an increasingly important role in both global and Indian food systems. Their cultivation aligns with sustainable agriculture, while their wild harvesting reflects deep cultural and ecological ties that merit preservation and scientific support (31,32). Further research is needed to explore the full potential of edible mushrooms and their bioactive compounds, as well as to develop novel therapeutic agents and sustainable alternatives to traditional medicine.

9. Medicinal and bioactive mushrooms
Mushrooms have long been recognized in traditional medical systems for their therapeutic properties. However, modern scientific research has significantly expanded the understanding of their bioactive compounds and pharmacological potential. Medicinal mushrooms contain a diverse array of secondary metabolites, including polysaccharides, triterpenes, phenolic compounds, sterols, and peptides, which exhibit immunomodulatory, antioxidant, anti-inflammatory, antitumor, antiviral, hypolipidemic and neuroprotective effects. These properties place them at the interface of natural product chemistry, functional foods, and biomedical innovation (Fig. 4). Among the most widely studied medicinal mushrooms is Ganoderma lucidum, commonly known as ‘reishi’ or ‘lingzhi’. Its pharmacological relevance stems from triterpenoids and beta-glucans that modulate immune function, inflammatory pathways, and antioxidant defences. Experimental studies suggest that extracts of Ganoderma can enhance natural killer cell activity, modulate cytokine production, and inhibit tumour growth in vitro. Although clinical evidence is still evolving, Ganoderma-based nutraceuticals have gained significant popularity across Asia. In India, several species within the genus Ganoderma occur naturally. However, taxonomic studies have shown that many specimens previously considered as G. lucidum actually represent distinct species. Accurate species identification is essential because chemical profiles vary significantly between taxa.
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Figure 4. Bioactive compounds from medicinal mushrooms and their applications across pharmaceutical, nutraceutical, nutricosmetic, food and environmental sectors, along with their key health-promoting activities.

Lentinula edodes, commonly known as shiitake, contains a well-characterized beta-glucan known as lentinan. Lentinan has been used as an adjuvant in cancer therapy in some countries, particularly for gastric and colorectal cancers. Its mechanism of action involves activation of immune responses rather than direct cytotoxicity, illustrating the role of medicinal mushrooms as biological response modifiers. Shiitake mushrooms also contain eritadenine, a compound that has been studied for its cholesterol-lowering effects. Hericium erinaceus, commonly known as lion’s mane, has gained attention for its neuroprotective properties. Its unique diterpenoids, known as hericenones and erinacines, stimulate the synthesis of nerve growth factor and may support neuronal regeneration. Preliminary studies suggest potential benefits for cognitive function, mild cognitive impairment, and neurological disorders. As neurodegenerative diseases become increasingly prevalent, interest in Hericium-based supplements continues to grow globally, including within India’s emerging nutraceutical sector.

Species of Cordyceps and Ophiocordyceps genus represent another notable group. These fungi parasitize insects but have been used for a long time in traditional Tibetan and Chinese medicine. Ophiocordyceps sinensis, valued for its immunomodulatory and energy-enhancing properties, commands high prices in Himalayan markets. However, its availability has sharply declined due to overharvesting, climate change, and habitat degradation. As a result, Cordyceps militaris, which can be cultivated artificially, has become an alternative source of bioactive compounds, including cordycepin and adenosine. India possesses considerable diversity of Cordyceps in the Himalayan region, though research remains limited. Systematic studies would help understand their biochemical potential and ecological roles. Another important medicinal mushroom is Trametes versicolor, known for producing polysaccharopeptides such as PSK and PSP. These molecules exhibit immunomodulatory and anticancer properties and have been incorporated into complementary cancer therapies in certain countries. Interest in Trametes is increasing due to its accessibility, wide distribution, and ability to grow on a diverse range of substrates.

Several Indian wild mushrooms remain understudied but hold potential pharmaceutical value. For example, species of Astraeus, traditionally consumed in central and eastern India, contain antioxidant and antimicrobial properties. Indigenous communities have long used certain mushrooms to treat gastrointestinal disorders, fevers, and wound infections. These ethnomycological insights can guide scientific exploration, especially when combined with molecular and chemical analyses (61,62). Despite growing interest, challenges remain in the medicinal mushroom sector. Variability in cultivation conditions, strain selection, and extraction methods affects the consistency of bioactive compounds. Standardization is essential for producing reliable medicinal products. Regulatory frameworks, particularly in India, are still evolving, and many mushroom-based supplements enter markets without rigorous clinical validation. Strengthening regulations, establishing quality control laboratories, and promoting collaborative research between mycologists, pharmacologists, and clinicians would help ensure scientific credibility and consumer safety (62,63). Medicinal mushrooms offer opportunities for innovation in the management of chronic diseases, immune health and metabolic disorders. Their bioactive compounds represent a promising frontier in natural therapeutics. Continued research, involving genomic analysis, metabolomics and controlled clinical studies, will deepen our understanding of their mechanisms and support the development of reliable medicinal applications. Integrating indigenous knowledge with modern science will further enhance the discovery of novel compounds, positioning mushrooms as valuable contributors to future healthcare and biotechnology sectors (63,64).

10. Mushrooms in ecosystem services and the bioeconomy
Mushrooms also play critical roles in terrestrial ecosystems, contributing to processes that sustain soil health, promote plant productivity, facilitate nutrient turnover, and support carbon storage. Their ecological functions extend beyond their immediate substrates, influencing landscape-level processes and contributing to the stability of both natural and managed ecosystems. At the same time, their metabolic capabilities have positioned them at the forefront of innovations in bioremediation, waste valorisation and the development of bio-based materials. Understanding these roles is essential for integrating fungal knowledge into environmental management and the emerging circular bioeconomy (65).

10.1 Soil health, nutrient cycling and carbon dynamics
Mushrooms, particularly saprotrophic and mycorrhizal species, play a major role in driving soil processes. Saprotrophs decompose organic matter, breaking down plant residues and wood into simpler compounds that enrich the soil organic matter and release essential nutrients, such as nitrogen, phosphorus, and potassium. Their enzymatic systems, particularly ligninolytic enzymes in white-rot fungi, enable the decomposition of complex aromatic molecules that few other organisms can break down. This decomposition regulates the carbon balance of forest floors and influences the long-term storage of carbon in soils (66,67). Mycorrhizal fungi play an equally important but functionally distinct role. Through extensive hyphal networks, they increase the absorptive surface area of plant roots, facilitating uptake of phosphorus, nitrogen, and trace minerals. These fungi form stable soil aggregates by binding particles with hyphae and glomalin-like proteins, improving soil structure and water infiltration. Research has shown that mycorrhizal associations contribute significantly to soil carbon sequestration, as fungal residues and hyphal biomass often persist longer in soil than plant-derived organic matter. In forest ecosystems, mycorrhizal networks form subterranean communication pathways that transfer nutrients among plants, enhance resilience under drought, and mediate plant–plant interactions (68). In India, where soil degradation affects large agricultural regions, mycorrhizal fungi represent an underutilized resource in restoration and sustainable farming. Studies from the Himalayas and central India have demonstrated that inoculating seedlings with native ectomycorrhizal fungi improves survival rates in afforestation programs and enhances the nutrient content in degraded soils. Integrating mycorrhizal management into agroforestry, horticulture, and reforestation could substantially strengthen soil rehabilitation efforts (65,66).

10.2 Bioremediation and waste valorization
The metabolic diversity of fungi enables them to break down pollutants that resist conventional degradation pathways. Many mushroom-forming fungi produce extracellular enzymes, including laccases, peroxidases, and oxidases, that can degrade synthetic dyes, pesticides, hydrocarbons, phenols, and industrial effluents. White-rot fungi, such as Trametes versicolor and Phanerochaete chrysosporium, are frequently studied for their ability to degrade recalcitrant pollutants and detoxify waste streams (61,62). Bioremediation using mushrooms has shown promising results in treating textile wastewater, which poses a significant environmental challenge in India. Experiments with fungal bioreactors have demonstrated substantial reductions in dye concentration, chemical oxygen demand, and toxicity. Similarly, fungi have been used to degrade pesticide residues in agricultural soils, offering a biological alternative to costly chemical remediation strategies.

Waste valorization is another emerging area where mushrooms play a central role. Agricultural residues, such as straw, husks, bagasse and sawdust, can be utilized as substrates for mushroom cultivation, converting low-value waste into edible biomass. After harvesting, the spent mushroom substrate retains a significant amount of nutrient content and can be used as an organic fertilizer or soil conditioner. This circular process contributes to waste reduction, soil enrichment, and the development of sustainable rural economies (61,65). Innovative applications extend to solid waste management. Studies have explored fungal degradation of plastics, including bioplastics and certain synthetic polymers. Research groups have demonstrated that specific fungi can metabolize components of composite materials, suggesting potential pathways for reducing plastic accumulation in landfills. Although these applications remain experimental, they highlight the versatility of fungal metabolism and its potential for addressing global waste challenges. (61).

10.3 Mycelium-based materials and circular bioeconomy innovations
Mycelium, the vegetative network of fungi, has unique structural and biochemical properties that make it suitable for the fabrication of novel bio-based materials (Fig. 5). When grown on agricultural by-products, mycelium binds substrate particles into lightweight, durable composites that can be moulded into packaging materials, insulation boards, bricks, and acoustic panels. These materials are biodegradable, energy-efficient to produce, and free from the toxic emissions associated with synthetic foams and plastics (71). The global rise of mycelium-based innovations has attracted interest from both academic and industrial sectors. Start-ups and design firms have developed packaging materials to replace polystyrene, structural panels for interior construction, and even mycelium-based leather alternatives for the fashion industry. These developments align with principles of the circular economy, using renewable resources and minimizing environmental impact (72).
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Figure 5. Sustainable materials and bioproducts from mushrooms, a). Mycelium-based packaging material, b). Mycelium composites for construction, c). Mycelium-based vegan leather for textile industries, d). Fungal mycelium for medical uses, e). Mycelium biodegradable wooden scaffold, f). Mycelium-based products in the pharmaceutical industries and g). Use of edible fungal mycelium in functional foods. 

India possesses considerable potential for developing mycelium materials due to the abundance of agricultural residues, including rice straw, wheat straw, coconut coir, and sugarcane bagasse. Integrating mushroom cultivation with material production could support rural entrepreneurship, reduce waste and generate eco-friendly industrial products. This dual-use model enables communities to produce both edible mushrooms and biodegradable materials from the same substrate, thereby maximizing value and minimizing their environmental footprint (50,51). Mycelium technology also intersects with ecological restoration. Experimental studies have explored the use of mycelial mats to stabilize soils, filter pollutants, and promote vegetation growth in degraded landscapes. These ecological applications are particularly relevant for India’s efforts to reclaim mined lands, riverbanks, and urban green spaces (53,54). Mushrooms thus contribute not only to ecological balance but also to technological innovation. Their integration into bioremediation, waste valorization and material science demonstrates the versatility of fungi and their potential to support sustainable development goals. As research advances, mushroom-based technologies may become central to low-carbon manufacturing and regenerative environmental management (55,56).

10.4.  Production systems, markets and value chains
The global mushroom industry has evolved from a relatively small-scale agricultural activity into a significant sector of the food, nutraceutical, and biotechnology industries. This rapid expansion is driven by rising consumer demand for nutrient-dense and functional foods, increasing adoption of plant-based dietary patterns and heightened awareness of mushrooms as environmentally sustainable commodities. Mushrooms require comparatively low land, water and energy inputs, and their ability to utilise lignocellulosic agricultural residues positions them as a key component of circular bioeconomy frameworks. Globally, production systems range from highly mechanised, climate-controlled facilities to semi-intensive and smallholder-based units that rely on regionally available substrates and traditional cultivation practices. These systems differ in their technological sophistication and economic scale but are unified by the biological efficiency of fungi to convert agricultural waste into high-value edible biomass through rapid mycelial colonisation and fruiting.

In addition to food production, the industry increasingly intersects with biotechnology, where mushrooms and their mycelia serve as sources of bioactive compounds, enzymes, polysaccharides, immunomodulatory molecules, and sustainable biomaterials. The diversification of mushroom value chains—encompassing fresh produce, minimally processed goods, dried products, fortified foods, functional ingredients and medicinal extracts has further supported global market growth. Understanding these production systems and associated value chains is essential for interpreting global trends, assessing competitiveness and identifying opportunities for technological advancement. Such insights are particularly important for analysing the rapidly evolving mushroom sector in India, where expanding production capacity, improved substrate utilisation, and growing interest in value-added products are shaping the industry's future trajectory (56,57).

11. Toxicological risks of mushrooms
Edible mushrooms have long been valued not only for their culinary appeal but also for their significant nutritional and medicinal properties (99). However, some mushrooms pose serious toxicological risks, primarily due to the presence of naturally occurring toxins in certain species and the frequent misidentification of wild mushrooms. These risks range from mild gastrointestinal distress to total organ failure, highlighting the importance of awareness for safe foraging and consumption. Poisonous genera such as Amanita, Cortinarius, Gyromitra, Inocybe and Clitocybe are responsible for most severe and fatal cases of mushroom poisoning (100,101,102,103).

Among these, amatoxin-containing mushrooms, particularly Amanita phalloides, are of greatest concern due to their potent inhibition of RNA polymerase II, leading to acute liver failure with high mortality if treatment is delayed. Other toxins, such as orellanine, gyromitrin and muscarine, cause renal, neurological, and autonomic dysfunction, respectively. Importantly, many of these toxins are heat-stable and remain intact after cooking or drying, thereby increasing the risk of poisoning through traditional food preparation practices (104). Mushroom toxins are broadly categorized according to their primary target organs and latency periods, which complicates diagnosis and treatment. These include hepatotoxic toxins (amatoxins), nephrotoxic toxins (orellanine & orelline), gastrointestinal toxins (ibotenic acid), neurotoxic toxins (muscimol and ibotenic acid) and other toxins such as gyromitrin. Mushrooms containing cyclopeptide amatoxins are responsible for more than 90 percent of deaths due to mushroom poisoning, with Amanita phalloides accounting for a large proportion of fatal cases because of its extreme toxicity. In addition to intrinsic toxins, environmental contamination represents an increasingly important toxicological risk. Mushrooms are efficient bio-accumulators of heavy metals such as cadmium, lead, mercury and arsenic from soil and cultivation substrates (105). Chronic consumption of contaminated mushrooms may result in cumulative toxicity affecting neurological, renal, and cardiovascular systems (106). Recent studies further highlight the presence of emerging contaminants and elevated metal levels in both wild and cultivated mushrooms, particularly those grown near industrial or polluted areas, emphasizing the need for continuous monitoring and risk assessment (105).

Recent studies have confirmed that cadmium and arsenic levels in edible mushroom species can exceed safety limits, indicating potential long-term health risks associated with the regular consumption of heavily contaminated mushrooms (101). Additionally, Chawngthu et al. (107) demonstrated that wild mushrooms can accumulate hazardous levels of cadmium, suggesting carcinogenic risks for local consumers. Earlier meta-analyses reinforce these findings, showing that various edible species effectively accumulate metals such as lead, cadmium, and chromium, which may contribute to non-carcinogenic health risks for consumers (108). Parasar et al. (109) recently reported that several wild mushroom species, including Agaricus xanthodermus, Amanita phalloides, A. virosa, Chlorophyllum molybdites, Gyromitra infula, Inocybe geophylla and Russula nobilis, have been recorded from the Northeast region of India and are poisonous for human consumption. Misidentification during foraging heightens the risk, as many toxic species closely resemble edible mushrooms. Factors such as quantity consumed, individual sensitivity, and alcohol interaction further exacerbate outcomes. Even edible mushrooms, such as Tricholoma equestre, may cause rhabdomyolysis if consumed in large amounts. Similarly, wild Lentinula edodes may become toxic when consumed excessively due to the accumulation of cumulative mycotoxins or heavy metals, such as mercury (105). These observations emphasize the need for expert identification, appropriate cooking precautions for species such as Gyromitra infula, and avoidance of raw consumption to mitigate health hazards. To prevent intoxication and associated health problems, accurate identification of mushrooms intended for medicinal or culinary use is essential.

The consumption of medicinal mushrooms and nutraceutical products introduces additional toxicological concerns. Concentrated extracts and supplements may deliver bioactive compounds at doses far exceeding those obtained through conventional dietary intake, increasing the potential for adverse effects, hepatotoxicity, and interactions with pharmaceutical drugs (89,101). Variability in product quality, lack of standardization, and insufficient regulatory oversight further exacerbate these risks. Overall, the toxicological risks associated with mushrooms underscore the importance of accurate species identification, environmental quality control, proper processing and rigorous safety evaluation to ensure consumer protection while harnessing the nutritional benefits of mushrooms (99,110).
12. Future directions in the historical evolution of mushroom cultivation
The history of mushroom cultivation has demonstrated a progressive shift from traditional, empirical practices to scientifically optimized production systems (83). Early documentation from China indicates that mushrooms such as Lentinula edodes and Auricularia spp. were cultivated on natural logs as early as the first millennium, primarily for food and medicinal purposes (84). In Europe, the organized cultivation of A. bisporus during the 17th and 18th centuries marked a major milestone, introducing controlled environments, compost-based substrates, and systematic spawn use, which laid the groundwork for commercial-scale mushroom production (85). The 20th century marked a period of significant industrial expansion in mushroom cultivation, driven by advancements in microbiology, sterilization techniques and environmental control. Furthermore, optimizing substrate supplementation and developing standardized grain spawn, along with phase-wise composting, improved yield stability and productivity, transforming mushroom farming into a more predictable agro-industrial enterprise (2,86,87). These historical advancements provide the foundation upon which future research and technological innovations are being developed.

One of the most important future directions emerging from this historical continuum is precision cultivation, reflecting a shift from quantity-oriented production to quality-driven outcomes. Traditional experiential knowledge is being increasingly complemented by automation, sensor-based climate control, and data-driven decision-making systems. The integration of digital technologies allows precise regulation of temperature, humidity and gaseous exchange, thereby enhancing biological efficiency and product consistency (88). Such developments represent a logical progression from earlier indoor and controlled-environment systems. Another significant research direction involves sustainability and suitable innovation. Historically, mushroom cultivation has relied on locally available lignocellulosic materials, including straw, sawdust and animal waste. Contemporary research revisits these practices within circular bioeconomy frameworks, emphasizing the utilization of agro-industrial residues and waste biomass to reduce environmental impact and production costs. This approach aligns traditional substrate usage with modern sustainability goals while enabling enhancement of the nutritional and functional properties of mushrooms (87).

The future of mushroom cultivation is also closely tied to the increasing recognition of mushrooms as functional foods and nutraceuticals. While early cultivation primarily focused on dietary value, modern research emphasizes bioactive compounds, including polysaccharides, phenolics and antioxidants, with immunomodulatory and health-promoting effects (89,90,91,92). This shift necessitates interdisciplinary research integrating food science, biochemistry and mycology to improve both yield and bio-functional quality. Mushroom technology and biotechnology offer immense potential to convert bio-waste into highly nutritious food with medicinal benefits, while generating employment opportunities for large sections of society (88,93). Beyond food, mushroom mycelium robust structural properties enable sustainable applications in construction, insulation and fashion, offering renewable, low-energy alternatives to conventional materials (94,95). The emerging field of fungineering aims to develop materials for the circular bioeconomy. Composite and pure mycelium-based materials are now used industrially as sustainable alternatives to polystyrene packaging and other agricultural by-products (96,97). With their versatility, mushrooms play a key role in sustainable food production and materials science, contributing to global environmental solutions.

Mushroom cultivation has thus evolved from traditional methods to high-technology approaches incorporating nanotechnology, systems biology, and synthetic biology (91,98). Conclusively, future directions in mushroom cultivation are deeply rooted in historical developments. Advances in automation, sustainability-oriented substrate management, functional food research and urban farming represent evolutionary refinements rather than radical departures from traditional knowledge. Furthermore, cutting-edge techniques such as high-pressure processing, freeze-drying, nuclear magnetic resonance, and advanced spectroscopic methods are enhancing post-harvest processing in mushroom production by improving efficiency and scalability. A clear understanding of the historical progression of mushroom cultivation is therefore crucial for guiding future innovations that ensure sustainability, nutritional security and economic viability.

13. Future perspectives
Future perspectives in fungal and mushroom research point toward an era of rapid discovery, technological integration and expanded societal relevance. Advancements in high-throughput sequencing, metagenomics, metabolomics and AI-assisted taxonomic tools will accelerate the identification of cryptic and currently undescribed fungal lineages, helping close long-standing gaps in global biodiversity assessments. Integrating molecular datasets with ecological monitoring will enable more accurate predictions of how climate change, land-use alteration and pollution reshape fungal communities and their functional roles. In the applied domain, mushrooms are poised to play an increasingly prominent role in sustainable food systems, bioremediation, biomaterial development and the circular bioeconomy, driven by innovations in substrate optimization, strain improvement, controlled-environment cultivation, and value-added product development. Strengthening fungal conservation initiatives, particularly in biodiversity hotspots such as the Western Ghats, Northeast India and the Himalayas, will be essential for safeguarding threatened macrofungal resources and their associated mycorrhizal networks. Collaborative, interdisciplinary research that links taxonomy, ecology, biotechnology and policy will shape the next generation of fungal science, ensuring that the ecological, nutritional and industrial potential of mushrooms is fully realised.

14. Conclusion
Fungal diversity constitutes an immense yet largely unexplored component of global biodiversity and mushrooms offer a visible and scientifically tractable window into this hidden richness. As key agents of decomposition, nutrient cycling, soil enrichment and plant symbiosis, mushrooms play indispensable roles in sustaining the productivity and resilience of terrestrial ecosystems. Beyond their ecological significance, mushrooms make substantial contributions to human nutrition, health and the bioeconomy. In countries such as India, rural livelihoods are supported through small-scale cultivation, seasonal wild harvesting and the growing demand for functional foods and nutraceuticals. Recent advances in molecular systematics, environmental DNA sequencing and phylogenomic tools have transformed the understanding of fungal diversity. These approaches have uncovered previously unknown lineages, clarified taxonomic relationships and highlighted the vast extent of undocumented fungal richness. Nevertheless, significant gaps persist, particularly in regions such as the Western Ghats, Northeast India and the Himalayan belt, where systematic surveys remain limited. Concurrently, accelerating environmental pressures, including deforestation, climate change, pollution and unsustainable harvesting, pose increasing threats to fungal habitats and the ecological networks they support. The findings of this review highlight the urgent need to strengthen mycological research, expand taxonomic and molecular capacity and integrate fungi into national and global biodiversity conservation frameworks. Prioritising the protection of macrofungal habitats and underground mycorrhizal networks is essential for maintaining ecosystem stability and carbon dynamics. As the global community advances toward more sustainable food systems and circular bioeconomy pathways, recognizing the ecological and societal value of mushrooms will be critical. By aligning scientific studies, policy and resource management, the full potential of fungal diversity can be harnessed for environmental sustainability and human well-being.
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